Nano

esearch
2019, 12(2): 365-373

ISSN 1998-0124 CN 11-5974/04
https://doi.org/10.1007/s12274-018-2224-4

Tunable photocycle kinetics of a hybrid bacteriorhodopsin/quantum dot

system

Terianna J. Wax, Jordan A. Greco, Shutang Chen, Nicole L. Wagner, Jing Zhao (<), and Robert R. Birge (<)

55 North Eagleville Rd, Department of Chemistry, University of Connecticut, Storrs, CT, 06269-3060, USA

© Tsinghua University Press and Springer-Verlag GmbH Germany, part of Springer Nature 2018
Received: 3 August 2018 / Revised: 12 October 2018 / Accepted: 13 October 2018

ABSTRACT

The inclusion of inorganic nanoparticles in biological environments has led to the creation of hybrid nanosystems that are employed in a
variety of applications. One such system includes quantum dots (QDs) coupled with the photoactive protein, bacteriorhodopsin (BR), which has
been explored in developing enhanced photovoltaic devices. In this work, we have discovered that the kinetics of the BR photocycle can be
manipulated using CdSe/CdS (core/shell) QDs. The photocycle lifetime of protein samples with varying QD amounts were monitored using
time-resolved absorption spectroscopy. Concentration-dependent elongations of the bR and M state lifetimes were observed in the kinetic
traces, thus suggesting that excitonic coupling occurs between BR and QDs. We propose that the pairing of BR with QDs has the potential to be
utilized in protein-based computing applications, specifically for real-time holographic processors, which depend on the temporal dynamics of

the bR and M photointermediates.
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1 Introduction

Advances in the development of bio-nanotechnologies have led
to novel device constructs that interface the unique properties of
biological and inorganic materials [1-3]. The success of such device
architectures depends on the physical and chemical interactions
between the biological materials and inorganic nanostructures [4-6].
One biomaterial that has been independently investigated for a
number of bioelectronic applications is the protein, bacteriorhodopsin.
Bacteriorhodopsin (BR) is a seven-transmembrane, a-helical protein
(Fig. 1(a)) that is expressed in the outer membrane of the archaeon,
Halobacterium salinarum [7]. In H. salinarum, BR is arranged in
trimers within a two-dimensional, semi-crystalline lattice known
as the purple membrane (PM) [8,9]. The chromophore of BR,
all-trans retinal, is covalently bound to lysine-216 in helix G of the
protein and is responsible for absorbing light close to the absorption
maximum (Amax) at 570 nm. The photoactivation of the protein initiates
a well-characterized photocycle that results in the net translocation
of a proton from the cytoplasmic surface to the extracellular domain
of the membrane, which is coupled to energy production in the form
of ATP under anaerobic conditions [10, 11]. Figure 1(a) highlights
some of the key residues that are involved in the proton pumping
pathway, in addition to alanine-103, which is the site of a critical
point mutation that is the focus of this report.

Figure 1(b) features the native photocycle of bacteriorhodopsin,
which describes the photochemically-activated isomerization event
from all-trans to 13-cis retinal and the corresponding proton
transfer pathway characterized by a series of spectrally distinct
photointermediates. High quantum efficiencies have been recorded
for the photochemical reaction that occurs to initiate the photocycle
(@ =~0.65) [12, 13]. The primary photoproduct of BR is often referred
to as the K state (Amex = 590 nm) and is characterized by a strained

13-cis chromophore conformation that drives all subsequent photocycle
reactions [14-16]. Recent experimental and theoretical studies
have also suggested the presence of sub-picosecond, transient
photointermediates (the I and J states) that arise and decay in the
ultrafast time regime before the K state and coincide with the
cis-trans isomerization event [17-22]. Following the generation
of K, the protein decays through a series of spectrally distinct
photointermediates, including the L, M, N, and O states, before
returning to the resting state (bR) [23]. Throughout the development
of BR-based bio-nanotechnologies, the M state specifically has been
of principal interest due to a hypsochromically-shifted Amex (410 nm)
and amenable kinetic behavior (see below). Moreover, significant
interest has been placed on the protein for application in non-native
environments due to an inherently high thermal and photochemical
stability once it is isolated in the PM from the native organism
(7, 24, 25].

