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ABSTRACT Energy transfer mechanisms in noncovalently bound
bacteriorhodopsin/single-walled carbon nanotube (SWNT) hybrids
are investigated using optical absorption and photoluminescence
excitation measurements. The morphology of the hybrids was
investigated by atomic force microscopy. In this study, proteins
are immobilized onto the sidewall of the carbon nanotubes using a
sodium cholate suspension—dialysis method that maintains the
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intrinsic optical and fluorescence properties of both molecules. The

pH

hybrids are stable in aqueous solutions for pH ranging from 4.2 to 9 and exhibit photoluminescence properties that are pH-dependent. The study reveals

that energy transfer from bacteriorhodopsin to carbon nanotubes takes place. So, at pH higher than 5 and up to 9, the SWNTs absorb the photons emitted

by the aromatic residues of the protein, inducing a strong increase in intensity of the E;; emissions of SWNTs through their E3; and E,, excitations. From

pH = 4.2 to pH = 5, the protein fluorescence is strongly quenched whatever the emission wavelengths, while additional fluorescence features appear at

excitation wavelengths ranging from 660 to 680 nm and at 330 nm. The presence of these features is attributed to a resonance energy transfer mechanism

that has an efficiency of 0.94 4= 0.02. More, by increasing the pH of the dispersion, the fluorescence characteristics become those observed at higher

pH values and vice versa.
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nderstanding and controlling light-
l |absorbing or -emitting molecule—

single-walled carbon nanotube (SWNTs)
interactions for sensing,1 optoelectronics,2 or
in vitro and in vivo applications®~® are rapidly
developing research fields. In the particular
case of biomedical imaging, studies are often
conducted using multiple fluorescent pro-
tein labeling. The question of the optical
interaction or energy transfer between the
emitting protein or fluorescent molecule and
the SWNTs is therefore of prime importance.
The purpose of this paper is to address this
question.

Most of the works use organic dyes,
semiconducting nanoparticles/quantum dots, "’
and conjugated polymers'>' that are coupled
to SWNTs, and they study the energy transfer
involved in these systems. Only a few studies
deal with photosynthetic proteins. Among
them, M. Dorogi et al."* demonstrated that a
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photosynthetic reaction center pigment
protein complex (a redox-active enzyme in
which light energy initiates a chain of intra-
protein electron transport reactions) is able
to attach to SWNTs and that light-induced
absorption changes occur. S. Kaniber et al."”
showed that photosystem | proteins form
active electronic junctions with carbon
nanotubes. The group of M. S. Strano'® re-
ported the reversible assembly/disassembly
capabilities of an oriented complex consti-
tuted by photosynthetic reactions centers,
recombinant proteins, phospholipids, and
SWNTs. The components self-assemble into
a configuration in which an array of lipid
bilayers aggregates on the surface of the
carbon nanotube, creating a platform for
the attachment of light-converting proteins.
Only in the assembled state do the com-
plexes exhibit photoelectrochemical activity.
Though photosynthetic proteins are a source
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of biological material well suited to technological
applications, they exhibit light-induced charge transfer
across lipid membranes that can be exploited for the
construction of photo-optical electrical devices, are
naturally abundant and readily available, and possess
structure, function, and mode of energy conversion
that differ across the photosynthetic evolutionary
scale, allowing their use for different applications in
photonics."”

Here bacteriorhodopsin (bR) has been chosen as
the photosensitive protein. bR is the key protein for
halobacterial photosynthetic capabilities, enabling
the organisms to use light energy directly to drive
bioenergetic processes by the generation of a proton
gradient.'® It consists of 248 residues that are arranged
in seven a-helical bundles inside the lipid membrane
and form a cage where a retinylidene molecule is
located. This molecule and the inner shell of interacting
amino acids form the chromophoric group of bR. In a
preliminary study,'® we provided evidence that the
membrane bR proteins can be immobilized onto
SWNTs through hydrophobic interactions between
the bR o-helices and the sidewall of the nanotubes.
Nevertheless, the sample preparation method we used
led to very low-concentrated dispersions. For this
reason, in this work, we choose to follow the sodium
cholate suspension—dialysis method described by
N. R. Palwai et al.?° So bR proteins are noncovalently
immobilized onto the sidewall of SWNTs in a way that
preserves the intrinsic properties of both molecules.
This study focuses on the fluorescence properties of
SWNT—DbR hybrids as a function of the pH. It reveals
energy transfer from bR to SWNTs in the hybrids.

