Competition between Forster
Resonance Energy Transfer and
Electron Transfer in Stoichiometrically
Assembled Semiconductor Quantum
Dot—Fullerene Conjugates

Michael H. Stewart,"** Alan L. Huston,"* Amy M. Scott,® Eunkeu Oh,™" W. Russ Algar,**
Jeffrey R. Deschamps,* Kimihiro Susumu,™ Vaibhav Jain," Duane E. Prasuhn,* Juan Blanco-Canosa,”
Philip E. Dawson,” and Igor L. Medintz**

TOpticaI Sciences Division, Code 5611, *Center for Bio/Molecular Science and Engineering, Code 6900, U.S. Naval Research Laboratory, Washington, DC 20375,
United States, *Department of Chemistry, Columbia University, New York, New York 10027, United States, “Department of Chemistry, University of British Columbia,
Vancouver, BC V6T 121, Canada, " Sotera Defense Solutions, Annapolis Junction, Maryland 20701, United States, and *Departments of Cell Biology and Chemistry,
The Scripps Research Institute La Jolla, California 92037, United States. “M.H.S. and A.L.H. contributed equally.

ABSTRACT Understanding how semiconductor quantum dots (QDs) engage in photoinduced energy transfer with e Hectron tramtr
carbon allotropes is necessary for enhanced performance in solar cells and other optoelectronic devices along with the wno 2P T P
potential to create new types of (bio)sensors. Here, we systematically investigate energy transfer interactions between =

Ceo fullerenes and four different QDs, composed of CdSe/ZnS (type 1) and CdSe/CdS/ZnS (quasi type II), with emission \ -

maxima ranging from 530 to 630 nm. Cgq-pyrrolidine tris-acid was first coupled to the N-terminus of a hexahistidine- — oo

terminated peptide via carbodiimide chemistry to yield a Cq-labeled peptide (pepCqo). This peptide provided the critical
means to achieve ratiometric self-assembly of the QD-(pepCso) nanoheterostructures by exploiting metal affinity
coordination to the QD surface. Controlled QD-(pepCqo)y bioconjugates were prepared by discretely increasing the ratio

(N) of pepCqy assembled per QD in mixtures of dimethyl sulfoxide and buffer; this mixed organic/aqueous approach
helped alleviate issues of Cg, solubility. An extensive set of control experiments were initially performed to verify the specific and ratiometric nature of
QD-(pepCqo)y assembly. Photoinitiated energy transfer in these hybrid organic—inorganic systems was then interrogated using steady-state and time-
resolved fluorescence along with ultrafast transient absorption spectroscopy. Coordination of pepC to the QD results in QD PL quenching that directly
tracks with the number of peptides displayed around the QD. A detailed photophysical analysis suggests a competition between electron transfer and
Forster resonance energy transfer from the QD to the C, that is dependent upon a complex interplay of pepCq, ratio per QD, the presence of underlying spectral
overlap, and contributions from QD size. These results highlight several important factors that must be considered when designing QD-donor/C-acceptor

systems for potential optoelectronic and biosensing applications.
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being actively integrated into optoe-

lectronic devices such as solar cells,
light emitting diodes, and photodetectors
along with a variety of biosensing and
bioimaging assemblies where they hold
much promise for improving the perfor-
mance of those technologies.' In order to
optimize their utility in these and other appli-
cations, it is important to understand charge
and energy transfer at the QD interface.’

Semiconductor quantum dots (QDs) are

STEWART ET AL.

Knowledge of these processes within the
context of QD-bioconjugates in particular
has been harnessed to create sophisticated
biosensors where signal modality is based on
changes in the degree of Forster resonance
energy transfer (FRET) or charge transfer (CT)
between QDs and proximal donors or
acceptors.'®"" For example, Algar et al.
recently demonstrated the first application
of QDs as simultaneous donors and acceptors
in a time-gated FRET relay for the multiplexed
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detection of protease activity based on a single color of
QD (one emission wavelength).'? In contrast to the
current state-of-the-art, multiplexing was achieved
with a single QD emitter rather than utilizing multiple
QDs, where each would be required to have a different
and spectrally resolved emission wavelength. To achieve
similar success in improving the efficiency of QD-based
optoelectronic and other biosensing devices, a more
detailed understanding of energy/CT interactions be-
tween QDs and a wide array of electronically relevant
donor/acceptor materials is required.' ®

Although a variety of fluorescent and electroactive
materials are currently under investigation for pairing
with QDs, interactions with carbon allotropes includ-
ing buckminsterfullerene (Ceo), carbon nanotubes, and
carbon nanocups are of particular interest as they have
been proposed to enhance photoinduced electron
transfer (ET) in solar cell constructs while also suggest-
ing strong potential for new types of biosensing and
biodelivery formats.">~2' The design principle behind
these donor—acceptor systems is to combine the out-
standing light absorption efficiency of QDs with the
exceptional ET acceptor capacity of carbon allotropes.
In particular, QD—Cgo conjugates are being intensely
investigated for their potential use as core charge-
separation units in solution-processable optoelectro-
nic devices. In order to achieve homogeneous, solution
phase self-assembly of QD—fullerene conjugates, one
must take advantage of the well-known surface chem-
istry of QDs and overcome challenges with the very low
intrinsic solubility of Cgo. Several strategies have been
used to prepare homogeneous assemblies of QDs and
Ceo derivatives in order to study their photophysical
interactions. Guldi et al. demonstrated electrostatic self-
assembly of cationic Cg, derivatives and anionic CdTe
QDs in aqueous solutions resulting in QD quenching
and a long-lived fullerene radical anion which was
detected in the near-infrared (NIR).2> While this process
achieved an association constant of ~10° M~ ', electro-
static assembly does not always provide for precise
control over stoichiometry and long-term stability and
can be limited by susceptibility to dissociation under
certain conditions. Complementary hydrogen bonding
interactions have also been used to assemble QD—
Ceo constructs.?® Ideally, the association between QD
and Cg( should be more robust, such as that obtained
through covalent linkages or coordination interac-
tions. Fullerenes displaying functional groups such as
thiols'*** and carboxyls'*?> have an affinity for some
QD surfaces, and this affinity has been used to facilitate
the self-assembly of QD—fullerene conjugates in solution.
Bang and Kamat utilized thiolated-Cgy to prepare CdSe
QD—Cgp nanocomposites where the ET rate constant
increased with decreasing size of the CdSe QD and was
far higher than equivalent amounts of materials that were
simply mixed together.'® Song et al. prepared QD—Cq,
complexes with a carboxyl-functionalized fullerene and
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performed detailed spectroscopic analysis of ensemble
and single-QD measurements to elucidate ET dy-
namics in the system.' These and other studies
have provided an initial working description of
the photophysical interactions between QDs and
fullerenes and have primarily identified ET as the
predominant pathway for deactivation of the QD
excited state.

