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ABSTRACT We report wavelength-dependent enormous enhancement of
the nonlinear refractive index of wild-type bacteriorhodopsin in the presence of
semiconductor quantum dots. The effect is strongest in the region just below the
absorption edge of both constituents of this hybrid material and in samples that
show strong Fdrster resonance energy transfer. We show that enhancements of up to
4000% can be achieved by controlled engineering of the hybrid structure involving
variations of the molar ratio of the constituents. This new hybrid material with
exceptional nonlinear properties will have numerous photonic and opto-
electronic applications employing its photochromic, energy transfer, and conversion

properties.
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veloping and developed countries, the

drive for technological advancement,
and the concurrent ever-approaching limits
of the semiconductor industry have all
made the development of new functional
materials one of the most crucial challenges
of today. This demand has inspired scien-
tists to expand their research beyond the
standard materials and techniques toward
multidisciplinary directions. Of particular inter-
est are the highly multidisciplinary, and signifi-
cantly more complex, bioinspired technologies
based on the development of nano-bio hybrid
materials. Advances to develop such hybrid
materials lead to the reappearance of a photo-
chromic protein, bacteriorhodopsin (bR)—one
of the most promising candidates for industrial
applications in the 1980s. Its popularity was

Increasing energy demands by both de-
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both due to its photochromic and photo-
electric properties and also due to its che-
mical, thermal, and photostabilities.’

bR is the only integral membrane protein
found in the purple membranes (PMs) of
bacteria Halobacterium salinarum, where
bR's trimers form a unique nanocrystalline
hexagonal array."? This highly ordered crys-
talline structure protects the functional part
of the protein from an aggressive external
environment, including high temperatures,
extreme pH values, and ionic strengths,?
and is the root of this protein's exceptional
stability. Upon absorption of light, bR trans-
ports a proton from the intracellular to
the extracellular side of the membrane.
The transport of the proton occurs through
a series of optically distinguishable steps,
or intermediate states, involving changes
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in molecular conformations of the main light-absorb-
ing element of the protein—the retinal molecule
(vitamin A aldehyde)." >

Bacteriorhodopsin films show a significant nonlinear
absorption and refraction response under illumina-
tion.5~'° Both linear and nonlinear optical effects can
be attributed to the different conformations of the bR
intermediate states. The small changes of the crystal-
line structure of bR upon illumination as well as the
accompanying shifts in electron density result in sig-
nificant changes in dipole moments with subsequent
shifts of bR absorption band and also changes in its
refractive index.” These properties can be exploited for
a variety of optical applications, such as optical limiting
and several types of holographic applications.’® '3

Recently, this technologically promising protein was
used to develop new nano-bio hybrid material with
high-yielding potential."*~'” It was demonstrated that
the nanoscale interactions between semiconductor
quantum dots (QDs) and bR protein within PMs in
the form of Forster resonant energy transfer (FRET) lead
to an improvement of the biological response of bR."®
The reported highly efficient FRET between QDs and
bR indicates that significant improvement of the
photoelectric and photochemical properties of bR
can be achieved. Indeed, up to a 35% increase in the
photoelectric response of bR films by the addition of
QDs was recently demonstrated,'® paving the way for
advanced nanosensing applications. However, even
more attractive is the possibility to modify the photo-
chromic properties of bR, which are inherently con-
nected to the strong nonlinear properties of this
protein. The unorthodox idea that FRET-based im-
provement of the biological response of the bR in the
presence of QDs should influence the nonlinear prop-
erties of the bR has not been looked at so far. The
feasibility of this approach to develop highly nonlinear
nano-bio hybrid structures operating in the FRET re-
gime is the focus of present work, where we detail our
careful investigations of the nonlinear properties of
bR/QD system using a femtosecond Z-scan technique.

