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ABSTRACT We prepare artificial aggregates that mimic the >

structure and function of natural chlorosomal light harvesting

BChlc
complexes of green photosynthetic bacteria. Gold nanorods func-
tionalized with hydroxyl groups and immobilized on a substrate
serve as cores for the growth of bacteriochlorophyll (BChl) aggre- T H ;%
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natural chlorosomes. The size is controllable by the aggregation
time. The aggregates are characterized on a single-particle level by
atomic force microscopy, electron microscopy, and single-molecule spectroscopy. The absorption and fluorescence spectral properties which reflect the
molecular level arrangement of the BChl aggregates closely resemble those of the natural chlorosomes of the photosynthetic bacterium Chlorobaculum
tepidum. On the other hand, the results of linear dichroism and circular dichroism are different from those of the chlorosomes and indicate a different
mesoscopic structure for the artificial aggregates. These results emphasize the structural role played by the baseplate pigment—protein complex in natural

chlorosomes.
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light-harvesting

hlorosomes are large light-harvest-
Cing complexes of green bacteria'?

containing mainly bacteriochloro-
phyll (BChl) ¢, d, or e molecules which are
assembled into large aggregates>™ The
aggregates are held together by a combina-
tion of hydrogen bonds, coordination
bonds, and 77— interactions.® The strong
excitonic coupling in the J-type aggregates
leads to large red shift of the BChl ab-
sorption and fluorescence spectra. Up to
200000 aggregated BChl molecules are
contained in an envelope of lipid monolayer
and proteins. The ovoid-shape structures typi-
cally have dimensions up to ~180 nm Xx
60 nm x 30 nm. The large number of BChl
molecules and the structure and size of the
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aggregates enable the green bacteria to
capture and utilize incident light with very
high efficiency over a broad spectral range
which stretches to the near-infrared (NIR)
part of the spectrum. As such, chlorosomes
serve as ideal models for energy conversion
systems and could be an inspiration for, e.g.,
artificial light harvesting complexes in or-
ganic photovoltaic devices where they
would help utilize the light energy in the
NIR region.

There has been continued interest in
artificially replicating the structure and
function of photosynthetic antennae in-
cluding chlorosomes.”'® Aggregates of
natural BChl molecules and their synthetic
counterparts form in aqueous solutions as
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well as in nonpolar organic solutions. Apart from BChl,
natural chlorosomes contain significant amounts of
carotenes. The presence of lipophilic substances such
as carotenoids is crucial for the growth of artificial
aggregates of BChl in polar solvents. It has been shown
that the aggregation in the polar aqueous solutions is
promoted by the addition of nonpolar compounds
such as lipids'” or carotenoids.'® The spontaneously
formed aggregates are spectroscopically very similar
to the natural chlorosomes. Structurally, they often
form nanorods''~'® which can range in diameter from
a few to tens of nanometers and can be up to a few
micrometers long. In natural chlorosomes a pigment—
protein structural unit of the envelope called a
baseplate plays an indispensable although not
fully understood role in the formation of the BChl
aggregates.'®

In this paper, we aim to prepare artificial aggregates
that would mimic natural chlorosomes both structu-
rally and functionally. In an attempt to emulate partially
the role of the baseplate in the growth of the aggre-
gates we used functionalized gold nanorods that are
50 nm in length and 10 nm in width as cores of the
aggregates. The nanorods are immobilized on a sub-
strate, and aggregates of BChl ¢ which form on the
nanorods are studied on a single particle level by
microscopic methods. The aggregation of BChl pig-
ments is initiated by the presence of hydroxyl groups
on the gold surface which can form hydrogen bonds
with the carbonyl groups on the BChl. The coaggrega-
tion of BChl with carotenoids from aqueous buffer
solution leads to the formation of large aggregate
particles with sizes more than twice that of natural
chlorosomes. The size is controllable by the aggre-
gation time. The spectral properties of the aggregates
closely resemble those of the natural chlorosomes
of the photosynthetic bacterium Chlorobaculum
tepidum.