While it is generally accepted that excited state QDs
are deactivated (quenched) by fullerenes via photo-
excited CT, the possibility of a FRET interaction should
not be overlooked due to the spectral overlap between
visible-emitting CdSe-based QDs and Cg, (vide infra).
Indeed, numerous reports suggest that QD donor—
acceptor interactions with other carbon allotropes
such as graphene, graphene oxide, and carbon nano-
tubes may involve CT, FRET, or both.?3? Thus, an
analysis of the photophysical interactions in hybrid
QD—Cgp nanostructures accounting for the possibility
of FRET in addition to ET is still warranted, and im-
proved methods for assembling these composites
would certainly benefit this endeavor. Ideally, the
chemistry utilized to assemble the QD—Cg, hybrids
should be (i) facile to implement; (ii) repeatable; (iii)
provide for control over the ratio or valence of Cgg
assembled per QD; (iv) robust and high affinity; and (v)
applicable to multiple different QD preparations (vi)
and allow for control over the QD—Cgo separation
distance such that the Cgy was not in direct contact
with the QD surface to prevent contact-based quench-
ing. Hexahistidine- (Hisg) driven metal affinity coordi-
nation of proteins, peptides, and even appropriately
modified DNA to ZnS coated QD surfaces has been
extensively used to assemble a variety of QD bioconju-
gates for sensing and cellular delivery applications.>* 3>
This methodology provides several advantages over
previous techniques used to assemble and study
QD—Cg hybrids, including (i) rapid assembly of well-
defined conjugates in a facile and high affinity manner,
(ii) exceptional control over the ratio of Co per QD, and
(i) control of their separation distance.>®

Here, we investigate energy transfer interactions
between Cg, and QDs (composed of CdSe/ZnS and
CdSe/CdS/ZnS) tethered by a peptide bridge (see
schematic in Figure 1). First, Cgo-pyrrolidine tris-acid
was coupled to the N-terminus of a Hisg-terminated
peptide using carbodiimide chemistry to yield a
Cgo-labeled peptide (pepCep). The peptide provided a
means to achieve ratiometric self-assembly of the
QD—pepCsy nanoheterostructures via metal affinity
coordination. We show that metal affinity coordination
of peptides to QD surfaces, which has always been
carried out in aqueous solutions, is also effective in
aqueous mixtures of dimethyl sulfoxide (DMSO)
and provides ratiometrically controlled QD—pepCsg
bioconjugates; this approach helps alleviate issues
of Cgo solubility. Assemblies were prepared with
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Figure 1. Synthesis of pepCgo and self-assembly to DHLA-coated QDs. (A) The C4o-modified peptide is ratiometrically self-
assembled to the surface of DHLA-coated QDs driven by the metal affinity coordination of the (His)¢-sequence. (B) Cego-
pyrrolidine tris-acid is covalently coupled to the unique primary amine on the peptide linker via carbodiimide chemistry. (C)
Selected absorption and emission spectra of the four DHLA-coated QDs and the pepCgo. The pepCso absorbance plot is
displayed at a 10x value to highlight overlap. Inset shows the spectral overlap function for each of the putative QD donors
with the pepCq, acceptor. Note the consistent decrease in spectral overlap with increasing wavelength.

increasing ratios of pepCgo per QD, and photoini-
tiated energy transfer in these systems was inter-
rogated by both steady-state and time-resolved
fluorescence along with femtosecond transient ab-
sorption (fsTA) studies. Coordination of pepCgo to
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the QDs results in QD PL quenching that tracks with
the number of peptides per QD. A detailed photo-
physical analysis suggests a competition between ET
and FRET with a strong dependence on the degree of
donor—acceptor spectral overlap.
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TABLE 1. Relevant QD and QD-C¢, FRET and Photophysical Properties

Qb 530 nm QD
core/shell composition (dSe/ZnS
Type |
QY 0.23
core diameter (nm)b 24
final TEM size (nm)° 30+ 04
nS shell thickness (nm) 0.30
QD extinction coefficient (M " em ™) 118 000 (498 nm)
pepCso extinction coefficient M cm”)d 2,340
overlap integral J x 107" (@@ M) 1.88
Forster distance Ry (A) 29.8
predicted separation distance r (hye 56

550 nm QD 580 nm QD 630 nm QD

(dSe/ZnS (dSe/ZnS (dSe/CdS3y/ZnSs 5.
I quasi type Il

0.14 0.14 0.13

25 33 37

45407 48+ 08 77 £05
0.75 ~10

158000 (531 nm) 326000 (564 nm) 301000 (594 nm)

1,810 1,150 590

1.68 138 0.96

26.9 26.0 242

63 65 79

“ ML = estimated monolayers present based on the synthetic conditions used. ® Representative TEM data in the SI. “Corresponding to the first exciton absorption band as indicated
by the wavelength in parentheses. ”Pep(ﬁo extinction coefficient at QD PL maxima, values shown for ratios of 1-Cey per QD. © Assumes at least 10 A freedom of movement.

