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ABSTRACT: We report the characterization of biohybrid
complexes of CdSe quantum dots and ferredoxin NADP+-
reductase for photocatalytic regeneration of NADPH.
Illumination with visible light led to reduction of NADP+ to
NADPH, with an apparent kcat of 1400 h−1. Regeneration of
NADPH was coupled to reduction of aldehydes to alcohols
catalyzed by a NADPH-dependent alcohol dehydrogenase,
with each NADPH molecule recycled an average of 7.5 times.
The quantum yield both of NADPH and alcohol production
were 5−6% for both products. Light-driven NADPH regeneration was also demonstrated in a multienzyme system, showing the
capacity of QD-FNR complexes to drive continuous NADPH-dependent transformations.
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Regeneration of enzyme cofactors is essential for in vitro
biocatalytic synthesis. Oxidoreductase enzymes can

catalyze a wide range of industrially relevant reactions with a
high degree of substrate specificity and regioselectivity.1,2 The
majority of these enzymes are dependent on nicotinomide
cofactors (e.g., NADH or NADPH) for activity. The high cost
of pyridine cofactors makes the use of stoichiometric amounts
cost prohibitive, and efficient systems for cofactor regeneration
are essential for the use of these enzymes in industrial
applications. Traditionally, cofactor regeneration has been
accomplished using enzymatic recycling by whole cell extracts
or complementary NAD+- or NADP+-dependent enzymes.3−5

These systems most often rely on multiple components
catalyzing a series of redox reactions to regenerate the
cofactors. Electrochemical regeneration of mediators and/or
organometallic complexes as NAD(P)+ cofactor redox partners
have also been developed.6−9 A simpler, potentially more
efficient method is the use electrochemical or photochemical
reduction for cofactor regeneration. Direct photochemical
reduction of NAD+ by stepwise single-electron transfers (ET)
has been demonstrated using semiconductor quantum dots,10,11

metallic nanoparticles,12−14 and carbon nitride15,16 These
systems show promise, but they face the challenge of a high-
energy requirement for the second ET step required to
complete the NAD+ reduction, and can result in non-
biologically relevant products.15

An alternative approach is to combine light-generated
reducing potential with an enzyme catalyst to create a biohybrid
system for cofactor photoregeneration.17−19 Enzymes such as
ferredoxin NADP+-reductase (FNR) catalyze cofactor reduc-
tion via a hydride transfer mechanism that minimizes the high

energy steps that limit the direct reduction approach.20 FNR
contains a bound flavin adenine dinuceotide (FAD) which,
when fully reduced, transfers a hydride to the NADP+ molecule,
delivering two electrons in a single step.21

In this manuscript, we describe biohybrid complexes of the
NADPH-specific FNR from Chlamydomonas reinhardtii and a
CdSe quantum dot (QD) capable of photocatalytic regener-
ation of NADPH under illumination. Scheme 1 shows the
proposed structure of the biohybrid complexes and the energy
diagram for charge transfer in this system. The CdSe QD
absorbs visible light and undergoes charge separation to
generate an electron-hole pair. The electron can transfer to
the FAD in the bound FNR, while the hole is quenched by a
sacrificial electron donor, ascorbic acid (AA), to regenerate the
QD ground state. Transfer of two electrons to FAD drives
reduction of NADP+ to NADPH via the enzymatic hydride
transfer mechanism. These complexes can recycle NADPH
used in enzymatic reduction of aldehydes to alcohols by
NADPH-dependent alcohol dehydrogenase, with a quantum
yield of 5.8%.
FNR is a ferredoxin (Fd)-dependent enzyme in vivo. Based

on our previous work with Clostridial [FeFe]-hydrogenase,22,23

QDs capped with mercaptopropionic acid (MPA) as their
solubilizing ligand show a preference for site-specific adsorption
at Fd binding sites. This preferential binding is the result of
electrostatic interactions between the negatively charged QD
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ligands and the positively charged Fd binding site. We predict
that in QD-FNR complexes, the negatively charged QDs will
bind similarly at the FNR Fd binding site, which is located at
the binding pocket for the bound FAD. The QD is size-
compatible with this binding pocket due to its small diameter
(2.8 nm). This configuration will lead to an estimated electron
transfer distance from the QD to the FAD of ∼1 nm, based on
the FNR-Fd complex crystal structure.21