RESULTS AND DISCUSSION

The hypothesis that FRET-based enhancement of
the biological response of bacteriorhodopsin in the
presence of QDs can translate into an enhancement of
its nonlinear optical properties was tested for a system
which consisted of a bR/QD hybrid material assembled
from the PMs and thioglycolic acid (TGA)-stabilized
CdTe QDs emitting at ~650 nm. This QD sample was
chosen because it displayed efficient FRET coupling to
the retinal molecule in the bR protein (see Figure S4 in
Supporting Information). This sample also had rela-
tively high extinction coefficients (Figure 1) due to the
large size of the QDs. The effect of the addition of QDs
on the nonlinear optical properties of PMs was investigated
through comparative studies involving Z-scans of pure QD

2 3.5E5 1.50

g

© 3.0E5- L1.25

=

T 2.5ES- D ~

z 2.5E5 Q [ 100 3
-— <

& 2.0Es- — E

o L0.75

E‘E, 1.5E5 Z

S Lo.so 8

= 1.0ES5 R=|

2 bR 025 =

S 5.0E4- — [P P

g

Z 00 -0.00

400 450 500 550 600 650 700 750 800

Wavelength (nm)

Figure 1. Comparison of spectral properties of QD650
and bacteriorhodopsin (bR) within purple membranes (PMs).
The extinction coefficient of the QD sample, used in the study
of the NLO properties of QD/PM complexes, is much higher
than that of the retinal molecule of the bR protein. The
absorption band of the retinal molecule has significant spec-
tral overlap with the QD650 emission spectrum (red curve).
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Figure 2. Self-assembly of PM/QD650 complexes monitored
by transmission measurements. Scattering from the 0.5 bR-to-
QD hybrid increased as the QDs and bR are assembled in
solution. Scattering reached saturation after ~1 h, corre-
sponding to the end of the assembly process. It then remained
nearly constant for at least another hour. The scatter points are
the experimental data; solid line is a guide for the eye.

solutions, PM suspensions without QDs, and aqueous
solutions of the assembled hybrid PM/QD material.

The PM/QD hybrids were self-assembled and pu-
rified as described in Methods. The assembly was
monitored by absorbance measurements at wave-
lengths above the QDs and bR absorption edges. No
new absorption features are expected at long wave-
lengths since this is a hybrid material rather than onein
which new compounds are formed. At these longer
wavelengths, the main contribution being measured
by means of absorption or transmission spectroscopy
is scattering, which has a strong dependence on the
average size of the particles. Temporal absorp-
tion measurements of PM/QD complexes at 700 nm
showed increased scattering by the self-assembling
complexes (Figure 2). The scattering reached satura-
tion after ~1 h, corresponding to the end of the
assembly process of the hybrid materials and remained
nearly constant thereafter. Note that the transmittance
of this sample was 97.2% (1 cm path length), and in
Z-scan measurements, the transmittance value for all
samples was never below 90% (1 mm path length).
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Figure 3. Enhancement of nonlinear optical properties in PM/QD hybrid. (a) Z-scans of a PM suspension (0.5 «M bR concentration,
blue data points) and QD solution (black squares, 1 «M) at 700 nm wavelength. The solid curves are fits to the experimental data.
(b) Comparison of Z-scan curve for 0.5 bR-to-QD hybrid (HYBO.5, blue) and Z-scans of the components. (c) Nonlinear refractive
indices of bR, QD, and four of PM/QD complexes of different bR-to-QD ratios (labeled HYB, followed by the bR-to-QD ratio). An
increase of n, was obtained for all bR-to-QD ratios, with maximum increases for bR-to-QD ratios above 0.2. The concentration of QDs
was the same in all complexes (1 uM). (d) Wavelength dependence of nonlinear refraction properties of PM/QD complexes.

Temporal photoluminescence (PL) measurements
showed increasing quenching of QD luminescence as
the assembly of PM/QD complexes neared completion
(Figure S4 in Supporting Information), which is in line
with our previous observations of strong FRET cou-
pling between QDs and bR'*"> and with results of the
scattering measurements (Figure 2). More notably,
these measurements revealed the molar ratio depen-
dence of the strength of optical interactions in this
nano-bio hybrid. Efficient FRET coupling was achieved
for bR-to-QD ratios as small as 0.2, and for a 0.5 bR-to-
QD sample, complete quenching of QD fluorescence
was achieved in a matter of seconds (Figure S4). In view
of this, four bR-to-QD molar ratios were chosen (0.02,
0.1, 0.25, and 0.5) for Z-scan measurements, to cover a
range of ratios for the hybrid formation.