RESULTS

QDs and Peptide-Modified (4o Preparation. As shown in
Figure 1A, the functional architecture underpinning
this study is a central QD surrounded by multiple Cq
molecules attached through self-assembled peptide
bridges. Two different types of QDs were prepared for
this study, (i) prototypical type | CdSe/ZnS core/shell
and (ii) quasi type Il CdSe/CdS/ZnS core/shell/shell
QDs. The CdSe/ZnS QDs were synthesized by starting
with three sizes of the CdSe core which were then
overcoated with a wider-band gap ZnS shell to yield
QDs with emission maxima centered at ~530, 550, and
580 nm. In these structures the exciton is expected to
remain predominantly confined to the CdSe core. The
630 nm CdSe/CdS/ZnS QDs contain three components
that include a quasi type Il CdSe/CdS core/shell interior
surrounded by a wider-band gap ZnS shell. The quasi
type Il CdSe/CdS arrangement should allow photoex-
cited electrons to leak into the CdS layer’” while the
final ZnS shell passivates surface defects for higher
quantum yields and still provides a surface for assem-
bling the Hisg-terminated pepCep. It was important to
have a ZnS shell on all four QDs so that the peptide
would have uniform affinity for all QD surfaces. QDs
were transferred to water following cap exchange with
DHLA as described in the Methods. The compact DHLA
coating should allow for a relatively close proximity
between the pepCso moiety and the QD surface,
optimizing for the highly distance-dependent nature
of energy transfer interactions. Furthermore, the nega-
tively charged DHLA coating potentially provides some
electrostatic repulsion between the QD and the re-
maining carboxyl groups on the Cgo moiety to preclude
contact-based quenching between the two. Physical
and photophysical properties of the QDs are summar-
ized in Table 1, and selected absorption and emission
spectra of QDs and the pepCgg are shown in Figure 1C.
The inset shows the corresponding spectral overlap
functions between the pepCg, and the QDs and reveals
that non-negligible spectral overlap exists between the
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four Gaussian-shaped QD emission profiles and the
pepCeo absorption spectrum. The corresponding over-
lap integral values (J) are in the range (0.96—1.88) x
107" cm® M ™", which translate to Forster distances (Ro)
between 29.8 and 24.2 A for the 530—630 nm QD
samples, respectively (Table 1).

The carboxyl groups of Cgo-pyrrolidine tris-acid
used in this study provide the Cgo with a very modest
degree of water solubility as well as a chemical
handle for conjugating the Cg, to a 15-mer peptide
GS'GAAAG'LS"HHHHHH (Figure 1B). This modular pep-
tide (designated by the breaks in the sequence) was
recently used to prepare assemblies of QDs with a
weakly phosphorescent redox-active osmium poly-
pyridyl complex and serves a similar purpose here.?®
Carbodiimide chemistry was used to covalently couple
one of the carboxyl groups on the Cgo-pyrrolidine tris-
acid to the unique N-terminal amine group of the first
glycine residue. The GAAAG sequence serves as a
spacer where a partial Ala-helix is bordered by two
glycine residues. The leucine-serine sequence provides
rotational freedom to the C-terminal Hisg sequence,
which facilitates metal affinity coordination of the pep-
tide to the QD surface. The imidazole groups in the
His-tag coordinate to the zinc on the QD surface with
high affinity and stability (K;~' ~10° M™").3° This self-
assembly process typically allows for facile and excep-
tional control over the number of Csq moieties per QD
upon mixing in buffer (Figure 1A).3%4°

Ratiometric Metal Affinity Coordination of Pep(so to QDs.
Typically, the His-tag self-assembly of peptides to QDs
is performed in buffered aqueous solutions. Due to the
hydrophobic nature of C4 and the fact that one of its
three solubility-promoting carboxyl groups is coupled
to a peptide, we utilized a DMSO/buffer mixture to
ensure complete dissolution of the pepCgo, avoiding
complications from aggregation in neat buffer. There-
fore, we started with a series of control experiments to
confirm that self-assembly between the Hisg-peptide
and the zinc-rich QD surface was still efficient under
these conditions. Full confidence in the specificity and
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Figure 2. Control experiments to verify peptide self-assembly to QDs in DMSO/buffer mixtures. (A) FRET assay. Deconvolved
530 nm QD quenching data and sensitized Cy3 emission (inset) from increasing ratios of pepCy3 self-assembled to QDs in 50%
DMSO/tetraborate buffer pH 8.5. The Cy3/QD ratios are indicated under the inset. Data from experiments with 0%, 25%, and
75% DMSO/buffer solutions are found in Sl Figure S1. Individual solutions of DMSO and buffer were mixed together and then the
corresponding amounts of QD and pepCy3 added and allowed to self-assemble prior to collection of fluorescence. Samples
were excited at 300 nm. (B) Plot of FRET E versus Cy3-labeled acceptor peptide collected with increasing concentrations of DMSO
in the buffer. (C) Dynamic light scattering assay. Plot of number profile (%) versus hydrodynamic diameter (Dy, in nm) for (i)
630 nm emitting QDs in water, (i) 630 nm QDs in 65% DMSO, (iii) and 630 nm QDs assembled with 40 pepCs, in 65% DMSO. Note
the increase in D, with peptide assembly. (D) Peptide mediated quenching test. PL quenching data for 550 nm QDs treated with
increasing ratios of Ceo-pyrrolidine tris-acid (— peptide) and pepCso (+ peptide) in 75% DMSO/buffer. Note the bimodal curve
obtained from the + peptide sample as highlighted by the red arrow. Samples were excited at 300 nm.

ratiometric nature of this assembly was critical for the
subsequent data analysis.