One of the most interesting photochemical properties of BR is
the photochromic nature of the BR photocycle [26, 27]. As illustrated
in Fig. 1(b), the photoactivation of BR is followed by the sequential
decay of spectrally distinct photointermediates, however, if BR
absorbs light with a wavelength of 410 nm during the lifetime of the
M state, the bR resting state can be directly generated prior to the
completion of the cycle [28]. This M/bR photochromic nature of
BR has inspired the genesis of optically-based bioelectronic devices,
including Fourier transform holographic associative processors. As
opposed to serial memories that are used in modern computing
architectures, associative processors are able to distinguish objects
in real time and can implement the unique photochromic properties
of BR to access and compare data blocks or images to others
contained within the entire memory of the system. There has been
interest in holographic computing systems due to the potential of
simulating associative memory architectures akin to the human
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Figure 1 (a) Bacteriorhodopsin is native to the archaeon, Halobacterium salinarum,
and has seven trans-membrane a-helices with the chromophore, retinal (RET),
covalently bound to lysine-216 (K216) in helix G. The A103C mutant is generated
through site-directed mutagenesis at the intracellular side of the protein. (b) The
main and branched photocycle of BR. The photointermediate lifetimes and
absorption maxima (shown in parentheses and in units of nanometers) are
included for each state.
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brain [29, 30], thus suggesting significant applications in optically
coupled neural network computers, robotic vision hardware, and
other generic pattern recognition systems [31-34]. The design of our
real-time holographic associative processors are based on work
by Paek and Psaltis [33], and we continue to seek enhanced BR
systems to optimize the in situ performance of the biomaterial in
non-native environments (e.g., by using the presently described
hybrid bio-inorganic systems).

In addition to the primary photocycle of BR, a branched photocycle
exists that can be applied to long-term holographic processors [35].
Figure 1(b) demonstrates the branching reaction that is accessible
following a sequential two-photon event, in which the native
photocycle is first initiated and then the P/Q states are reached
following red-light absorption during the lifetime of the O
photointermediate. As opposed to the transient nature of the M
state, the blue-shifted Q photoproduct (Amax = 380 nm) can last up
to several years at ambient temperature, leading to the application
of the Q state for long-term memory storage. Additional work on
the Q state in holographic architectures can be found in the literature,
including efforts using genetic engineering and directed evolution
to optimize the formation and stability of this unique photoproduct
[36-39].

Quantum dots (QDs) are nanoscale semiconductors that are
capable of harvesting a broad spectral range of light [40, 41]. Compared
to organic fluorophores, QDs exhibit a number of advantageous
properties for the inclusion in nano-biotechnologies, such as broad
light absorption [42], narrow emission energies [40], and high
photostability [41]. Moreover, the size tunability of colloidal QDs
results in the emission of QDs over a large range of wavelengths
across the electromagnetic spectrum due to the quantum confinement
effect. Thus, QD nanoparticles have been incorporated into applications
ranging from biodetection to solar cells [42, 43]. More recent efforts
have focused on the coupling of QDs with biological materials, with
a concentration on the photochemical interaction between QDs
and BR [44-48].

As shown by Griep et al. [44], the pairing of CdSe/ZnS QDs with
BR results in a nonradiative energy transfer between the QDs and
BR that involves the Forster resonance energy transfer (FRET)
mechanism. This energy transfer was found to be dependent on
both the distance between the QDs and BR, and whether the QDs
were coupled with either PM fragments or BR monomers. It was
discovered that photoluminescence quenching of the QDs was
more pronounced when the QDs were attached to the BR monomer
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as a result of less steric hindrances and membrane folding which
are prevalent in a PM fragment. An additional study focusing on
the development of a bio-nanosensing device found that the
energy coupling between QDs and BR-based thin films led to an
enhancement in the photoelectric response of the protein [48].
Other studies have shown that the energy transfer via the FRET
mechanism between QDs and the protein impacts the number of
protons being pumped across the PM [46]. These studies have also
illustrated how the inclusion of QDs with BR can broaden the
spectral range of light absorption by BR beyond the 570 nm Amax.
Furthermore, recent work has explored the effect of a magnetic
field on CdSe QD photoluminescence, retinal isomerization, and
the electron transfer process from an excited CdSe QD to an excited
retinal chromophore [49]. Although there have been a multitude of
studies proving the photoluminescence quenching of QDs by BR,
there have been limited investigations that explore how QDs impact
the kinetics of the BR photocycle.