The Z-scan measurements were performed on a
130 fs laser system that could be tuned from 550 to
800 nm (for more details, see the Methods section and
Figure S5 in Supporting Information showing a schematic
of the Z-scan setup). Measurements were carried out with
an excitation intensity of about 4 x 10° W/cm?.

Closed-aperture Z-scans of a pure QD solution and a
PM suspension showed that both of these samples
displayed negative lensing (Figure 3a), in agreement
with the previous reports.>®'® The nonlinear refractive
index (n,) of the QD sample was estimated to be be-
tween —33 x 107 "® and —6.5 x 107> m*W (depend-
ing on the laser wavelength), compared to a value
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of —=7.2 x 107'* m?/W at 532 nm, reported by Abd
El-sadek et al.?° The nonlinear refractive index of a PM
suspension (without QDs) was estimated to be be-
tween —1 x 10" and —8 x 10~ '* m?/W, which is in
good agreement with previous studies of nonlinear
optical parameters of a solution of free retinal molecules
(n, values in the range of —3.9 x 107 "*to —7.8 x 1073
m?%/W at the same laser wavelength).”

First measurements of the nonlinear optical proper-
ties of the PM/QD hybrid material were performed at a
wavelength of 700 nm, which is just above the absorp-
tion band edge of both bR and QDs. Upon self-assembly
of the bR and QDs samples, there was a significant
increase in the transmittance variations measured
during Z-scans, which corresponds to a considerable
increase in the nonlinear refractive index of the PM/QD
system (panels b and cin Figure 3). For example, for the
0.5 bR-to-QD sample, |n,| increased from 6.07 x 10~ '3
m?2/W for the QD solution to 1.32 x 10~ "' m?/W. This is
equivalent to ~20- and 40-fold increase of the non-
linear refraction index of the PM suspension and the
QD solution, respectively. This value of n, is indeed
quite large and compares with a similar value re-
cently measured in graphene.?' Enhancement of n,
was significantly lower for PM/QD complexes with
bR-to-QD molar ratios below 0.2 (Figure 3c), as would
be expected.

On the basis of the above results and our previous
FRET studies,'” it is clear that we are dealing with a
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Figure 4. Enhancement of n, for different types of bacteriorhodopsin (bR) protein. (a) Enhancement of n, was found to
depend strongly on the type of the bR used. Only with wild-type bR (WT-PM) was a significant enhancement obtained. For a
mutant bR (D96N) and white membranes (WM), very little and no enhancement was observed, respectively. This corresponds
well with the photoluminescence quenching data for these three types of bR, shown in panel (b).

system in which the two components are strongly
interacting. The nonlinear optical (NLO) properties of bR
are derived from the different absorption and refractive
properties of its intermediate states.” Therefore, any inter-
actions leading to changes in its structure, chemical
environment, and excitation state can result in changes
to its photocycle and consequently its NLO properties. It is
important to note, however, that many physical phenom-
ena, including optical coupling, show very strong depen-
dence on the frequency of incident light. Chemical effects,
on the other hand, typically show limited response to it.
Accordingly, we extended the measurements of the NLO
properties of our nano-bio hybrid material to spectral
regions above and below 700 nm.

The wavelength dependence of the ratio of n, for
the hybrid to that of the bare QDs sample is shown in
Figure 3d. This figure shows that there is a strong
resonant effect just below the absorption edge of the
bR and QD samples (i.e., at 700 nm). Above this wave-
length, the enhancement of nonlinear refraction di-
minishes strongly with increasing wavelength, reaching a
maximum factor of only 2 at 800 nm. Remarkably, the
enhancement was found to be very weak in the region
where the samples absorb (<700 nm), only reaching
~80% for the 0.5 bR-to-QD sample at 600 nm. This result
is noteworthy since this is the spectral region where FRET
from QDs to bR ground state is very efficient.'