The ability of QD-FNR complexes to reduce NADP+ was
assessed using a fluorescence based detection kit for NADP+/
NADPH (eNZYME, λemission = 590 nm). Treatment with base
and heat degraded unreduced NADP+ selectively and
precipitated the QDs, removing their background photo-
luminescence signal. Figure 1 shows the reduction of NADP+

by QD- FNR complexes under illumination with 405 nm light
and in the presence of AA as a sacrificial donor. The NADPH
concentration increased linearly with illumination time up to 2
h, when all the available NADP+ was reduced. Control samples

of QDs alone, QD-FNR in the dark, and QD-FNR without AA
showed no detectable NADPH production. The average
turnover frequency (TOF) of FNR over the linear range of
NADPH production (2 h) for these complexes was 1440 h−1.
This TOF by QD-FNR is lower compared to a TOF of 3.2 ×
105 h−1 for FNR with its native redox partner Fd. This low
photocatalytic TOF (∼0.4% of biochemical TOF) is likely the
result of low electron injection efficiency from the QD to FNR.
In similar previously studied nanoparticle-enzyme systems, the
electron flux through the enzyme is limited by both the light
intensity and the internal recombination processes of the
nanoparticle.23−25

The ability of QD-FNR complexes to recycle NADPH under
enzymatic turnover was investigated using Thermoanaerobium
brockii alcohol dehydrogenase (tbADH, Sigma). tbADH
catalyzes NADPH-dependent reduction of a wide range of
aldehydes to alcohols.26 Isobutyraldehyde was added to a
solution of tbADH, NADP+, QD-FNR, and AA. The reaction
mixture was illuminated for 4 h and the concentration of
isobutyraldehyde and isobutanol were measured by GC (Figure
2a) at various time points. Figure 2b shows the rate of
isobutanol production in illuminated and dark solutions. In

Scheme 1. (a) Proposed Structure of QD-FNR Complex (to
scale), with QD Binding at Fd Binding Site (FAD shown in
green); (b) Energy-Level Diagram of NADP+ Reduction by
QD-FNR Biohybrid Complexesa

aAbbreviations: FNR, ferredoxin NADP+ reductase; ET, electron
transfer; ECB, QD conduction band energy; EVB, QD valence band
energy; AA, ascorbic acid; dHA, ascorbyl radical; NADP+,
nicotinamide adenine dinucleotide phosphate.

Figure 1. Reduction of NADP+ to NADPH by QD-FNR complexes
upon illumination with 405 nm light. Fluorescence detection of
NADPH production (Elite NADPH assay kit, eNzyme. Excitation =
540 nm) (1.2 uM QD, 0.6 uM FNR, 2 mM NADP+, 100 mM AA).
Selected illumination time points, 0 min, 30 min, 1, 2, and 3 h, and an
unilluminated control. Inset: NADPH concentration in solution over
the full illumination time timecourse.

Figure 2. Isobutanol production by tbADH/QD-FNR solution with
10 mM isobutyraldehyde upon illumination with 405 nm light. (a)
Chromatogram of solution after 1 h illumination (red), or reaction in
the dark (black). (b) Isobutanol concentration with illumination time
(1.2 uM QD, 0.6 uM FNR, 0.25 mM NADP+, 10 mM
isobutyraldehyde, 1 unit of tbADH, 100 mM AA). Illuminated sample
(black squares) and dark sample (blue circles).
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samples kept in the dark, a small amount of isobutanol is
detected at all illumination times (Figure 2a, black line; Figure
2b, blue circles). This is the result of intrinsic activity in the
tbADH, which produced small amounts of alcohol upon
addition of aldehyde. Alcohol was detected even in solutions
with no NADP+ added, and equal concentrations were
observed in dark samples and all control samples except
those lacking tbADH (Figure S4).
Alcohol production increased linearly for 2 h, then the rate of

production plateaued, and no further aldehyde reduction
occurred after 3 h of illumination. Based on the initial reaction
rate shown in Figure 2b, the concentration of isobutanol is
equal to the total NADP+ added to the solution (0.25 mM) at
30 min illumination. At the end of 3 h of illumination, the
isobutanol concentration is 1.6 mM. These results indicate that
the QD-FNR complexes are regenerating NADPH after each
aldehyde reduction reaction and that each molecule of NADP+

initially added has been recycled an average of 7.5 times.
The loss of alcohol production at longer illumination times

was investigated. The tbADH activity was unaffected, and after
4 h of illumination, the addition of NADPH produced a
stoichiometric increase in the isobutanol concentration. From
this we conclude that the plateau in alcohol concentration after
2 h is due to the lack of NADPH in solution. This is likely the
result of the loss of QD-FNR activity with prolonged
illumination time. A combination of two factors are likely
influencing this change in rate. First, the QDs gradually
precipitate during illumination due to the oxidation and loss of
MPA ligands, an effect previously observed in QD-hydrogenase
systems.23 Second, precipitation of the CdSe QDs in the assay
may release Cd2+, and FNR activity is sensitive to the presence
of cadmium ions in solution. Cd2+ ions are thought to chelate
the amino acids at both the Fd and quinone binding sites.27