RESULTS AND DISCUSSION

The BChl aggregates were prepared mainly on gold
nanorods functionalized with 9-mercapto-1-nonanol
(C9) linkers, and these aggregates were also fully
structurally and spectroscopically characterized. The
shorter 3-mercapto-1-propanol (C3) linkers were used
as a reference to study the effect of exciton-plasmon
interaction in the aggregates. The results obtained on
the aggregates were also compared with natural
chlorosomes of the photosynthetic bacterium Chloro-
baculum tepidum.

A typical atomic force microscopy (AFM) image of
the BChl aggregates self-assembled on nanorods func-
tionalized with the C9 linker (BChI-C9) and grown for
24 his shown in Figure 1a. The images show structures
with irregular shapes and different sizes dispersed on
the surface. To obtain information on the aggregate
size, 58 particles were individually scanned and their
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Figure 1. (a) Atomic force microscopy image (AFM) of BChl-
C9 aggregates immobilized on a glass surface. (b) Histo-
gram of sizes of BChl-C9 aggregates obtained from the AFM
images. (c) Scanning confocal fluorescence image of BChl-
C9 aggregates. The image is taken from the same place of
the sample as the AFM image shown in (a). (d) Correlation
between fluorescence intensity and aggregate particle
volume for BChI-C9 aggregates (black) and BChlI-C3 aggre-
gates (orange). (e) Field emission scanning electron micro-
scopy (FESEM) image of BChI-C9 aggregates. (f) Detailed
FESEM image of an individual BChI-C9 aggregate particle.
(g) Composite image of dark field scattering from bare gold
nanorods (green) and fluorescence from BChl aggregates
(red). Overlap of the gold nanorods and BChl aggregates
appears as yellow.

length, width, and height were analyzed. The data are
summarized in a histogram in Figure 1b. The average
size parameters obtained as means of the distributions
were 500 nm for the length, 400 nm for the width, and
110 nm for the height. Figure 1c shows a confocal
fluorescence image taken simultaneously with the
AFM image. The fluorescence is excited at 488 nm
and detected above 750 nm. There is a one-to-one
correspondence between the images, indicating that
the objects observed in the AFM image emit fluores-
cence in the spectral region corresponding to aggre-
gates of BChl c. Moreover, there is an apparent relation
between the particle size and fluorescence intensity
between the images. This correlation is confirmed in
Figure 1d in which fluorescence intensity is plotted as a
function of the particle volume (calculated from the
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size parameters assuming an ovoid shape). There is a
linear correlation between the intensity and particle
volume for both BChI-C9 (black) and BChI-C3 (orange)
aggregates.

The shapes and sizes of individual aggregates were
also checked using field-emission scanning electron
microscopy (FESEM). The results, examples of which
are shown in Figure 1ef, correspond well with the AFM
measurements and provide further details on the
aggregate morphology. On average, both BChI-C9
and BChI-C3 grow to similar sizes and their volume is
about 2 orders of magnitude larger than that of natural
chlorosomes. Apart from a different volume, the
aspect ratio (length-to-width) of the BChl aggregates
of ~1.25 is much smaller than the ratio of ~3 for the
chlorosomes.

To directly verify that the BChl aggregates grow on
the gold nanorod cores, we carried out an experiment
in which we first imaged the gold nanorods deposited
on the glass using dark field microscopy before the
addition of the BChl. After that, we grew the BChl
aggregates without moving the sample from the mi-
croscope stage and imaged the BChl aggregates in
fluorescence in the same sample area. An example of
the results is shown in Figure 1g where the green color
represents dark field scattering from the nanorods, the
red color represents the fluorescence from the BChl
aggregates, and the overlap of the two appears as
yellow spots. From these experiments we conclude
that more than 70% of the nanorods are covered with
the aggregates. To further examine the effect of the
gold nanorods on the aggregate growth we prepared a
control sample on a bare cover glass. Other experi-
mental conditions (including the functionalization step
via the thiol coupling carried out on the bare glass)
were identical to the BChI-C9 preparation for 24 h. As
seen from Figure S1, BChl aggregates do form even
without the presence of gold nanorods. However, their
density (observed as density of the fluorescence spots
in the microscopic image) is much smaller and their
average size deduced from the average fluorescence
intensity is only about 3% of that of the BChI-C9
aggregates. We may thus conclude that the functiona-
lized gold nanorods are crucial for the initiation and
growth of the BChl aggregates.