RESULTS AND DISCUSSION

Figure 1 displays the Raman/emission spectra of raw
SWNTs (spectrum 1) and supernatants at pH 4.5
(spectrum 2) and at pH 7.5 (spectrum 3). These spectra
have been obtained with an excitation line at 1064 nm.
This excitation line corresponds to allowed optical E;,
transitions of semiconducting SWNTs. The Raman re-
sonant peaks are labeled with stars in Figure 1. The two
main peaks are due to the radial breathing mode (at
268 cm™ ') and to the tangential G modes close to
1590 cm ™~ '. The peak close to 2551 cm ™' is the second-
order D' mode. There is no significant modification of
the Raman line positions within our experimental
accuracy. It can be noticed that two broad lines found
around 550 and 1500 cm ™" (below the Raman G lines)
are appearing (indicated by arrows in Figure 1). These
lines correspond to fluorescence lines associated with
the near-infrared (NIR) emission of semiconducting
SWNTs, according to the pioneering work of M. J.
O'Connell et al?' The NIR emission is observed for
isolated semiconducting SWNTSs only. In fact, when the
nanotubes are embedded in bundles, the emission is
quenched as soon as the bundle contains metallic
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Figure 1. Raman/emission spectra of SWNT—bR hybrids at
pH 7.5 (3) and at pH 4.5 (2) and raw SWNTs dispersed in
ethanol (1). The spectra have been obtained with an excita-
tion line at 1064 nm. The stars refer to the Raman resonant
peaks of the SWNTs. The arrows indicate NIR fluorescence
lines. The spectra have been normalized to the G band and
shifted vertically for clarity.

nanotubes. The fluorescence comes from the radiative
decay of the excitons formed after the absorption of
the E;; photon. Each SWNT species should thus give a
specific fluorescence line. Here, the lines at 554 and
1556 cm™ ' may be attributed to (9,2) and (11,1) SWNTs
according to S. M. Bachilo et al.?? It is noteworthy that
as-produced nanotubes are embedded in nonfluores-
cent bundles. In aqueous media, even if sonication is
able to destroy the bundle organization, the hydro-
phobic character of the carbon surface results usually
in the bundle re-formation. Note also that, in the same
dialysis conditions as those used for the preparation of
the dispersions containing bR, a suspension of SWNTs
dispersed using sodium cholate molecules is comple-
tely destabilized (no individualized SWNT is detected
any more). It turns out that the presence of the proteins
is mandatory for maintaining the SWNTs dispersed in
the aqueous buffer solutions.

Figure 2A and B show typical AFM images of rinsed
film supernatants obtained using the intermittent
contact mode in aqueous buffer. SWNTs and bR pro-
teins can be seen on top of flat mica surfaces. Corre-
sponding height profiles recorded along the carbon
nanotubes are shown in Figure 2C and D, respectively.
They exhibit irregularities due to the presence of the
proteins. The heights are between 1.5 and 6 nm. These
observations are consistent with the formation of
SWNT—bR hybrids. The lengths of the carbon nano-
tubes are relatively short, 550 and 385 nm in the case of
Figure 2C and D, respectively. This is likely due to the
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Figure 2. (A and B) AFM topographs showing individual
SWNT—bR hybrids and bR proteins deposited onto a mica
surface. Measurements were taken in intermittent contact
mode in buffer solution at pH 4.5. Full-color Z-scale: 4 nm.
(C and D). Section analysis profiles along the dashed green
line on images (A) and (B), respectively.

sonication step used to disperse the carbon nano-
tubes. By measuring their lengths on several AFM
topographical images, a length of 432 + 36 nm
(average value =+ standard deviation, N = 81) has been
found.