First, a FRET efficiency assay was performed where a
Hisg-peptide N-terminally labeled with Cy3 (pepCy3)
was self-assembled to 530 nm QDs in neat borate
buffer (0% DMSO), 1:3 DMSO/borate buffer (25% DMSO),
1:1 DMSO/borate buffer (50% DMSO), and 3:1 DMSO/
borate buffer (75% DMSO). Samples were assembled
and collected as described in the Materials and Meth-
ods. Figure 2A shows the deconvoluted steady-state
PL spectra of 530 nm QDs self-assembled with increas-
ing amounts of pepCy3 in 50% DMSO (ratios of
0—20 pepCy3/QD). The inset of Figure 2A shows the
FRET-sensitized pepCy3 emission, which has been cor-
rected for the direct excitation of pepCy3. Raw steady-
state PL data for the QDs in 0%, 25%, and 75% DMSO
are also shown in the Supporting Information (SI)
Figure S1. Figure 2B plots the observed FRET efficiency
(E) versus Cy3-labeled acceptor peptide collected
with increasing concentrations of DMSO in the buffer.
In 50% DMSO, the magnitude of QD PL quenching
increases with the ratio of pepCy3/QD, where ~43%

STEWART ET AL.

QD PL is retained at ca. 20 pepCy3/QD. The average
difference in FRET E between 0% DMSO and 50%
DMSO over all ratios tested was only 3.6%. The major
deviation in apparent FRET E appears for the 75%
DMSO solution although the spectral plots shown in
Supporting Figure S1 still confirm the presence of a
significant FRET process. We attribute this difference
to changes in the dyes absorption/emission properties
due to the large amount of DMSO present which would
alter its solvation and dielectric properties. Overall
these data still strongly suggest that the peptide assem-
bles to the QDs and allows for proximity-dependent
FRET in the presence of increasing concentrations of
DMSO. To strike a balance between the need for DMSO
dissolution and for buffering capacity, we typically used
65% DMSO unless otherwise indicated in the subse-
quent experiments.

In a second control experiment, self-assembly of
Cgo to the QD surface via the pepCgo conjugate was
confirmed by monitoring changes in the assembled
QD hydrodynamic size with dynamic light scattering
(DLS) before and after exposure to the peptide.
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Figure 3. Steady-state PL and excited-state lifetime analysis from select QD—(pepCeo)y COnjugates. Representative PL spectra
collected from (A) 530 nm QDs and (B) 630 nm QDs assembled with the indicated increasing ratios of pepCeo. Samples were
excited at 300 nm. Representative, normalized time-resolved PL decay data collected from (C) 530 nm QDs and (D) 630 nm
QDs assembled with the indicated ratios of pepCgo. Samples were excited at 375 nm. Comparison of normalized quenching
profiles from steady-state versus time-resolved PL decay data from (E) 530 nm QDs (F) 630 nm QDs versus increasing ratio of
pepCeso assembled per QD. Normalized steady-state data are plotted in blue while the corresponding time-resolved PL decay

quenching is shown in green.

Figure 2C shows DLS data for 630 nm QDs under three
different conditions. First, the hydrodynamic sizes of
630 nm QDs in water and in 65% DMSO (aq) were
compared. The QD hydrodynamic diameter (D;;) mea-
sured in water was smaller than in 65% DMSO, 14.1
and 18.9 nm, respectively, which reflects changes in
the hydration layer in different solvents. As expected,
the hydrodynamic size of 630 nm QDs is larger than the
hard diameter of the semiconductor components as
measured by TEM, 7.7 £ 0.5 nm (see S| Figure S8).
Importantly, the Dy for 630 nm QDs in 65% DMSO
increased from 18.9 to 26.3 nm after being assembled
with 40-pepCeo. A Dy value for the neat pepCg could
not be measured because its size was smaller than
the minimum resolvable with our instrument. The DLS
results, combined with the data in Figure 2A, provide
confirmation that pepCgo conjugates can successfully
self-assemble to QD surfaces in solutions with relatively
high concentrations of DMSO.

In the third and final control experiment, PL
quenching of 550 nm QDs in 75% DMSO solutions
was tested with free Cgo-pyrrolidine tris-acid and
pepCeo to determine if the peptide significantly en-
hanced QD quenching. The results are summarized in
Figure 2D; the corresponding steady-state PL spectra
are shown in the SI Figure S2. A complex bimodal decay
profile for QD PL was observed with increasing ratios
of pepCgo per QD, where a continuous and dynamic
quenching was observed across all the ratios of pepCgg
tested. At a ratio of N = 75 peptides, almost two-thirds
of the QD PL was quenched (~32% QD PL remaining).

STEWART ET AL.

This is in stark contrast to the minimal, linear quench-
ing observed with the same increasing ratios of free
Cgo-pyrrolidine tris-acid per QD added in the same
buffer. For example, the 550 nm QD PL was quenched
by ~28% with only N = 10 equiv of pepCgo, and this
level was not even achieved with up to N = 150 equiv
free Cgo-pyrrolidine tris-acid.