In the present work, we demonstrate that the interaction between
QDs and BR in solution allows for the direct modulation of the
lifetime of the photocycle. CdSe/CdS QDs were added to individual
solution samples of the BR mutant, A103C. This mutant was selected
for this study to enable the conjugation between the PM fractions
and QDs in solution. Select photointermediates were monitored via
time-resolved absorption spectroscopy in the presence of QDs. As
the relative concentration of QDs increased in solution, the bR
and M decay lifetimes were incrementally elongated. Moreover,
photoluminescence quenching of the QDs by BR was also evident
from the QD fluorescence lifetime measurements indicative of a
nonradiative energy transfer. From our experimental findings, we
propose that excitonic coupling between BR and QDs leads to
modified kinetics of the BR photocycle. The BR/QD hybrid system
offers a new paradigm for creating BR-based holographic associative
processors with tunable photochromic kinetics, which has previously
not been achieved using traditional genetic or chemical modifications
to the protein.

2 Experimental

2.1 Chemicals and buffers

All chemicals were either purchased from Thermo Fisher Scientific
(Pittsburg, PA) or Sigma Aldrich (St. Louis, MO, USA), except for
poly(ethylene glycol) methyl ether thiol (mPEG thiol, 500 MW),
which was received from Rapp Polymere GmbH (Tiibingen,
Germany).

2.2 Strain generation, protein isolation, and purification

In order to generate the A103C BR mutant, mutant DNA was
transformed into the MPK409 cell line of H. salinarum using methods
outlined by Peck et al. [50]. Purple membrane fractions were then
prepared and isolated according to standard procedures [51].

2.3 Synthesis and aqueous phase transfer of CdSe/CdS
quantum dots

CdSe/CdS (core/shell) QDs were synthesized following established
protocols [52,53]. In order to render the CdSe/CdS QDs water
soluble, a ligand exchange procedure was implemented [53]. First, 10
mg of poly(ethylene glycol) methyl ether thiol (mPEG thiol) was
dissolved in 5mL of chloroform in a 25 mL flask. 2 mL of the
CdSe/CdS QDs solution (2.5 mg/mL) was added dropwise to the
solution while stirring. The flask was covered with tin foil, degassed
with nitrogen for 5 min, and allowed to stir overnight. The QDs
were purified by adding ethanol and centrifuging at 11,000 rpm
for 20 min to remove excess surfactants. The final products were
redispersed in distilled water, and the absorption and emission spectra
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of the sample were taken with a Cary-60 (Agilent) UV-visible
spectrophotometer and a Fluoromax spectrofluorometer (Horiba
Scientific), respectively. These spectra can be found in Fig. S1 in
the Electronic Supplementary Material (ESM). A low resolution
transmission electron microscopy (TEM) image of the QDs was
obtained with a JEOL JEM-2010 microscope that had an accelerating
voltage of 200 kV. Based on the TEM image, the diameter of the
QDs was estimated to be 8.9 + 0.7 nm. The TEM image is shown as
Fig. S2 in the ESM.

2.4 Preparation and characterization of the hybrid A103C/
QD samples

Hybrid A103C/QD constructs were prepared by adding varying
amounts of a QD stock solution (76.2 nM) to A103C samples with a
concentration of 76.0 uM (Fig. S3 in the ESM). The A103C aliquots
in each mixture were held constant at 1.98 mg/mL (7.60 x 10~
moles), while the QD quantity was increased and the buffer volume
was adjusted to maintain a consistent final volume as shown in
Table S1 in the ESM.

The A103C/QD molar ratios calculated for each solution sample
were the following: 900:1, 700:1, 500:1, 300:1, and 100:1. Molar ratios
were adjusted based on the molarities and added volumes of QD
and A103C stock solutions. Relatively low concentrations of QDs were
used in this study to reduce sample aggregation and investigate
whether minimal disturbances would alter the photochemical behavior
of the protein. All hybrid samples were prepared in a 50 mM
glycine buffer at pH 9.5. Each sample was mixed for 2 h at room
temperature using a nutating mixer and was then centrifuged
twice at 7,500 rpm for 30 min to remove unattached QDs in the
supernatant. Finally, the samples were resuspended in a 50 mM
glycine buffer at pH 9.5.

The absorption and emission spectra for the samples were taken
with a Cary-60 (Agilent) UV-visible spectrophotometer and a
Fluoromax spectrofluorometer (Horiba Scientific), respectively
(Fig. $4 in the ESM). Although optimal spectral overlap is needed
to achieve the greatest energy coupling between the BR absorption
and QD emission, a QD emission spectrum (~ 622 nm) red-shifted
with respect to the BR absorption maximum (Am.x = 570 nm) was
chosen for this investigation. As shown in Fig. 5, the red-shifted QD
emission promotes energy transfer between the bR and primary
photointermediate states (i.e., K state) and limits the QD emission
influence on later photointermediates, such as the M state. A
detailed discussion on the impact of this red-shifted QD emission
on the BR photointermediates can be found in the proposed
mechanism.