A UV—uvisible absorption spectrum of native mem-
branes containing bR is shown in the upper part of
Figure 3. Absorption bands of bR are visible with two
maxima occurring at ~280 and 568 nm. The first
maximum is due to the presence of aromatic residues
in the protein (tryptophan and tyrosine), and the
second one is related to the chromophoric group of
bR.23 A typical fluorescence emission spectrum of bR
can be seen in the inset of Figure 3. The spectral
characteristics are typical for tryptophan residues.?®
UV—visible absorption spectra of supernatants con-
taining SWNT—DbR hybrids at pH 7.5 (dashed black line)
and pH 4.5 (solid black line) are presented in the
bottom part of Figure 3. A spectrum of the initial SWNT
dispersion (SWNTs individualized using sodium cho-
late molecules) can also be seen (dotted gray line).
Separated absorption features characteristic of well-
dispersed SWNTs?" are present in all supernatants. For
those containing the SWNT—bR hybrids, an increase of
the absorption signal is visible at wavelengths around
568 nm, which is due to protein absorption. The
protein absorbance can be evaluated by subtracting
the contributions of SWNTs to the absorption signal.
Thus, the optical absorption measurements allow us to
evaluate the concentrations of SWNTs and bacterio-
rhodopsin in each sample (for details, see Methods). In
addition the presence of the absorption peak ataround
568 nm (the exact position depends on pH**?®) in-
dicates that the retinal is still inside the core of the
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Figure 3. Upper panel: UV—visible spectra of native bR
between 250 and 1350 nm. The optical absorbance is
normalized at a wavelength of 280 nm. Inset: Fluorescence
spectrum corresponding to the emission of the tryptophan
residues of bR with an excitation wavelength of 288 nm.
Bottom panel: Normalized UV—visible absorption spectra of
supernatants containing individualized SWNTs dispersed
by anionic surfactant molecules of sodium cholate at pH 7.5
(dotted gray line) and containing SWNTs—bR hybrids at pH
7.5 (dashed black line) and at pH 4.5 (solid black line)
between 250 and 1350 nm. The optical absorbance is
normalized at a wavelength of 295 nm for all spectra.

protein (the unbound retinal absorbs at 370 nm).%
Another way to check the integrity of the protein in the
supernatants is to measure the fluorescence emitted
by the aromatic residues of the protein, essentially the
tryptophan residues, in the presence and in absence of
light. Fluorescence spectra were recorded in the region
of emission of tryptophan residues (320 to 425 nm)
with an excitation wavelength of 288 nm in the dark
and under illumination in the region of the absorption
of the chromophoric group of the protein. A systematic
decrease of the intensity of the fluorescence emission
is observed when the sample is illuminated. This
behavior is well known for bacteriorhodopsin and is
related to the formation of a 412 nm absorbing com-
plex which is not present in the dark.”® As a resume, the
UV—visible spectroscopy measurements indicate that
the SWNTs maintain their intrinsic optical properties
when proteins are coupled to them.

The NIR emissions from various SWNT species were
recorded with excitation wavelengths ranging from
300 to 750 nm. Figure 4 shows the photoluminescence
excitation/emission (PLE) maps for SWNT—bR hybrids
in aqueous dispersions at pH 7.5 (A) and pH 4.5 (B). (For
comparison, a typical PLE map for a dispersion of
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Figure 4. PLE maps of a dispersion containing SWNT/bR hybrids at pH 7.5 (A) and pH 4.5 (B). Eight species are noted: (6,5),
(8,4), (8,3), (7,5), (7,6), (10,2), (9,4), and (8,6). Solid diamonds and solid and open stars represent the E;; emissions of SWNTs
through their E,,, Es3, and E,4 excitations, respectively. The open circle indicates a phonon sideband. Open squares denote
Eq»,21 transverse photoexcitations. White crosses show where nonradiative energy transfer occurs. PL intensities are
logarithmically scaled. Data are presented at equal concentrations of SWNTs and bR.

SWNTSs using sodium cholate molecules can be seen in
Figure S3 of the Supporting Information.) On the basis
of the emission wavelength from the first van Hove
band gap (E;;) and the excitation wavelength from
their second, third, and fourth van Hove band gaps
(E2, E33, and E,g),?%?7 eight major SWNT chiral species,
(6,5), (8,4), (8,3), (7,5), (7,6), (10,2), (9,4), and (8,6), are
identified in Figure 4 as solid diamonds and solid and
open stars. One G-phonon-coupled PLE satellite is
indicated by an open circle.?® Photoluminescence
features located above E, — E;; optical transition
peaks have been attributed to cross-interband E; 5,51
photoexcitations.2?*° Their intensities are about 10 times
weaker than the primary E,, — E;; optical transitions.>’
The PLE map for SWNT—DbR hybrids in aqueous disper-
sions at pH 9 is similar to the one at pH 7.5 (not shown).
The PLE measurements exhibit characteristic features of
individualized SWNTs in a pH range from pH 4.2 to 9.