An interesting further experiment was to establish
a correlation between the observed enhancement of
n, at 700 nm and the efficiency of the FRET process
(excitation at 480 nm) for material with the 0.5 bR-to-
QD molar ratio. In order to achieve this, experiments
were performed involving hybrid complexes com-
posed from three different types of bR protein. In
particular, n, enhancement was compared for com-
plexes containing QDs and wild-type (WT) bR, white
membranes (WM, which are native PMs with carefully
extracted retinal), and a D96N bR mutant. The D96N
bR mutant was chosen because it was found to be a
very inefficient acceptor of the energy from QDs (see
Figure 4b), while in the WM-QD system, the energy
transfer does not take place at all due to the absence of
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the acceptor—the retinal molecule.' It was found that
only the complex containing QDs and WT bR, in which
FRET is very efficient (Figure 4b, black data points),
showed a measurable increase in n, (Figure 4a). The
change in n, value for the D96N mutant was only on
the order of a few percent (Figure 4a), correlating well
with the inefficient quenching of QDs' PL within this
particular hybrid (Figure 4b, green data points). Finally, no
measurable enhancement in n, was observed for the
QDs assembled on WMs (Figure 4a), in agreement with
the lack of FRET in this hybrid (Figure 4, blue data points).

The results of the experiments on the WT bR-QD
system show that this hybrid nano-bio structure ex-
hibits a large enhancement of the nonlinear refractive
index over its constituents. The effect is strongest in the
region just below the absorption edge of both con-
stituents of the material and in samples that show
strong FRET. Although clearly the retinal molecule that
is central to FRET must also be important to the
enhancement of the NLO properties in this hybrid
material, there are other factors which we have to take
into account to explain the observed effects. The
enhancement of nonlinear polarization in the hybrid
system causing corresponding enhancement in n, can
be efficiently driven through the QDs, which may
exhibit two-photon-induced PL when excited below
the band gap where absorption is very low. Some
degree of asymmetry in Z-scan curves and the fact
that the peak intensity in our experiments is close to
4 % 10® W/cm?, both imply the presence of nonlinear
absorption. It is noteworthy that the two-photon ab-
sorption cross section of QDs is very big, reaching
4000 GM for CdTe nanocrystals of similar size*?
(which is much bigger than that of bR (290 GM?)) and
makes two-photon excitation of QDs' PL very efficient.
Using fitting procedure described in Methods and eq 5,
we obtained the nonlinear absorption index of the
QD sample (5 = —(6.3 £ 0.2) x 1077 m/W), which is
close to the previously reported value (e.g., —1 x 107°
m/W in ref 20).

Moreover, it is important to note that the PL band
of QD strongly overlaps with the absorption band of
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the relatively long-lived O intermediate in the bR photo-
cycle centered at 640 nm.” This intermediate state has
the highest molar absorptivity among all intermediates
in the bR photocycle and, under 690 nm illumination,
produces a long-lived P-state and metastable Q-state.”
Thereby we explain our experimental findings as a result
of FRET from two-photon-excited QDs to the O-state in
the bR cycle (possibly followed by a transfer of excitation
to P- and Q-state), thus contributing to the enhance-
ment of nonlinear polarizability. Further support for this
mechanism comes from the observation that exactly at
700 nm, where increase in n, is strongest (Figure 3d),
spectral overlap between the O-state and bR ground is
reduced to almost zero,”> separating this intermediate
energetically from the bR main photocycle and prevent-
ing direct transfer of the energy back to the bR ground
state. However, at the same time, due to size distribution
of nanocrystals in the QD sample, there is still some
overlap of QD emission with bR ground state absorp-
tion, which allows one to initiate the main bR photocycle
and to produce the O-state.

From our previous work,> it follows that, when as-
sembled, QDs are located on the surface of PM at a
distance of about 2.5 nm from the location of the retinal
molecule within the PM. Both highly efficient FRET and
the nonlinear optical behavior indicate that, indeed, QDs
and the retinal molecule must be in intimate contact,
providing the best conditions for an efficient FRET.