2.5 Time-resolved photoluminescence measurements

Each sample was photoexcited with a supercontinuum pulsed laser
(Solea, PicoQuant, ~ 100-120 ps pulse duration, 2.5 MHz repetition
rate) that was tuned to a 532 nm excitation wavelength, and the
photoluminescence of the samples was focused onto a single-photon
detector (t-SPAD, PicoQuant) equipped with a suitable spectral filter.
The photoluminescence lifetimes were obtained with a time-dependent
single photon counting module (PicoHarp 300, PicoQuant) with a
time resolution set at 32 ps. The photoluminescence decays were then
fitted to a biexponential function (Table S2 in the ESM) to determine
the lifetime values. All experiments were performed under ambient
conditions.

2.6 Time-resolved absorption spectroscopy

Each protein sample was prepared at an optical density of 1.0 at
the 570 nm Amax and transferred to 1.5 mL methacrylate cuvettes
(Plastibrand Cuvettes, Fisher Scientific, Inc.) that have a 1-cm path
length. Prior to the time-resolved measurements, the protein samples
were light adapted (LA) using 400 W white light source for one hour.
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A Neodymium:YAG laser system (Continuum Minilite IT) was used
as the actinic pump pulse directly preceding the time-resolved
absorption measurements. The photocycle was initiated by photoexciting
each sample using a 532 nm pulsed laser. A rapid-scanning mono-
chromator (RSM) system (OLIS Instruments Inc., RSM-1000 stopped
flow) was used to collect the time-resolved difference absorption
spectra from 350 to 750 nm (via 50 L/mm, 500 nm blaze wavelength
gratings) at a 1 ms time resolution with respect to the BR resting
state absorption spectrum. The initial absorption spectrum of LA
BR was used as a baseline and the RSM system monitored the
difference spectra by using 1,000 scans averaged per second. The
time-resolved difference spectra showed the formation and decay of
the bR and M photointermediates (Fig. S5 in the ESM). The data
gathered from these difference spectra were then used to generate
heat maps that also illustrate the evolution of the photocycle and
are shown here in this report (Fig. 3). In addition to gathering the
time-resolved difference spectra for selected photointermediates,
single-wavelength kinetic measurements for the M state following
light activation were measured by averaging 10 traces per protein
sample using a flash-photolysis set-up. In this set of experiments,
the transmitted beam was set to 532 nm and passed through a
monochromator, which was fixed at 410 nm. Single-wavelength
kinetic traces for the M state (Fig.4) were obtained by tracking
changes in absorption at 410 nm using a photomultiplier tube.
Equation (1) is used for the multiexponential fitting of the kinetic
data, as implemented in the Birge software program, FitDynamics
3220

y(t) — Ao(l _ e[f(t*to)/frcm,]) _ (e[*(f*fo)/fdccay]) (1)

where Ay is the absorption at the time of laser excitation, fo is the
excitation time, Trm is the time constant for formation of the state, and
Tdecay 1S the time constant for the decay of the state. A schematic of
the time-resolved apparatus can be found in Scheme S1 in the ESM.
All the data were collected at 25 °C.

3 Results and discussion

3.1 Assembly of the A103C/QD hybrid system

The primary structure of wild-type BR contains no indigenous
cysteine residues, however, previous reports have employed X — C
substitutions in order to offer a means to chemically examine
structural/functional attributes of the protein using thiol-mediated
spin label probes [54-56]. When the targeted mutation is located in
the interhelical loop regions of BR (e.g., Q3C, S35C, A103C, M163C),
cysteine-to-gold thiol linkages can be formed to anchor oriented
monolayers of the protein for use in photoelectric device applications
[57, 58]. The semicrystalline lattice of BR trimers in the PM fragments
ensures that this binding is effectively irreversible, which is an attractive
feature for generating stable BR thin films on a metal interface. This
methodology has been enhanced in recent years by Watts et al. by
isolating BR mutant trimers from the PM suspension and improving
the surface molecular density of BR when applied onto gold films [59].
The BR/QD hybrid system created in this study does not utilize
delipidated protein, although the methods do offer an opportunity
to further improve upon the molecular interactions within the
hybrid systems under development.