Previous reports have suggested that similarly sized
550 nm DHLA-coated QDs can be decorated with an
average of 50 + 10 Hisg peptides on their surface.*' In
support of this putative maximum assembly ratio, the
apparent quenching response observed for the pepCqq
conjugates suggests an underlying bimodal process
with an inflection point around a ratio of N = 50
peptides; the fit for 0 to 50 peptides is quite steep in
Figure 2D while that for the subsequent N = 50 to 150
peptides closely resembles the slope of the linear
quenching by neat Cgo-pyrrolidine tris-acid. This would
correspond to a high initial rate of quenching expected
for pepCqp directly attached to the QDs along with a
subsequent much weaker, linear-quenching process
driven by Stern—Volmer solution-phase collisional
quenching interactions. Cumulatively, the results from
the control experiments establish two important
points: (i) pepCeo are capable of efficient self-assembly
to QDs in 50—75% DMSO (as shown with the Cy3-
labeled peptide in Figure 2A, and S| Figures S1/S2
along with DLS in Figure 2C), and (ii) pepCso-QD
attachment results in a far more pronounced rate of
QD quenching, indicating a critical role for proximity
between the QD and Cqq (Figure 2D).
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TABLE 2. QD Excited State Lifetimes Collected from QD —(pepCgo)y Conjugates”

530 nm QD 550 nn QD 580 nm QD 630 nm QD
pepC60/QD (N) Tav % quenching Tay % quenching Tav % quenching Tav % quenching
0 9.13 + 0.04 0 11.68 £ 0.04 0 8.95 + 0.04 0 17.52 £ 0.04 0
2 8.70 & 0.04 5 11.18 £ 0.04 4 8.08 + 0.03 10 16.40 £ 0.04 6
4 8.18 + 0.04 10 10.96 £ 0.04 6 7.67 + 0.03 14 16.66 & 0.04 5
6 793 £ 0.04 13 10.78 £ 0.04 8 7.38 + 0.03 18 16.10 £ 0.04 8
10 7.20 £ 0.04 21 10.55 £ 0.04 10 6.67 + 0.03 25 15.74 £ 0.04 10
15 7.01 & 0.04 23 10.26 £ 0.04 12 5.90 & 0.03 34 1435 £ 0.04 18
20 6.54 £+ 0.04 28 9.90 & 0.04 15 512 +0.03 43 12.79 £ 0.03 27
25 6.11 £ 0.04 33 9.80 + 0.04 16 441 £+ 0.02 51 11.54 £ 0.03 34
30 5.75 + 0.04 37 9.36 & 0.03 20 3.65 + 0.03 59 10.71 £ 0.03 39
40 5.17 + 0.03 43 9.09 + 0.03 22 2.85 + 0.02 68 9.42 £+ 0.03 46
50 4.86 + 0.04 47 8.71 + 0.03 25 2.46 + 0.02 73 8.61 & 0.03 51
60 — — 8.28 + 0.03 29 2.14 + 0.02 76 7.28 + 0.02 58
70 4.05 £+ 0.04 56 7.89 &+ 0.03 32 2.02 £ 0.02 77 7.60 + 0.03 57

QD decay profiles fitted with a biexponential function. Averaged lifetime values are amplitude weighted.

Steady-State and Excited State QD PL versus Increasing Ratios
of PepCy. Satisfied with the performance of Hisg-based
self-assembly in this system, we began our photophy-
sical analysis by self-assembling increasing ratios
(N =2-70) of pepCqo to three colors of DHLA-coated
type | CdSe/ZnS QDs outlined in Table 1 and monitored
the changes in PL spectra and intensities. The upper
ratio of 70 was chosen so as to consistently ensure
saturation of the QD surface.*’ Figure 3A shows repre-
sentative steady-state PL spectra collected from the
530 nm QD:s (spectra for the 550 and 580 nm QDs can be
found in SI Figure S3). The degree of exciton quenching
clearly increases with the number of pepCgo assembled
per QD. Next, we self-assembled increasing ratios of
pepCeo to the DHLA-coated 630 nm CdSe/CdS/ZnS
QDs, where a similar increase in exciton quenching
was observed with increased pepCgo per QD (Figure 3B).
Both of the QD samples in Figure 3A—B reach ~70%
quenching at a loading of ~70 peptides per QD.

In addition to steady-state analysis, Figure 3C—D
show normalized PL lifetime decay curves for the 530
and 630 nm QDs, respectively (see S| Figure S3 for
decays for the 550 and 580 nm QDs). The QD PL decay
curves were fit with a biexponential function, and the
average lifetimes (z,,) are shown in Table 2. The life-
time components (z; and ;) and their corresponding
fractional amplitudes are summarized in the Sl Table
S1. We note that in all cases the fractional amplitude of
the longer lifetime component (z;) decreases as the
exciton is quenched while the fractional amplitude of
the shorter lifetime component (z,) increases. Consis-
tent with the steady-state results, the average exciton
lifetimes (za,) decrease with increasing pepCgo as-
sembled per QD. A comparison of the QD quenching
efficiency derived from steady-state and time-resolved
PL data is shown in Figure 3E—F for the 530 and 630 nm
QDs, respectively (see Sl Figure S3 for analogous data
for the 550 and 580 nm QDs). Overall, data for all four
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QD samples tested had quite similar quenching ki-
netics. The steady-state and lifetime decay quenching
curves generally tracked each other as a function of the
number of pepCq, assembled per QD for the 530 and
630 nm emitting QDs, although this was not a one-for-
one imposition of data. Quenching curves for the 550 and
580 nm QDs did not track as closely (SI Figure S3), with the
steady-state quenching being more pronounced, sug-
gesting the presence of more complex underlying kinetic
processes. Further, in all cases the steady state PL quench-
ing manifested a consistent and slightly more intense
level of quenching efficiency than the lifetime decay.

Ultrafast Transient Absorption Spectroscopy. The excited
state dynamics of CdSe and CdS QDs have been
previously examined under various conditions and
solvents using TA spectroscopy.*?~** Direct photoex-
citation of the QD results in a ground state bleach of
the 1S state that occurs within hundreds of femtose-
conds followed by a multiexponential recovery that
is attributed to conduction band (CB) filling and surface
trapping of charges that persist on the nanosecond to
microsecond time scale. When no acceptor is present, the
lowest energy allowed exciton transition is the 153/2(h)—
151/2(e), denoting a hole in the 153/2 level of the valence
band (VB) and an electron in the 151/2 level of the
conduction band. The predominant spectral features
attributed to the 580 nm QD sample exciton state are
observable at 480 and 575 nm, as negative features.
A kinetic fit at these wavelengths reveal a triexponential
recovery of the ground state (see Sl Table S2).