We characterized the growth of the BChI-C9 aggre-
gates by continuously measuring the microscopic
fluorescence images and spectra of the same aggre-
gates during the time that the functionalized nanorods
dispersed on the cover glass were covered with the
pigment buffer solution (aggregation time), that is,
between 3.5 and 24 h. Examples of the fluorescence
spectra (normalized) are shown in Figure 2a. For the
shortest amount of time of 3.5 h, the spectrum shows
a peak at ~670 nm due to the monomeric BChl in
the solution and a peak at ~760 nm due to the BChl
aggregate (see below). With increasing time, the
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Figure 2. (a) Fluorescence spectra of BChl-C9 aggregate
taken at different times during the aggregate growth. (b)
Fluorescence intensity analyzed from the long-wavelength
band in (a) as a function of the aggregation time, fitted with
a third power function.

monomeric peak decreases in intensity and eventually
disappears because the size of the aggregate becomes
comparable with the optical resolution of the micro-
scope and the fluorescence from the pigment solution
is overwhelmed by the aggregate fluorescence at the
particle location. At the same time the aggregate peak
shifts slightly from 760 to 772 nm. An example of
fluorescence intensity from a single aggregate ana-
lyzed from the long-wavelength peak of the fluores-
cence spectra is plotted in Figure 2b as a function of the
aggregation time.

Taking into account that the intensity is proportional
to the particle volume (as seen in Figure 1d), assuming
that the aggregates grow at a constant rate during the
24 h and assuming further that the growth is isotropic
(growth in any dimension is linearly proportional to
time), the intensity (approximate volume) should be
a third power function of the time (approximate
dimension). The third power fit to the data points in
Figure 2b fits the experimental results reasonably
well.

The results of single-molecule characterization and
spectroscopy are presented in Figure 3. We note that
the characterization was carried out on the largest
aggregates grown for 24 h because some of the
microscopic methods such as direct absorption of
individual particles and, especially, circular dichroism
are very sensitive to the total signal and the signal-to-
noise ratio and, generally, larger particles provide more
reliable data. Similar to individual chlorosomes, sin-
gle BChI-C9 particles are detected in microscopic
transmission images taken with a halogen lamp and
a 740 nm band-pass filter. An example of the transmis-
sion image is shown in Figure 3a. The transmission data
were analyzed by carefully determining the average I,
base level (100% transmission) in the vicinity of each
particle individually and using the value together with
the peak transmission intensity I+ to calculate the
optical density. The average optical density was 0.35.
This value is an order of magnitude larger than that
obtained on natural chlorosomes and is very large for a
subwavelength size object. The absorption spectrum
of the BChI-C9 aggregates is shown in Figure 3b. Since
we do not have means to measure the absorption
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Figure 3. (a) Transmission microscopic image obtained
with a halogen lamp and 740 nm bandpass filter. (b)
Ensemble absorption spectrum of BChI-C9 aggregates im-
mobilized on a surface (black), together with an absorption
spectrum in solution of chlorosomes of C. tepidum (blue)
and extinction spectrum in solution of gold nanorods (red).
(c) Fluorescence microscopic image of the same sample
area as in a). (d) Examples of fluorescence spectra of a single
BChI-C9 aggregate (black) and a single chlorosome (blue)
excited with 457 nm.

spectra of individual particles under the microscope,
the spectrum corresponds to an ensemble of BChI-C9
particles on the substrate. The peak at 738 nm is red-
shifted from the absorption of monomeric BChl ¢ (with
peak at 670 nm in methanol) and indicates for-
mation of strongly coupled J-aggregates of BChl c.
The shoulder around 680 nm could correspond to
remaining monomeric BChl ¢ or to lower aggregates.
Similar absorption spectra have been reported for BChl
c/carotenoid aggregates in solution.'® For comparison,
Figure 3b also shows the absorption of isolated chloro-
somes of C. tepidum in buffer solution with a long-
wavelength peak of 740 nm. The extinction spectra of
the suspension of gold nanorods (also in the Figure 3b)
have peaks around 515 and 755 nm, corresponding to
the transversal and longitudinal localized plasmon
resonances.