CONCLUSIONS

In conclusion, we have demonstrated that QDs
assembled on the surface of the purple membranes
containing bR are able to strongly (up to 4000% at
700 nm) enhance the nonlinear refractive index of

METHODS

Materials and Their Initial Characterization. Wild-type bacterio-
rhodopsin and D96N bacteriorhodopsin mutant, both in pow-
der form, were bought from MIB GmbH. Prior to use, bR was
dissolved in deionized water and sonicated for 60 s. bR con-
centration was determined from absorption measurements at
570 nm, using an extinction coefficient of 63000 M~'cm™".

White membranes (WMs) were produced using a protocol
adapted from ref 31. Briefly, a suspension of PMs in 0.3 M hydro-
xylamine was illuminated with white light until the Schiff base, which
connects the retinal molecule to the bR protein, was entirely reduced.
The WMs were then separated from solution containing the retinal via
centrifugation in the presence of human serum albumin, followed by
several washing steps. The concentration of WMs prepared by this
method was taken to be the same as that of the original PM sample.

QDs were synthesized using a method first developed by Rogach
etal*3The average core diameter of QDs in the sample (in nm) was
determined according to Yu et al,** based on the absorption value
(Aexd at the position of the excitonic peak (Aeye in NM):

D(nn) = (9.8127 x 1077)A3 . — (1.7147 x 1073)22
+(1.0064)exc — (194.84) (1)

This value of QDs' average diameter was compared to that
obtained using a sizing curve in ref 33, which was developed for
the specific type of QDs used in this work. If significantly
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wild-type bR. The enhancement of nonlinear refractive
index was significantly smaller at higher wavelengths
and only 10—25% in the region of linear absorption
(500—650 nm). We have finally clearly demonstrated
that the bR, being a part of an engineered PM/QD
hybrid material, is able to utilize the harvested energy
to improve its nonlinear optical properties.

Our results indicate that both in the linear and the
nonlinear regime the QDs and the bR represent a
highly interacting system, and as such, their hybrid
material is a good candidate for utilization in device
applications. The technological applicability of the bR
protein as a nonlinear optical material has already been
established—its use in spatial light modulators, binary
all-optical logical gates, frequency doubling and electro-
optic devices, and in optical limiters is extensively
documented in the literature.>*3° The enhancement
of the optical properties of this protein, and control
thereof, by addition of nanomaterials can aid its intro-
duction into mass production technologies and has a
profound impact on the development of next-generation
photonic materials.

Further studies will be required to develop a full
understanding of the extraordinary optical proper-
ties of the nano-bio hybrid. In particular, a useful
follow-up to this work would be to examine the
nonlinear properties of bR-QD hybrid material that
consists of QDs of different sizes (different emission
wavelengths) which would provide the possibility of
coupling the electronic states of QDs to various
intermediates of the bR photocycle. Transient spec-
troscopy measurements have the potential to deter-
mine the physical processes in the observed enhance-
ment effect.

different, the latter value (from the sizing chart) was used in
consequent calculations.

The extinction coefficient of a QD sample was calculated
from the value of the average physical diameter (D, in nm) of
QDs obtained in eq 1 and the transition energy (AE, in eV)
corresponding to the first absorption peak using the following
empirical equation:2

eM'em ") = 3450 AE D**

Using the measured value of absorption at the first excitonic
peak (Aexc) and the extinction coefficient as calculated above,
the concentration of the diluted QD solution was determined
through the Beer—Lambert law (A = CL, with a small correction
to account for the size distribution of QDs in the sample,
determined by the value of the fwhm of the emission peak
(PLgwhm):

_ Aexc X (Pwahm/K)

C
ex L

(3)
Here, K is the correction constant which is equal to 29 for
CdTe QDs.

Assembly of PM/QD in Solution. For assembly, PM and QD stock
solutions were sonicated for 1 min. Different amounts of PMs
were then added to the QD stock to discretely vary the bR-to-
QD molar ratio of the assembled complexes. The mixed PMs

VOL.7 = NO.3 = 2154-2160 = 2013 K@}Nﬁ@i{\j

WWwWW.acsnano.org

2158



and QDs were allowed to self-assemble for 60 min under
gentle agitation at ambient conditions. Assembly of WMs
and D96N bR mutant with QDs was performed in a similar
manner.