The mutant protein used in this study, A103C, has a history of
use in efficient immobilization that exhibits wild-type structural
and functional integrity [55, 60]. Because the mutation is located in
the cytoplasmic loop region of the protein, the amino acid substitution
does not have a significant impact on the proton translocation events
comprised within the BR photocycle. Thus, this mutant has found
application in studies that wish to anchor the protein while relegating
the structural change to be photochemically inert.

www.theNanoResearch.com | www.Springer.com/journal/12274 | Nano Research
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In this report, the mPEG thiol surfactant coating the CdSe/CdS
QDs was chosen to promote the solubility of the QDs in an aqueous
solution and to facilitate bioconjugation to the A103C protein
material. Based on the structure of this polymer, the thiol linkages
will statistically bind to the CdS shell, thus burying many of the
moieties for direct linkage to the cysteine residue in the A103C
protein. However, as the spectroscopic analysis below indicates, there
is evidence of a concentration-dependent A103C/QD interaction,
which suggests the possibility of aberrant thiol groups that are
exposed resulting in nonspecific binding of the QDs to the protein.
Moreover, the electrostatic interactions between QDs and the PM
have been previously demonstrated and offer an additional means
of stabilizing the hybrid materials used in this study [45, 49].

Figure 2 shows the time-dependent photoluminescence decay
of the A103C/QD conjugates collected at room temperature with
varying A103C to QD ratios. The fluorescence lifetime is shown
to decrease as the molar ratio of A103C to QDs is increased.
Hence, samples that had higher concentrations of A103C relative to
QD concentration (i.e., 900:1, A103C:QD) had more fluorescence
quenching of the QDs compared to samples that had lower A103C
concentrations, resulting in shorter fluorescence lifetimes. The
photoluminescence lifetimes were calculated using a biexponential
fit and the time constants 71 and 7. were found to decrease from
13.4to 1.9 ns and 34.2 to 15.1 ns, respectively, trending toward higher
A103C/QD molar ratios.

Table 1 shows the lifetime values obtained after fitting the
photoluminescence decays for each sample. Additional fitting
parameters can be found in Table S2 in the ESM. The observed
phenomenon, which is also found in the emission spectra of the
A103C/QD assemblies (Fig. S4(a) in the ESM) suggests a nonradiative
energy transfer from the QDs to the protein (Amex = 570 nm), that
mirrors observations of FRET-like energy transfer in previous
BR/QD investigations [44, 47-49, 61, 62].

One such study conducted by Griep et al. [44] demonstrated how
the photoluminescence lifetimes were similarly measured to decrease
upon the addition of BR to a QD solution (7 = 13.3 ns) relative to

Qo T T T T T T
_ — CdSe/CdS QD ]
3 o8l — A103C:QD (100:1) |
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3 — A103C:QD (900:1) |
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Figure 2 QD photoluminescence lifetimes when colloidal QDs are assembled

onto A103C. The photoluminescence lifetimes are indicative of a nonradiative

energy transfer that occurs between the QDs and A103C in solution. At higher

A103C/QD molar ratios, a decrease in the QD photoluminescence lifetime was

observed.

Table 1 Photoluminescence lifetimes for A103C/QD samples

Sample 71(ns) 72(ns)
QD 13.4 £ 0.07 34.2+0.1
100:1 10.6 + 0.07 229+0.2
300:1 9.3+0.04 23.2+0.2
500:1 7.6 £ 0.04 20.1 £0.1
700:1 2.6 £0.01 13.7 £0.02
900:1 1.9 + 0.004 151104
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the untreated QD sample (7= 18 ns). As noted above, this data does
not necessarily confirm the extent of covalent linkages formed
between the cysteine residue and the mPEG thiol surfactants, however,
the fluorescence behavior signifies a close association between the
two species in solution and is indicative of an energy transfer from
the QD to retinal chromophore.

3.2 Time-resolved absorption spectroscopy

Upon confirmation of fluorescence quenching as a result of QD
conjugation to A103C, the photocycle kinetics of A103C were
monitored utilizing time-resolved absorption spectroscopy. The
time-resolved absorption difference spectra were collected from
zero to one second following irradiation at 532 nm (Fig. S5 in the
ESM). The millisecond time resolution of this technique is capable
of monitoring specific photointermediates of the BR photocycle,
including the bR (570 nm), M (410 nm), and O (640 nm) states
(Fig. 1(b)). While previous studies have investigated the impact of
QDs on broadening the excitation energy range of BR and enhancing
photocurrent generation [45, 46, 48, 63], this series of experiments
investigates the consequences on the kinetics of the photocycle.