If PLE maps for SWNT—bR hybrids are quite similar at
pH 7.5 and 9, new fluorescence spots appear at pH
lower than 5. These additional features can be seen on
the PLE map shown in Figure 4B and are indicated by
crosses. Emission occurs from nanotube species pre-
sent when excitation wavelengths are in the range
660—680 nm and at 330 nm, as can be seen in
Figure 4B. These spectral areas do not correspond to
any known active electronic transitions of the SWNTs.

EL HADJ ET AL.

The position and excitation profile of the emission do,
however, closely match the optical absorbance max-
ima of the protein at pH 4.5, as shown in the PLE maps
for bR alone, as can be seen in Figure 5.

Interestingly, fluorescence intensity of bacteriorho-
dopsin in the visible—NIR region starts to increase
when the pH becomes smaller than approximately
5.5.%° (The PLE intensity of bR suspensions as a function
of the pH is shown in Figure S2 of the Supporting
Information.) PLE intensity maxima of bR alone at a
given concentration are shown as a function of excita-
tion and emission wavelengths for pH 7.5 and 4.5 in
Figure 6 as black dots. Differences in intensity are
clearly visible as a function of the pH and are depen-
dent on the excitation wavelengths. In particular, at pH
4.5 the fluorescence intensity is strongly enhanced
compared to pH values higher than 5. A greater spectral
overlap exists between the emission of the bR and the
absorption of several SWNT chiral species. To visualize
this, we indicate the absorption wavelengths of several
SWNT chiral species using short gray lines on the PLE
maps of bR in Figure 5. All these observations are in favor
of an energy transfer from photoexcited bR to the SWNTSs
at the lowest pH values. One way to ensure the role of
bacteriorhodopsin is to bleach it and see what happens.
For this, we add hydroxylamine to the dispersions con-
taining the SWNT—DbR hybrids upon illumination in order
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Figure 5. PLE maps of a suspension of bR at pH 4.5 with
excitation wavelengths ranging from 500 to 750 nm (A) and
from 250 to 500 nm (B). Absorption wavelengths of several
SWNT chiral species are indicated by short gray lines. Solid
diamonds and solid and open stars are related to E;,
emissions of SWNTs through their E,,, E33, and E44 excita-
tions, respectively. Open squares denote E;, >, transverse
photoexcitations. The bright red lines where the emission
wavelength is almost equal to or twice the excitation
wavelength are primarily experimental artifacts caused by
the lack of rejection of the excitation source. The conditions
of data recording are different between the two PLE maps.

to produce a chromophore-free protein.3*** Thus we
record PLE maps in the region of the emission of
the SWNTSs after the injection of hydroxylamine into the
dispersions containing the SWNT—bR hybrids. These PLE
maps are characteristic of a dispersion of SWNTs using
sodium cholate as surfactant without the additional
features previously observed. Within the first two hours,
no luminescence is detected anymore. After two hours,
the dispersions are completely destabilized and black
aggregates are observable by eye. Therefore, additional
features on the PLE map at pH 4.5 can be attributed to
the presence of bacteriorhodopsin and are due to the
intrinsic properties of the protein.

The intensity of the PLE peaks of the SWNT species is
modified in the presence of bacteriorhodopsin and is

EL HADJ ET AL.

pH-dependent. The fluorescence intensity was mea-
sured at different positions of the PLE map and normal-
ized to the difference between fluorescence intensity
maximum and minimum of the PLE map. This value is
called /.. The ratio R between /, values for a solution
containing SWNT—DbR hybrids at each pH and for
SWNTs dispersed using sodium cholate molecules at
pH 7.5 was calculated. R values are presented in Figure 7
as bar graphs. The upper and bottom parts of Figure 7
show the data for PLE features with excitation wave-
lengths ranging from 550 to 750 nm and from 300 to
550 nm, respectively. Concerning the E;; emissions of
SWNTs through their E,, excitations (indicated by solid
diamonds) and the E;,,; transverse photoexcitations
(indicated by open squares), only small changes in
intensity are recorded for dispersions containing
SWNT—DbR hybrids compared to a dispersion of SWNTs
using sodium cholate molecules. On the contrary, the
intensities of the E;; emissions through the Es; and E4,
excitations (indicated by solid and open stars, respectively)
are strongly enhanced whatever the pH of the solutions
with an increase in intensity at pH 4.5, which is approxi-
mately twice the one at pH 7.5. In the case of the
additional PLE spots observed at pH 4.5, seven positions
indicated by white crosses in Figure 4B can be attributed
to energy transfer from bR to SWNT species (7,5), (10,2),
(9,4), (7,6), and (8,6). For these features, the intensity is
multiplied by 2 at pH 4.5 compared to that at pH 7.5. For
excitation wavelengths between 300 and 400 nm, the
intensity of the near-infrared emissions of fluorescence
spots is increased by a factor ranging from 3 to 9
compared to a dispersion of SWNTs using sodium
cholate as surfactant. The study of the donor emission
(i.e., the emission of the protein) reveals that a quench-
ing of the PLE signal of bR occurs in the presence of
SWNTs.