Figure 4 shows representative fsTA spectra and
kinetics for the neat 580 nm QDs, neat pepCeo, and
20:1 and 80:1 pepCee:QD assemblies. The latter ratio
was again chosen to ensure QD surface saturation.
Figure 4A—B are overlaid spectra collected at the
indicated probe delay times, and Figure 4C—D show the
pep*Ceo (photoexcited sample) and 580 nm QD ground
state bleach kinetics monitored at 480 and 505 nm,
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Figure 4. Transient absorption spectra. Superimposed time-resolved transient absorption spectra of 580 nm QDs (black), 8 «M
pepCso (red), QD-(pepCso)20 (blue-20x), and QD-(pepCeo)so cONjugates (green-80x) at (A) 1 ps and (B) 1016 ps following excitation
with a 420 nm laser pulse. Changes in bleach kinetics over time for each sample as monitored at (C) 480 nm and (D) 505 nm.

respectively. These data reveal two principal features: (i)
upon the addition of pepCep, the ground state bleach of
the QD is quenched, and this quenching process is con-
centration dependent; and (i) the lifetimes and spectral
features of the QD quenching product are nearly identical
to that of pepCgp alone. These findings are consistent with
a QD quenching that arises from energy transfer and
that changes in concentration, surface loading, ratio, and
pepCeo/QD electronic coupling are sensitive parameters
that can modulate QD quenching.

Upon the addition of pepCs, the negative peak at
480 and 575 nm attributed to the QD ground state
bleach is quenched immediately after the 120 fs laser
pulse as is shown at a 1 ps laser delay time in Figure 4A.
This graph also illustrates that higher concentrations of
pepCso translates to more QD ground state quenching
on this ultrafast time scale. The resulting transient
signal upon quenching appears nearly identical to
pep*Ceo collected alone. In this case, photoexcitation
of pepCqg results in pep*Cgo and emerges as a positive,
broad band absorption from 450—750 nm. The photo-
physics of both substituted and unsubstituted Ce, as well
as the radical anion, have been widely studied,**~*® and
the salient features near 500 nm are similar to that of the
pep*Ceo, With a broad absorption from 350—520 nm.*®
However, the spectral signature of the Cgq radical anion is
typically observed in the NIR from 900—2000 nm, which

STEWART ET AL.

could not be measured in these experiments.'>* These
spectra are consistent with an energy transfer process
from the QD to pepCgo Occurring as a competing me-
chanism for excitonic quenching. Since photoexcitation
is primarily into the QD at 420 nm and away from the
peak Cgo absorbance, we do not expect to observe a
significant contribution of pep*Csy generated from the
initial laser pulse until the highest loadings for any of the
QD samples (see SI Figure S9). A kinetic analysis at key
wavelengths from both the ground state bleach of the
QD and from the pep*Cqo show two features: (i) a fast
quenching of the QD; and (ii) spectral feature and decay
times associated with pep*Cgq are identical to the pro-
duct of quenching, namely, the energy transfer product,
pep*Ceo- These two points are illustrated in Figure 4C—D,
in the kinetic overlay of pepCs, QD, and pepCer:QD
assemblies. We also note some similarity between this
data set and the previously mentioned study that
coupled QDs to a redox-active Os-complex where FRET
from the QD to the metal complex was ascribed as the
primary quenching mechanism 38

DISCUSSION AND CONCLUSIONS

As mentioned initially, a number of QD—Cg, con-
structs have been assembled and interrogated in
pursuit of understanding photoexcited ET in these
systems. Within these systems, the observed QD PL
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Figure 5. Relative energy levels estimated for the pepCeo
and QDs along with a model of a QD-pepCgo assembly. (A)
Schematic representation of CdSe/ZnS conduction band
(CB) and valence band (VB) relative to the pepCs, lowest
unoccupied molecular orbital (LUMO) along with putative
pathways for both the FRET and ET QD quenching pathways.
(B) Model of a QD assembled with one pepCgo. The blue sphere
represents a QD with a radius of 30 A (~550 nm QD) with a
DHLA ligand shell shown in light gray, which extends ~11 A
from the QD surface. In the partially folded peptide conforma-
tion shown, the distance from the QD center to the center of
the Cqo is ~56 A. A fully extended peptide (not shown) would
result in the QD-Ce, separation of 63—64 A while a fully folded
conformation would place the Cg, acceptor at (or in) the QD
surface; a distance that should correspond to the core/shell
radius for each QD sample.

quenching has been primarily attributed to ET from the
photoexcited QD to the Cgo.'*'%?>242> We therefore
begin by considering this quenching mechanism with
the pepCgp used in this study. Differential pulse vol-
tammetry (DPV) was used to measure the reduction
potential of Cego-pyrrolidine tris-acid and pepCgo to
determine if peptide labeling altered the fullerene's
intrinsic electrochemistry (see SI Figure S4). Two dis-
tinct reduction waves were measured for both Cgo-
pyrrolidine tris-acid and pepCegg in the electrochemical
window scanned (0 to —1.2 V vs Ag/AgCl). The unmodi-
fied Cgo-pyrrolidine tris-acid reduction potentials were at
E; = —61 mV and E; = —89 mV. Similarly, the measured
reduction potentials for pepCeo were at £; = —50 mV and
E, = —84 mV. This indicates that covalent coupling of the
peptide to Cgo-pyrrolidine tris-acid only shifts the full-
erene's first reduction potential by 11 mV, thus retaining
the strong electron accepting property of the fullerene.