Figure 3 provides heat maps to track the time-dependent evolution
of key photointermediates for varying relative concentrations of
A103C and QD in aqueous solution (50 mM glycine, pH 9.5). As the
concentration of QDs rise relative to the protein in the assemblies, the
overall lifetime of the photocycle is shown to increase significantly.
This result is clearly seen in the two-dimensional heat maps in
Fig. 3, in which the positive and negative peaks at 410 nm (M) and
570 nm (bR), respectively, lengthen with increasing QD content.
The bR state photokinetic lifetimes were collected based on the Amax
values defined by the time-resolved difference spectra and range
from 15.0 ms (A103C) to 68.8 ms (300:1, A103C:QD). Although
chemical modifications to the protein that elongate the photocycle
have been demonstrated previously [64-66], the QD concentration
dependence of the bR and M state lifetimes we discovered here
establishes a technique in creating a photochromic material with
tunable dynamics (see below).

For all the samples shown in Fig. 3, there is little to no O state
present in the plotted heat maps. This phenomenon is likely due to
the experimental conditions that were used for the measurements
(50 mM glycine, pH 9.5), which facilitated the deprotonation of the
thiol groups for assembling the protein to the QDs. At pH 9.5, the
photocycle is truncated to omit the O state because of the slow
reprotonation of the deprotonated proton release complex [67, 68].
Concomitant with the disappearance of the O photointermediate at
alkaline pH values is a truncation of the M state [69], which is offset
in this study by the photochemical coupling with the CdSe/CdS
QDs. Below, we discuss the implications of directly modulating
the M state lifetime, particularly in reference to the application of
these hybrid systems as photochromic media for Fourier transform
holographic associative processors [24, 70, 71].

3.3 Tunable M state kinetics for photochromic applications

To determine the approximate rise and decay kinetics of the M
photointermediate, each curve was fit to a double exponential
(Eq. (1)). Figure 4 shows the kinetic traces at 410 nm for each
A103C/QD sample. With increasing QD concentrations in the hybrid
conjugated systems, the M state lifetime values (Ziorm + Zaecay) Were
shown to rise from 6.5 ms (A103C control) to 17.5 ms, 37.2, 48.2, and
62.7 ms (900:1, 700:1, 500:1, 300:1, respectively). Interestingly, the
decreased rate of M state kinetics we observed is the opposite of
what has been previously reported for BR/QD hybrid systems [72, 73].
This finding will be discussed in greater detail in the proposed
mechanism section below. The importance of the bR (570 nm) —
M (410 nm) photochemical reaction is derived from the spectral
separation and change in refractive index of the transient M
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Figure 3 Two-dimensional heat maps for (a) A103C, (b) 900:1, (c) 500:1, and (d) 300:1 were created to monitor the evolution of the M and bR photointermediates.
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negative green peak) states are observed for A103C/QD solutions that contain higher QD concentrations (Panels (c) and (d)).
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Figure4 M state kinetic traces gathered for each A103C/QD sample. A
concentration dependence of QDs on the M state decay kinetics was observed,
and the kinetic traces were fitted with a double exponential fitting equation to
determine the M state lifetimes.

photointermediate with respect to the bR resting state. The
photochemically reversible bR/M photochromic pair has led to the
development of real-time holographic associative processors and
next-generation bioelectronic devices.

However, because the M state lifetime is on the order of ~ 8 ms
(Fig. 1(b)), this metastable photointermediate of wild-type BR is
fundamentally too short for the direct application into associative
memory processors that rely on this photochemistry. Thus, the ability
to alter the observed lifetime of the M state has been the subject of
many research efforts since the first holographic associative processor
was developed in the 1980s [74, 75].

Past studies have demonstrated the elongation of the BR photocycle
by means of low-temperature trapping [28], dehydration [76], and
various chemical modifications [64-66]. However, there is limited
flexibility in the dynamics of these processes and the implementation
of the environments are typically incongruous with the long-term
stability of the biomaterial in devices. Chemical modifications
using retinal analogues, particularly 4-keto retinal, have also been
shown to introduce a dramatic increase in the M state lifetime
[77, 78]. Finally, genetic engineering offers a robust framework for

modulating the photophysical properties and kinetics of the bR/M
photochromic pair [79-81]. The most notable example is D96N,
which has been shown to increase the M state lifetime to ~ 200 ms
at pH 5 and ~ 20 s at pH 8 [31]. Nonetheless, the photochemical
kinetics remain to be finite beyond the intentional disruption of the
proton translocation pathway.