A fluorescence image of the same area of the sample
as that of the transmission image is shown in Figure 3c.
There is a full correspondence between the transmis-
sion and fluorescence images, and a correlation can be
seen between the transmittance of individual particles
and their fluorescence intensity. An example of a
fluorescence spectrum taken from a single BChI-C9
particle is shown in Figure 3d, together with a spec-
trum from a single chlorosome.

A distribution of fluorescence spectral peaks ob-
tained by Gaussian fitting of the spectra of 25 particles
is shown in the histogram in Figure 4a, together with a
distribution taken from the natural chlorosomes. The
mean of the BChI-C9 distribution is 768 nm, compar-
able to the mean of 772 nm for the chlorosomes. The
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Figure 4. (a) Distribution of fluorescence spectral peaks
of BChI-C9 aggregates (black) and chlorosomes (blue). (b)
Distribution of the linear dichroism parameter y (defined in
the inset where g, and g, are overall transition dipole
moments) for the BChIl-C9 aggregates (black) and chloro-
somes (blue). (c) Distribution of the circular dichroism dis-
symmetry parameter g for the BChl-C9 aggregates (black),
chlorosomes (blue), and fluorescent beads (orange), fitted
with Gaussian functions.

origin of the fluorescence peak distribution can be
related to a large amount of structural disorder present
in all aggregates, as mentioned below. Fluorescence is
a final step of a complex process that involves absorp-
tion, energy transfer, and trapping of the excitation on
low-energy sites. The energy of these sites may differ
from aggregate to aggregate due to structural differ-
ences or differences in the plasmon coupling. We also
carried out control experiments to examine the role of
the (-carotene in the aggregation process. BChI-C9
aggregates grown for 24 h without the addition of
p-carotene show on average much weaker fluores-
cence intensity and a fluorescence peak shifted to
~750 nm (Figure S2) indicating a smaller aggregate
size and lower degree of J-aggregation.

LD (linear dichroism) experiments on single particles
of BChI-C9 aggregates are summarized in Figure 4b.
The LD has been measured by monitoring fluorescence
intensity changes for rotating polarization of the ex-
citation laser (733 nm), after verifying that the fluores-
cence monitored LD provides the same results as LD
directly measured in absorption. The LD has been
analyzed in terms of the angle y between two ortho-
gonal overall transition dipole moments of the particle
(see inset of Figure 4b); an isotropic object has y = 45°,
while complete anisotropy is characterized by y = 0°.
This parameter has been chosen to facilitate the
comparison with previously reported LD results on
natural chlorosomes.?® The mean y for the chloro-
somes is 26°. Compared to this value, the BChI-C9
particles have a mean y value of 43° and the BChlI-C3
particles have a value of 36°. Both BChI-C9 and BChl-C3
show a much lower anisotropy which reflects a less
ordered inner structure but could be also affected by
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the different aspect ratios for the chlorosomes and the
BChl aggregates as observed from the AFM measure-
ments. The large distribution of the parameter y
obtained for the natural chlorosomes reflects the fact
that there are large differences in the structural dis-
order between individual chlorosomes. Chlorosomes
with low disorder are characterized by low values of v,
and those with large structural disorder by large 7.
Compared to this, BChl aggregates are all disordered to
a larger extent, and the extent of the disorder is similar
in all aggregates, giving rise to the seemingly narrow
distribution of the parameter y. We note that other
studies have found a uniform amount of disorder even
on natural chlorosomes.?®