The pepCeo reduction potential (E; = —50 mV)
measured by DPV was used to estimate*® the electron
affinity (E;), —4.1 eV versus vacuum (—4.3 eV using
onset potential), which agrees well with the lowest

STEWART ET AL.

unoccupied molecular orbital (LUMO) energies for
Ceo (—4.3 V) reported in the literature.'® To compare
the pepCeo LUMO with the QDs, the CB and VB energy
levels for CdSe/ZnS QDs (2.2 nm diameter core with
~3.5 monolayers of ZnS) were estimated from the
reduction and oxidation potentials, respectively, also
as reported in the literature.®® The relative energy
levels for the QD CB and VB are shown relative to
the pepCqo LUMO in Figure 5A. Clearly, photoexcited
electrons in the QD CB are energetically allowed to
transfer to the LUMO of pepCeq; this process would
also be consistent with the faster bleach recovery in the
QD—pepCsgp conjugates compared to the QDs alone,
shown in Figure 4. The minimization of pep*Ceso gen-
eration at lower ratios where significant quenching is
still noted across all samples also suggests that reverse
ET from the pep*Ceq to the QD can be excluded. Due to
the similar LUMO energies between pepCgo and Cep,
we assume that the highest occupied molecular orbital
(HOMO) of pepCeo Will not be drastically different from
Ceo and use a reported value of ~6.60 eV.'* As a result,
hole transfer from the QD to pepCs, is energetically
forbidden as a quenching mechanism. The DPV and
fsTA results help simplify the following analysis by
confirming that QD quenching is (i) primarily by a rapid
energy transfer process, (i) that occurs from the QD to
the Ceo, and (iii) the complication of hole transfer from
the QD to the Cq is not included in this process.

While this analysis provides strong evidence that
QD exciton quenching by ET is energetically feasible,
other potential quenching mechanisms still cannot be
overlooked. As shown in Figure 1C, the optical absorp-
tion tail of pepCg, extends through most of the visible
spectrum, suggesting that FRET may also play a role
in the luminescence decay mechanism of the QD—
(pepCeo)ny complexes. A FRET based analysis shows that
the overlap integrals between the QDs and pepCego
range from 0.96 x 10~ "% cm® M~ for the 630 nm QDs
with the least spectral overlap t0 1.88 x 10~ "*cm3M ™"
for the 530 nm QDs with the largest spectral overlap.
The spectral overlap integrals yield relatively short
Forster distances ranging from 24 to 30 A. In order to
obtain predicted center-to-center separation distances
for these complex constructs, structural models of the
QD—pepCqp assembly were prepared (see Materials
and Methods); a one-to-one construct is shown in
Figure 5B. As shown in Table 1, the predicted center-to-
center separation distances are larger than the Ry values
for 50% energy transfer efficiency for a single QD donor
and a single pepCsgy acceptor. While the model shows a
potential “snapshot” of the center-to-center QD—Cgo
separation distance (~56 A) based on a specific peptide
conformation, in reality the peptide is flexible and may
achieve numerous conformations, although direct con-
tact with the QD surface is not favored.

One important factor that is intrinsic to our assem-
blies, and which may serve to make FRET a more
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TABLE 3. Estimated FRET and ET Rate Constants (s ') for the QD—(pepCso)y Conjugates

530 nm QD 550 nm QD 580 nm QD 630 nm QD
pepCeo/QD (N) Keotal Keper ker” Keotal Keper ker Krotal Keper ker Ktotal Keper ker

0 1.1 x 108 86 x 107 1.1 x 10° 57 x 107

2 10 % 10% 25 % 10° 21 % 10° 89 x 107 54 x 10° 14 x10° 12 x 10® 50 x 10° 55 x 10° 6.1 x 10’ 50 x 10* 1.9 x 10°
4 12x 10% 25 % 10° 64 x10° 91 x 107 54 x 10° 87 x10° 13 x 10® 53 x 10° 41 x 10° 6.0 x 10/ 49 x 10* 69 x 10°
6 13x10% 25 % 10° 24 x10° 93 x 107 54 x 10° 65 x10° 1.4 x 10° 54 x 10° 34 x 10° 62 x 10" 51 x 10* 7.9 x 10°
10 14 x 10° 26 x 10° 37 x10° 95 x 10" 54 x 10° 38 x10° 15 x 10° 59 x 10° 3.2 x 10° 64 x 10" 52 x 10* 59 x 10°
15 14 x 10° 24 x 10° — 97 % 107 54 x10° 25x 10° 17 x 10° 65 x 10° 32 x 10° 7.0 x 10’ 57 x 10* 7.8 x 10°
20 15 x 10° 24 x 10° — 10 x 10° 55 % 10° 22 x 10° 20 x 10° 74 x 10° 34 x 10° 7.8 x 10" 64 x 10* 99 x 10°

25 16 x 10° 24 x 10° 10 x 10° 54 x 10°
30 17 x 10® 23 x 10° 11 x 10® 55 % 10°
4 19 x 10° 23 x 10° — 11 %x 10° 54 % 10°

12x10° 23 x 10° 84 x 10° 38 x 10° 87 x 107 7.0 x 10* 1.1 x 10°
16 x 10° 27 x 10° 10 x 10° 44 x 10° 93 x 107 75 x 10* 1.1 x 10°
73 x 10" 35 % 10° 12 x 10° 47 x 10° 11 x 10®° 85 x 10* 1.1 x 10°

50 21 %100 22%x10° — 11 %x 10% 53 % 10° 50 x 10* 41 x 10° 14 % 10° 45 % 10° 12 x 10® 92 x 10* 1.1 x 10°

70 25 % 100 2.2 x 10°

“Values not shown (—) are negative and considered unphysical.