To go deeper into the energy transfer mechanisms,
the PLE maxima of the protein were measured as a
function of the excitation and emission wavelengths
for bR in the presence of SWNTs in the SWNT—bR
hybrids at both pH and for equal concentrations in
protein. The results are presented in the graphs of
Figure 6. At pH 7.5, the donor emission is modified in
the region of spectral overlap. (Two PLE maps in the
UV—visible spectral region can be seen in Figure S3 in
the Supporting Information, one for bR alone (A) and
the other for SWNT—bR hybrids (B), both taken at pH
7.5.) The decrease of the steady-state fluorescence
intensity is localized in the region where a spectral
overlap occurs between the emission of the trypto-
phan residues of the protein and the absorption of the
Es3 and E44 excited states of the SWNTSs. These observa-
tions are in favor of a radiative energy transfer. At pH
4.5, the shape of the fluorescence spectra for bR alone
and in the presence of SWNTs is unchanged, while the
steady-state fluorescence intensity strongly decreased
whatever the emission wavelengths, as can be seen in
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Figure 6. PLE intensity of the maxima of fluorescence for bR alone (black dots) and for SWNT-bR hybrids (open dots)
as afunction of the emission and excitation wavelengths at pH 7.5 (A) and at pH 4.5 (B). The data for SWNT-bR hybrids at pH 4.5
are also shown with the intensity magnified by a factor 5 (smallest open dots). Data are given for the same amount

of protein.

Figure 6B. The ratio between the protein PLE intensity
for bR alone and in the presence of SWNTs has been
calculated for excitation wavelengths ranging from 298
to 502 nm and 540 to 696 nm, corresponding to the
region of spectral overlap. This ratio is equal to 0.062 +
0.013 (mean value £ standard deviation, N = 91). The
observed behavior is characteristic of a resonance en-
ergy transfer (RET). The efficiency E of a RET process can
be derived experimentally from the quenching of the
donor fluorescence intensity, according to*

where Fp and Fp, are the fluorescence of the donor in the
absence and presence of an acceptor, respectively. The
efficiency E is estimated to range between 92% and 96%.

More fluorescence properties characteristic of the
lowest pH values become those of the higher pH values
just by increasing the pH of a dispersion containing
SWNT—DbR hybrids initially at pH 4.5. The reverse situa-
tion is valid too.

EL HADJ ET AL.

A nonradiative energy transfer may result from
interactions between molecules that can be of Cou-
lombic origin (long-range dipole—dipole and/or short-
range multipolar interactions) and/or due to short-
range intermolecular orbital overlap. The distances
that exist between the chromophoric center of a bR
coupled to a SWNT in a SWNT—bR hybrid are less than
8—10 nm whatever the pH value of the buffer solution
according to the measurements performed on the
AFM images. These distances thus allow considering
a resonance energy transfer in the hybrids. It is likely
that the SWNT—bR hybrids will have electrostatic
charges brought by the coupled proteins. In fact, it is
well known that, once coated by electrolytes, pristine
carbon nanotubes tend to be charged.®® Actually
electrostatic repulsive forces between coated SWNTs
maintain them dispersed in buffer solution and explain
the stability of the dispersion. No significant difference
in the morphology of the SWNT—bR hybrids has been
highlighted as a function of the pH of the buffer solution,
but the experiments in which the chromophoric center of
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Figure 7. Bar graphs showing the ratio R between /, for a SWNT—bR dispersion at a given pH value and /, for well-dispersed
SWNTs by sodium cholate (SC) at pH 7.5. R is equal to 1 for a SWNT—SC dispersion. Specific measurement points are indicated
under each bar. Crosses mark points where energy transfer occurs at pH 4.5. Solid diamonds represent the E;; emission of
SWNTs through the E;; excitations of several SWNT species, and open squares denote E;,,; transverse photoexcitations.
Stars and open stars represent the E;; emission of SWNTs through the E33 and E44 excitations, respectively.

the proteins was removed permit us to demonstrate that
the resonance energy transfer observed at pH values
lower than 5 is indeed correlated to the presence of the
retinylidene molecule in the core of the proteins.