The results from this study demonstrate the direct manipulation
of the photocycle lifetime by varying the amount of CdSe/CdS QDs
relative to protein concentration. The use of A103C allows for close
association of BR with the QD nanoparticles, and future efforts will
continue to optimize the conjugation between the biological and
inorganic materials. While further studies are necessary to understand
the limitations and long-term stability of the excitonic coupling
that is observed within the A103C/QD hybrid system, the results
here present an interesting medium for incrementally modifying
the dynamics of BR. In the concluding section of this report, we
postulate the potential photochemical and physical mechanisms
that are regulating these experimental observations.

3.4 Excitonic coupling in the A103C/QD hybrid system

Based on our experimental findings, we propose that excitonic
coupling between the retinal chromophore of BR and QDs is the
primary mechanism that is responsible for the observed alteration
of the BR photocycle. The pairing of delocalized excited states has a
significant effect on not only the electronic structure of the system,
but also on the optical properties and energy transfer kinetics.
Nonradiative energy transfer between the excited QDs and excited
retinal is well established in Refs. [44, 47-49, 61, 62]. As shown
previously [49], the spin-dependent photoluminescence quenching
of QD nanoparticles by adsorbed BR leads to an efficient nonradiative
energy transfer that requires the excitation of both retinal and the
QDs. This cooperative mechanism is facilitated in our experiments
through the 532 nm actinic pulse, which can lead to the simultaneous
absorption of both materials within the system. Additionally, the
A103C/QD hybrid assembly has shown to dramatically increase the
nonlinear refractive index compared to BR solutions, thus suggesting
a highly interacting system that may be regulated by excitonic
coupling of the inorganic and biological materials [45]. Notably, the
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enhancement of the nonlinear optical properties of BR is advantageous
for the proposed application of the hybrid material within Fourier
transform holographic thin films [24, 82].

Since the lifetime of the excited retinal occurs on a femtosecond
timescale and the excited QD exciton can exist on the order of
nanoseconds, we propose that the electron density of the retinal
chromophore prior to isomerization undergoes a competitive event
originating from the nonradiative energy transfer from the QDs,
which obstructs isomerization during the ultrafast regime of the
putative I/J states and distorts the subsequent procession of proton
translocation events. This behavior was demonstrated by Roy et al.
[49], in which quenching by the excited retinal molecule impacts
the initiation and progression of the photocycle. The timescale of
the excitonic coupling between the two materials is so fast, that it is
unlikely that there is energy directly transferred from the QDs to
retinal throughout the later photointermediates of the BR photocycle
(i.e., the M state). Moreover, the 622 nm emission maximum of
the QDs has very little spectral overlap with the blue-shifted M
photointermediate (Amax = 410 nm) (Fig. 5). However, the primary
photochemical event leading to the retinal isomerization occurs
within several femtoseconds and the decay lifetime of the K
photointermediate is on the order of ~ 2 us [63]. Hence, the energy
coupling that exists between the QDs and retinal can lead to
perturbations in the K photointermediate lifetime. In addition to
the fast timescale of this excitonic coupling, spectral overlap of the
QD photoluminescence is greatest with that of the bR (A = 570 nm)
and K (Ama = 590 nm) states as shown in Fig. 5. Thus, nonradiative
energy transfer is optimal during the primary photocycle events,
which can have consequences on the free-energy-driven progression
of the photocycle following the formation of the K state [83]. This
interference with the K state can, in turn, alter BR photodynamics/
proton pumping and lead to downstream kinetic consequences,
including the formation and decay of the blue-shifted M state.