The difference between the LD of the BChI-C9 and
BChI-C3 aggregates could be attributed to the stronger
exciton-plasmon coupling in the BChI-C3 particles
because of the smaller distance between the inner-
most pigment layer and the nanorod surface. The good
spectral overlap between the nanorod longitudinal
plasmon and the aggregate exciton (Figure 3b) would
lead to enhanced absorption along the nanorod long
axis and larger absorption anisotropy. The stronger
exciton-plasmon interaction is also observed by
stronger fluorescence quenching in the BChI-C3 parti-
cles. The fluorescence intensity of BChI-C3 particles is
on average 30% of that of BChl-C9 particles of compar-
able average volume.

Natural chlorosomes show strong CD that is obser-
vable even on the single particle level, with an average
CD dissymmetry parameter g of —0.025.2" The param-
eteris defined as g = 2(I, — Ig)/(l, + Iz) where |, and Iz are
fluorescence intensities excited with left- and right-
handed circularly polarized light, respectively. Using
the same methodology as in ref 21 we measured CD
from individual BChI-C9 aggregates and as a reference
from fluorescence beads emitting in the same spectral
region and with comparable intensity. The results are
shown in Figure 4c. Both BChI-C9 and the fluorescence
beads show a Gaussian distribution of the g values,
with distribution means of 0.012 for BChI-C9 and 0.009
for the beads. Since the sensitivity of the microscopic
CD setup is on the order of 0.005' the observed
difference between the aggregates and the beads is
within experimental error and may be attributed to the
lower fluorescence intensity of the aggregates. Thus,
the BChI-C9 aggregates do not show any appreciable
circular dichroism. For a reference, Figure 4c also shows
a distribution of the g values for single chlorosomes
as measured in ref 21, with an apparent shift of the dis-
tribution peak and a much larger width due to struc-
tural variations between the individual chlorosomes.

Absorption and fluorescence spectra of molecular
aggregates reflect the excitonic coupling between
individual monomers as well as the size of the aggre-
gate and are affected by the amount of disorder.?~2*
From the similarity between the spectral positions and
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widths of absorption and fluorescence of natural chlo-
rosomes and the BChI-C9 aggregates (Figure 3b,d,
Figure 4a), we can conclude that the aggregation state
of BChI-C9 on the molecular level is similar to that
of chlorosomes of C. tepidum. On the other hand, LD
and CD spectra reveal the mesoscopic structure of
the aggregates. In natural chlorosomes, the two-
dimensional BChl aggregates form curved lamellae?
which can further roll up to form completely enclosed
cylinders.*” These higher structures are mainly aligned
along the long axis of the chlorosomes which results in
strong absorption anisotropy and LD on the single
chlorosome level2%%>2¢ Further, the curvature of the
lamellae and of the cylinders gives rise to a strong CD
signal.?’” The fact that we have not observed a signifi-
cant LD and CD signal for the BChI-C9 particles indi-
cates that the mesoscopic arrangement of the BChl
aggregates is different from that of the chlorosomes.
One of the reasons can be the lower size aspect ratio for
BChI-C9 (1.25 compared with 3 for the chlorosomes)
which alone could explain the observed change in the
LD parameters. However, the lack of the CD signal
points either to the lack of curved structures or to
random curvatures which would cause cancelation of
the CD. In any case, while at the molecular level the
BChI-C9 aggregates resemble the natural chlorosomes,
the mesoscopic structure is significantly different. This
is despite the fact that the BChI-C9 aggregates grow on
gold nanorod cores with a high aspect ratio of ~5 and
that the growth is initiated by hydrogen bonding
which is one of the interactions present in the natural
chlorosome aggregates.

CONCLUSIONS

In conclusion, we attempted to prepare and char-
acterize 'artificial chlorosomes', bacteriochlorophyll ag-
gregates that would structurally and functionally
mimic natural chlorosomal antennae of green photo-
synthetic bacteria. To emulate the role of the baseplate
present in the envelope of natural chlorosomes we
used gold nanorods functionalized with hydroxyl
groups that would form hydrogen bonds with carbonyl
groups of the BChls and initiate the growth of the
aggregates. The resulting aggregates form irregular-
shape particles that are larger than chlorosomes but in
terms of spectroscopic properties are very similar. The
mesoscopic structure of the artificial aggregates is
different from chlorosomes, pointing to the indispen-
sable role of the baseplate and probably the lipid—
protein envelope in the structural growth of natural
chlorosomes.