The effect of the pH value is explained in the
following way. The emission of bR above 600 nm is
attributed to the first allowed excited state of the
retinylidene chromophore, irrespective of pH.%> How-
ever, it has been shown that the retinylidene chromo-
phore has three absorption bands: a main band whose
maximum occurs at ~565 nm at neutral pH (~605 nm
at acidic pH), a weak band at ~400 nm (420 nm at
acidic pH), and a very weak band occurring at 300 nm,
which extends to 360 nm.?> Only the fluorescence
emission of the main absorption band and the very
weak one overlap with the absorption of several SWNT
species, which is consistent with our results. The
fluorescence maximum at pH 4.5 is blue-shifted by
~10 nm compared to the one at pH 7.5 for excitation
wavelengths ranging from 530 to 640 nm (using the
data of Figure 6). This is in favor of the presence of one

EL HADJ ET AL.

acidic form of bR, called bRIS9 253¢ |t has been shown
that, by decreasing the pH to acidic values (pH < 5),
acidic forms of bR begin to appear.3”3® In particular,
the acidic form bRZi4, absorbing around 605—610 nm
with pK = 2.9, can be formed at low ionic strength by
lowering the pH of the buffer solution; its concentra-
tion reaches its maximum at pH 2.3” The shift of the
absorption band to 605—610 nm is associated with the
protonation of aspartic acid Asp85 located in the close
vicinity of the retinal.>® Importantly, bRZS has a sig-
nificantly higher fluorescence quantum yield than
other forms.?® So, even present in a very small quantity,
the fluorescence emission of RS is detectable.®® In
addition, the magnitude of the Stokes shift is pH-
dependent, larger at neutral pH compared to acidic
pH due to a charge displacement induced after excita-
tion which does not exist at acidic pH (bRZY does not
pump protons).>>3”8 This has a direct consequence:
the acidic form bRXY dominates the fluorescence
emission above 700 nm even if itis present in a mixture

of several bR forms with a very low concentration.>®
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Therefore, for excitation wavelengths ranging from
660 to 680 nm, the fluorescence emission is expected
to be considerably enhanced at pH 4.5 compared to pH

acid

7.5 due to the presence of the acidic form bRpje
species even if it is present in a mixture with other

forms with a very low concentration. Thus, our data

point to the presence of both the acidic form bRZd,

which exhibits a high fluorescence quantum yield, and
the neutral form bRsgg (present at pH 7), with low
fluorescence quantum yield, at pH 4.5. The fluores-
cence properties of the SWNT—DbR hybrids and their
specific pH-dependence can be associated with the
specific fluorescence properties of the bR and the
possibility of a protonation of the aspartic acid Asp85
located close to the retinal at low pH.

CONCLUSION

In summary, dispersions containing noncovalently
functionalized SWNTs by bacteriorhodopsins were ob-
tained using a sodium cholate suspension—dialysis
method that preserves the intrinsic properties of both
molecules. The dispersions are stable in a wide pH
range: from 4.2 to 9. The study reveals not only that
energy transfer occurs from bacteriorhodopsins to

METHODS

Commercially available HipCO SWNTs have been purchased
from Unidym (batch P0261) (Sunnyvale, CA, USA) and used as
received. Suspensions of purple membranes (PM) containing
wild-type bR were a courtesy gift from Dieter Oesterhelt's group
at the Max-Planck Institute of Biochemistry, Martinsried, Germany.
HEPES (4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid), so-
dium cholate, TRIS, sodium acetate, acetic acid, potassium phos-
phate monobasic, sodium hydroxide, hydrochloric acid, and
sodium cholate have been purchased from Sigma-Aldrich.
Depending on the desired pH, we prepared acetate buffers
(pH from 4 to 6), phosphate buffers (pH 6 to 6.8), HEPES buffers
(pH from 7 to 8), and TRIS-HCI buffers (pH from 8 to 9).