These two effects combine to limit the active lifetime of the
QD-FNR complexes under illumination to ∼3 h.
The activity of tbADH/QD-FNR solutions toward other

aldehyde substrates was also tested. Table 1 shows the
concentration of alcohol produced after 1 h of illumination
for 4 aldehyde substrates, as well as the calculated turnover
frequencies of the solution at the start of the experiment. The
tbADH/QD-FNR mixtures are active and produce alcohol at
levels that yield similar ratios of product to the [NADP+]
present levels for three of the four substrates. The
isovaleraldehyde turnover and alcohol/NADP+ ratio are slightly
lower, which we attribute to the lower activity of tbADH for
this substrate. In control experiments with NADPH, tbADH
showed a ∼25% slower rate toward isovaleraldehyde compared
to the other three substrates.
The efficiency of QD-FNR complexes was measured as the

quantum yield of product formation, that is, the percent of
absorbed photons that were converted to either NADPH or
alcohol (2 photons per product molecule). At the concen-
trations investigated, the QD-FNR complexes absorbed 9% of

the incident 405 nm photons. In solutions composed of QD-
FNR, NADP+, and AA, the conversion of absorbed photons to
NADPH was 5.8 ± 1.2%. Solutions of tbADH/QD-FNR with
NADP+ and AA showed a quantum yield of 4.8 ± 1.2%
absorbed photons converted to isobutanol (Table S1).
The capacity for a cofactor-regenerating complex to operate

effectively as a component of a multienzyme reaction system is
important for driving a complete reaction pathway. To test the
capacity of QD-FNR to function in photoregeneration of
NADPH in more complex enzymatic transformations, we
developed a two-step, NADPH-dependent reduction reaction
(Scheme 2). Keto acid decarboxylase (KDC) from Lactococcus

lactis28 was added to solutions of tbADH/QD-FNR, and 2-
ketoisovalerate was used as a starting material for isobutanol
production. Isobutyraldehyde is produced by decarboxylation
of 2-ketoisovalerate by KDC, and the aldehyde is then reduced
by tbADH to isobutanol. Illumination of the KDC/tbADH/
QD-FNR solutions for 1 h produced an isobutanol
concentration 3.7-fold higher than the initial NADP+

concentration. This ratio is consistent with the ratio seen for
the one step aldehyde reduction reaction (Table 1), and
demonstrates that QD-FNR can be used to regenerate NADPH
pools to drive continuous NADPH-dependent transformations
as shown in Scheme 2.
In summary, we present evidence that QD-FNR biohybrid

complexes can effectively regenerate nicotinamide cofactors
under turnover conditions. In the presence of 100 mM AA,
illumination of QD-FNR produces NADPH at an average TOF
of 1440 h−1 and a quantum yield of 5.8%. While this TOF is
lower than the values obtained by other enzymatic cofactor
recycling systems (≥10 000 h−1),4 it is equivalent to other
published systems for photodriven cofactor regeneration.29,30

The rate of photogenerated NADPH is maintained under
enzymatic turnover, and the reduction of aldehydes was
accomplished with high efficiency. Each NADP+ molecule can
be used an average of 7−8 times for isobutanol production
before inactivation of the QD-FNR due to prolonged
illumination. In a multienzyme system, photogenerated
NADPH by QD-FNR can drive a two-step conversion of
keto acids to alcohols with equivalent efficiency. The utility of
these complexes is limited by their active lifetime, which is
impacted by QD stability and QD degredation effects on

Table 1. Alcohol Production by tbADH/QD-FNR Mixtures with Various Aldehyde Substrates with 1 h Illumination

substrate product product (uM) TOFa (mol NADPH mol FNR−1 h−1) ratio +
[product]
[NADP ]

isobutyraldehyde isobutanol 0.89 ± 0.03 1488 3.6
butyraldehyde butanol 0.87 ± 0.05 1446 3.5

2-methylbutyraldehyde 2-methylbutanol 0.83 ± 0.06 1386 3.3
isovaleraldehyde 3-methylbutanol 0.69 ± 0.08 1158 2.8

amole NADPH calculated as the concentration required to produced the mole alcohol measured.

Scheme 2. Two-Step Enzymatic Production of Isobutanol
from 2-Ketoisovalerate by Keto Acid Decarboxylase (KDC),
Alcohol Dehydrogenase (ADH), and QD-FNR
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enzyme activity. Despite these limitations, these biohybrid
complexes show promise for efficient photocatalytic cofactor
regeneration. One means to address these limitations in the
future is by the selection of more photostable QD materials.
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