Z-Scan Measurements. A description and a comprehensive over-
view of this technique can be found in the literature 83°~3°
A diagram of the Z-scan setup can be found in Supporting
Information (Figure S5). Z-scan measurements were per-
formed at several wavelengths, using a LTS150 motorized stage
(ThorLabs). The laser beam was focused and collimated by
biconvex spherical lenses (ThorLabs). The wavelength of the
pulsed laser beam from a Verdi V10 laser (<130 fs, 80 MHz,
Coherent) was set to 550—800 nm using the Mira 900/Mira-OPO
system (Coherent). The power of the incident beam was
adjusted using a series of neutral density filters (NT59 series,
Edmund Optics). The powers of the reference beam and the
transmitted measurement beam were measured using two
silicon photodiodes (SM05PD1B, ThorLabs) amplified by two
photodiode amplifiers (PDA200C, ThorLabs). Three hundred
microliters of sample at pH 7 to be analyzed was placed into a
1 mm think high-grade quartz cuvette (Helma) and then posi-
tioned onto the moving stage. The reference and transmitted
powers were recorded as a function of sample position using a
LabView program that incorporated the ThorLabs software for
the stage. The measured transmitted power was first corrected
for laser fluctuations by dividing it by the power of the reference
beam. After being normalized to transmission at the Z = 0
position, the corrected Z-scan trace was fitted to eq 4*° to
extract the values of phase changes due to the nonlinear
properties.

2(—px% +2x — 3p)
(2 +9x2+1)

Here, x = Z/Z,, where Z is the position of the sample relative
to focal plane and Z, is the diffraction length of the focused
beam (=k(w0)2/2), where k = 27/J is the wavevector and wy is
the radius of the beam waist, p is a parameter that relates the
phase changes caused by nonlinear absorption (AW,) and
nonlinear refraction (A®,) or, equivalently, the nonlinear ab-
sorption and nonlinear refraction (n,) indices:

Tx) = 1+ AD, (4)

AW, B
= = — 5
P A‘I)o 2kn2 ( )

All resuls of Z-scan experiments were completely reproducible
in multiple measurements using the same sample demonstrat-
ing high stability of the hybrid system.

Spectroscopic Measurements. A Varian Cary50Conc UV—visible
spectrophotometer was used to record absorption (and
scattering) spectra. Samples being analyzed were diluted until
their concentration was on the order of 1 uM to avoid reabsorp-
tion effects.

Steady-state PL measurements in the UV and visible wave-
length ranges were carried out using a Varian CaryEclipse
fluorescence spectrophotometer. After the measurements, the
raw PL data were corrected for inner filter and reabsorption
effects, both of which can cause a decrease in emission inten-
sity, unrelated to the quenching effects caused by charge or
energy transfer.*' The correction was achieved by introducing a
correction factor k, such that

PLon
= kA 6
PLo ©

PLnormaIized,corrected

Here PLpa and PLp are the PL intensities of a donor—acceptor
(DA) mixture and a pure donor (D) solution, respectively. The
correction coefficient k was calculated according to the follow-
ing equation:

(1 =104 —1074™)

k = -
exc , Aemiss
AD AD

X AE)XAC .AE)TiSS _ (7)
(1 —107%5)(1 — 107437)
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where the absorbances of the DA and D solutions and those of
donor—acceptor mixtures are defined as usual:

AR = epllexd) Co-L
AR™* = ep(demiss) - Cp-L
ARX = [ep(lexc)*Co + €aldexc) - Cal L
AR = [ep(Aemiss) * Cb + €alAemiss) - Cal - L

where ep and € and Cp and C, are the extinction coefficients
and concentrations of donor and acceptor solutions, respec-
tively; Adexc is the excitation wavelength at which the PL spec-
trum was measured, and Aemiss is the wavelength at the PL peak.
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