For sample preparation, we followed a sodium cholate
suspension—dialysis method as described by N. R. Palwai
et al?° First a suspension of SWNTs was prepared by adding
0.5 mg of pristine nanotubes to 1 mL of a 2 wt % aqueous
solution of sodium cholate. The SWNTs were then dispersed by
cup horn sonication for 15 min and bath sonication for 3 h. The
preparation was then centrifuged at 7200g for 2 h, and the
supernatant recovered. Then 3 uL of a suspension of PM at 49
OD was added to 1 mL of the SWNT dispersion, and dialysis using
a 10 kDa dialysis membrane (Spectrum Laboratories) was carried
out at the desired pH value for 6 h to remove sodium cholate. The
resulting solution was transferred to a 100 kDa dialysis mem-
brane (Spectrum Laboratories) and dialyzed against 500 mL of
buffer at the desired pH value for 1 h to remove excess proteins.
Finally the suspension was centrifuged at 7200g for 30 min. A
control experiment was also performed in which no protein was
added. The removal of sodium cholate molecules using a 10 kDa
dialysis membrane for the same time duration and pH conditions
leads to a completely destabilized dispersion.

The dispersions were characterized by Fourier-transform
Raman spectroscopy (FT-Raman) using an RFS 100 Bruker FT
spectrometer and a Nd:YAG laser working at 1064 nm.

Atomic force microscopy (AFM) images were recorded in
buffer solution with a Nanowizard Il AFM (JPK Instruments AG,
Berlin, Germany) using silicon nitride tips (OTR4, Bruker AFM
probes). Images were taken in an intermittent contact mode

EL HADJ ET AL.

SWNTs when proteins are photoexcited but also that
the mechanism of energy transfer is pH-dependent. So,
for pHranging from 4.2 to 5, luminescence from SWNTs
when excited across the protein's optical absorption
peaks is observed with characteristics specific to a
mechanism of resonance energy transfer. Additional
fluorescence features emitted by SWNTs appear at
excitation wavelengths between 660 and 680 nm
and around 330 nm. The RET efficiency is equal to
0.94. For a pH value higher than 5, radiative energy
transfer takes place in which photons emitted by the
tryptophan residues of the protein are absorbed by
SWNTs. This leads to a strong increase of the intensity
of the Eq; emissions of SWNTSs through their E3z and E44
excitations. Our study not only shows the existence of
an energy transfer from bR to SWNTs but also high-
lights the role of the bacteriorhodopsin in the energy
transfer processes between both molecules as a func-
tion of the pH. It opens an easy way for enhancing and
adjusting the luminescence intensity of the E;; emis-
sions of SWNTs through their E33 and E,44 excitations
and for adding new excitation wavelengths for SWNTs.
The properties of SWNT—DbR hybrids are promising for
light-harvesting and optoelectronic applications.

with very low driven amplitudes and scan rates below 0.5 Hz.
Heights on AFM images were measured using WSXM software
routines.*® Sample preparation for AFM observations consists of
the deposition of 20 uL of supernatant containing SWNT—bR
hybrids at a given pH onto a freshly cleaved mica surface for
15 min, rinsing of the surface with ultrapure water, and drying
under N, flux. The sample surface was then completely immerged
in buffer solutions at the same pH before imaging. Images in
Figure 2 were recorded in a buffer solution at pH 4.5 from
dispersion at the same pH. Similar results were found for pH 7.5.

UV—vis—NIR absorption spectra of the dispersions were
recorded on a CARY 5G UV—vis—NIR spectrometer. We follow
the procedure described by R. Haggenmueller et al*' for deter-
mining the concentration of SWNTs. The concentration of bR
was calculated by subtracting contributions of SWNTs to the
absorbance at 568 nm and using an extinction coefficient of
63000 M~ cm~". The ratio between the mass concentrations of
SWNTSs and proteins in the dispersions was around 2.1 whatever
the pH.

Photoluminescence excitation/emission maps and fluores-
cence spectra were performed with a Jobin-Yvon Horiba Fluor-
olog spectrometer using a UV—visible xenon lamp as excitation
source. The detectors were a CCD camera for the UV—visible
range and an InGaAs for the infrared range (427C-AU Horiba).
For the measurements of the fluorescence emission of the
tryptophan residues under illumination, an external laser diode
was used with a wavelength of 561 nm. The excitation wave-
length chosen was 288 nm in the presence of a high pass filter
(wavelengths =320 nm). Fluorescence spectra of bacteriorho-
dopsin were in agreement with previous studies.*>*3
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