An interesting but unexplored aspect of the present
aggregate particles is the good overlap between the
exciton band of the BChl aggregates and the plasmon
band of the nanorods. The strong interaction between
the two could be potentially used to convert the
excitons into plasmons, and these could be further
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utilized in other energy conversion schemes.?® The
advantage of a molecular aggregate compared to a

METHODS

Cells of photosynthetic bacterium Chlorobaculum tepidum
were grown for 3 days at 48 °C in modified Pfennig's medium?®
under constant illumination and stored at 4 °C until use.
Bacteriochlorophyll ¢ (BChl c) was extracted from pelleted cells
by an acetone—methanol mixture in the dark on ice and
separated by centrifugation and reversed phase HPLC.'® The
four main homologues of BChl ¢ were collected together, dried,
and kept under an inert atmosphere at —70 °C until further use.

Gold nanorods (average size 50 nm x 10 nm, size distribution
+10%, surface stabilized with CTAB), -carotene, 3-mercapto-1-
propanol (C3), and 9-mercapto-1-nonanol (C9) were all pur-
chased from Aldrich and used as supplied. To immobilize the
gold nanorods on a substrate, the nanorod suspension was
diluted 5 times with ultrapure water and 150 uL of the diluted
suspension were spin-coated at 3000 rpm on a cleaned micro-
scope cover glass (Thermo Fisher). The immobilized nanorods
were functionalized by immersing the cover glass in a 10 mM
chloroform solution of either C3 or C9 for 12 h. The cover glass
was then rinsed with dichloromethane, acetone, and ultrapure
water. In the resulting sample, the functionalized gold nanorods
are dispersed without aggregation on the glass surface with a
density that allowed individual nanorods to be distinguished
with optical resolution (Supporting Information (SI), Figure S3).

To grow the BChl aggregates, a small amount (approximately
1 mg) of BChl ¢ was dissolved in 10 uL of methanol and this
solution together with 8 uL of a 1.35 mM THF solution of
p-carotene was added into 5 mL of 50 mM Tris buffer. 300 uL
of the mixture were then placed on top of the cover glass with
the functionalized nanorods and left standing for 3.5—24 h to
enable the growth of the aggregates. After that, the excess
mixture was rinsed with pure 50 mM Tris buffer and the samples
were used immediately for experiments. Control samples were
also prepared without the gold nanorods on a cleaned cover glass.

The resulting aggregates have been characterized by simul-
taneous atomic force microscopy (AFM) and confocal fluores-
cence microscopy, by electron microscopy and by single-
molecule fluorescence, absorption, linear dichroism (LD), and
circular dichroism (CD) spectroscopy. These methods have been
described previously.2°'21'3° Briefly, the AFM head (Asylum
Research MPF-3D) is placed on top of a home-built confocal
microscope for simultaneous AFM—fluorescence microscopy.
Topological images were taken with an uncoated silicon probe
(Olympus AC200TS) in the tapping (AC) mode. Fluorescence
was collected with an oil-immersion objective lens (100x,
NA 1.3) and detected with an avalanche photodiode. Electron
microscopy images were taken with a field emission scanning
electron microscope (FESEM, JEOL JSM-7401F) at room tem-
perature. The single-molecule spectroscopy experiments
were carried out using an inverted fluorescence microscope
(Olympus IX-71) with a 457 or 733 nm excitation laser, an
electron-multiplication (EM) CCD camera (Andor iXon+),
and an imaging spectrograph (Bunkou Keiki CLP-50). All
single-molecule experiments were carried out in air at room
temperature.
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bare gold nanorod is in the broader spectral range over
which the light energy can be efficiently captured.
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