In contrast to the observed consequences of A103C/QD excitonic
coupling in this report, previous studies have indicated that the mixture
of these biological and inorganic materials led to an increased rate
of M state formation and decay (from ~ 5 ms for PM complexes to
~ 3 ms for PM/QD hybrid systems) [72, 73]. These reports suggested
that the surface potential of the PM was altered due to the field effects
of the negatively charged QDs, thus impacting the deprotonation and
protonation kinetics of the protein. Similarly, El-Sayed et al. [63, 84, 85]
have demonstrated an increased rate of decay of the M state in
the presence of the plasmonic field of gold nanoparticles. While the
CdSe/CdS QDs used in this investigation are not identical to those
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Figure 5 The normalized photoluminescence spectrum of CdSe/CdS QDs at
622 nm, and the normalized absorption maxima of the M (410 nm), bR (570 nm),
and K (590 nm) photointermediates. We propose that, due to the greater spectral
overlap of the QD emission with that of the bR and K state absorption maxima,
nonradiative energy transfer is likely during the primary photochemical events
of the BR photocycle. (The K state spectrum is reproduced with permission from

Ref. [24], © American Chemical Society 1999).
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observed heretofore, it is interesting that we observed the opposite
behavior of previous BR hybrid systems shown in the literature.

Discrepancies in the M state decay kinetics between our findings
and others could stem from the synthetic design of our hybrid
system, which would impact the BR/QD coupling. Although we did
not employ direct binding methods, QD adsorption onto the PM
surfaces was possible due to the potential of exposed thiol groups on
the QD surfaces. Adhesion of the QDs onto the PMs could influence
a variety of factors that would affect the retinal isomerization
and ultimately photocycle kinetics. Concomitant with nonradiative
energy transfer in our hybrid system, localized changes in the pH of
the BR environment upon addition of QDs may lead to the observed
perturbations in the photointermediate lifetimes [86]. Furthermore,
the mPEG thiol coating around the QDs results in a slightly negatively
charged QD surface that can electrostatically interact with the PMs
[46, 47, 62, 87, 88]. As previously demonstrated in the literature, the
negatively charged QDs could create an external electric field around
the charged PM surface, hence leading to a modified PM surface
potential and modulations in photocycle kinetics [74, 89, 90]. In
addition to FRET-like energy transfer between the QDs and A103C,
we do not rule out the potential of charge transfer impacting the
QD photoluminescence lifetimes and M state kinetics. As shown
in Refs. [49, 53, 91, 92], charge transfer is probable when there is
optimal band energy alignment between the QDs and that of the
HOMO and LUMO of retinal. While we did not directly measure
the valence and conduction band energies of the QDs and the
energies of the HOMO and LUMO of retinal, we infer that charge
transfer is an additional mechanism that can influence the photocycle
kinetics and further work is being undertaken to investigate this
alternative pathway in our hybrid system.

The excitonic coupling model that is proposed above must be
probed further to fully delineate the mechanism, however, it is
likely that there is a mixture of chemical and physical phenomena
that are contributing to our photochemical kinetic measurements
above. We do not rule out the potential impact that mechanical
fixation of the QDs may have on the dynamics of the proton pumping
activity of BR. The PEG-capped QDs are known to have larger
hydrodynamic diameters (~ 10 nm) than QDs capped with smaller
ligands, such as cysteine [47]. Hence, increasing the concentration
of these larger sized QDs may have the potential for limiting the
conformational flexibility of BR in solution and potentially providing
a barrier for efficient proton uptake or release. Nonetheless, the
concentration dependence of the observed photochemical dynamics
across multiple QD-BR-assembly paradigms, including the electrostatic
adsorption of QDs encapsulated with a positively charged polymer
onto wild-type BR (Fig. S6 in the ESM), suggests that photochemical
coupling plays a more significant role. Similar to the A103C/QD
series, elongations in the M and bR photointermediate lifetimes
were observed for solutions of wild-type BR and positively charged
QDs. In future studies, we will continue to investigate our mutant and
wild-type hybrid systems as photochromic materials in holographic
associative processor prototypes. Furthermore, femtosecond scale
transient absorption spectroscopy will be used to investigate the K
photointermediate to better understand the mechanism of the
hybrid system.

4 Conclusions

Modulation of the BR photocycle is demonstrated by adjusting the
concentration of CdSe/CdS QDs relative to the BR mutant, A103C,
in solution. Specifically, this report measures the concentration-
dependent, time-resolved absorption dynamics of the protein within
a QD hybrid system, in which a mutant is used to directly attach
the QD nanoparticle to the PM. We observe an increase in the
lifetime of the photocycle in addition to the tunable modulation of
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the blue-shifted M photointermediate. The ability to deliberately
modulate the photochemical kinetics of the bR/M photochromic
pair offers an approach in generating a medium that is adjustable
for application in holographic associative processors and other
applications that rely on specific photochemical dynamics of BR.
We hope that this report inspires future investigations that continue
to develop new device architectures that exploit the interface of
biological and inorganic materials.
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