favorable process, is the ability to centrosymmetrically
array an increasing number of pepCgo acceptors
around each QD. Although the spectral overlap be-
tween a QD donor with a single Cgo acceptor is re-
latively small, arraying an increasing number of such
acceptors around the QD essentially functions to pro-
portionally increase the FRET acceptor absorption
cross section. This has the net effect of increasing the
probability that FRET will occur from the photoexcited
QD to one of the surrounding Cg, acceptors. This
very same effect is consistently noted in almost all
other single QD donor-multiple dye acceptor FRET
configurations.®>" The compact DHLA coating on the
QD surface (shown in light gray, Figure 5B) provides the
only steric barrier that could limit the QD/Cg, separa-
tion distance to ~11 A from the QD surface, allowing
for a range of reasonable separation distances that
would not preclude FRET. Additionally, even if the
peptide conformation was fully extended, this would
not preclude FRET, as the Cgy separation distance from
the QD core would not increase that significantly. For
example, in the model shown in Figure 5B, which roughly
corresponds to a 530—550 nm emitting CdSe/ZnS QD,
a fully extended peptide conformation would place
the Cqo at a distance of ~63—64 A from the QD center
which should yield ~1.5% FRET E for a single donor-
single acceptor configuration. However, FRET E quickly
becomes nontrivial with many acceptors even at this
separation distance and can increase to ~44% for a ratio
of 50 acceptors/QD. Moreover, the data in Figure 3A—B
show significant QD PL quenching (30—40%) beginning
to appear at ratios of 10—20 acceptors per QD, suggest-
ing a closer putative separation distance if FRET were the
sole quenching mechanism.

It is also important to note that arraying an increas-
ing number of pepCqg, acceptors around the central QD
would similarly enhance the possibility of ET as well.
One caveat to this enhancement is the issue of com-
petitive excitation light absorption by the acceptor,

STEWART ET AL.

13 x 10° 54 x 10° 48 x 10" 50 x 10° 16 x 10° 39 x 10° 13 x 10® 1.0 x 10° 96 x 10°

especially when high ratios of pepCeo are displayed
around the QD. Although the absorption of one or a
small number of acceptors is relatively low compared
to that of a QD (see extinction coefficients in Table 1),
the cumulative increase from assembling ~50—60 ac-
ceptors around a single QD can be quite significant
and this may also need to be considered in certain
circumstances (see Sl Figure S9 for some estimates on
competitive absorption). We note that this can also be
minimized by selecting a wavelength that predominantly
excites the QD, as done here. Overall, the possibility for
increased FRET/ET as a function of acceptor ratio suggests
a decisive contribution may be provided by the pre-
sence/absence of spectral overlap within the system.
Since data and theory support the potential for both
FRET and ET quenching mechanisms, we derived a
simple mathematical model (for derivation, see Energy
Transfer Kinetic Analysis in the Materials and Methods)
to simulate the putative FRET and ET contributions
to the total quenching observed for each QD when
assembled with increasing numbers of pepCgo. The
model accounts for underlying variables such as spec-
tral overlap, separation distance, and acceptor number
and assumes that the observed QD quenching is a
result of the four different potential decay mechan-
isms: radiative, nonradiative, FRET, and ET. Nano-
second lifetime quenching studies are used to estimate
the theoretical FRET and ET efficiencies; however, the
model does not account for the specific type of ET (i.e.,
hopping, tunneling, superexchange, etc.). It is impor-
tant to note that such models have been used pre-
viously in an analogous manner to understand the
energy transfer kinetics in similar QD carbon allotrope
constructs.?®?” Using this model, the FRET and ET rates
were calculated and are summarized in Table 3, assum-
ing that FRET and ET are the only relevant quenching
mechanisms. The dichotomy between the two differ-
ent quenching mechanisms is highlighted by examin-
ing the rates for the smallest and largest QD systems.
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Figure 6. Relative FRET/electron transfer components. The relative FRET and electron transfer (ET) efficiencies estimated for
the (A) 530 nm, (B) 550 nm, (C) 580 nm, and (D) 630 nm QDs versus increasing ratios of pepCsg, acceptor displayed.

The 530-nm-emitting QD—(pepCeo)y has the largest
putative FRET rate constant (2.4 x 10°s~',N=20)and a
negligible ET rate, consistent with the largest underlying
donor—acceptor spectral overlap and the shortest se-
paration distance. In contrast, the 630 nm emitting
QD—(pepCso)n system has a relatively small estimated
FRET rate constant (6.4 x 10%s~', N = 20) but a large
estimated ET rate constant (9.9 x 10° s, N = 20),
indicating that resonant energy transfer was much
slower or more unfavored than photoexcited ET within
this system. We note that this result is mechanistically
similar to that reported by Bang and Kamat, where
the photocurrent in their QD—Cgq system was highest
for the larger size QDs tested.'® Overall, the FRET rates
go down with increasing QD size and a decrease in
spectral overlap across Table 3, while the ET rate
increases, consistent with the transition from a more
dominant FRET process to the more dominant ET.
Figure 6 plots the total experimental quenching
efficiency along with the calculated FRET and ET com-
ponents for the 530 through 630 nm QD—(pepCeso)n
constructs, respectively. For the smaller QD systems,
FRET E closely follows the total quenching efficiency
suggesting that it is the dominant process. Indeed the
ET efficiencies for the smaller 530 nm QD yield some
negative values for N > 15, which are not physically
valid. Similarly, the FRET E is significantly larger than

STEWART ET AL.

ET for the 550 nm QD—(pepCeo)y complexes. These
results strongly suggest that the deactivation of the
530 and 550 nm QD—(pepCeo)y complexes may
be dominated by FRET. Distinct differences between
the quenching mechanisms present can be found in
the 580 and 630 nm QD—(pepCgp)y constructs, and
these are used here as illustrative examples. Figure 6C
shows the plots derived from the 580 nm QD—(pepCeo)n
data, where ET efficiency is larger than the estimated
FRET efficiency, although the latter is still present and
significant. Figure 6D suggests that ET should domi-
nate the deactivation of the 630 nm QD—(pepCeso)n
complexes. The reduction in the FRET efficiency here is
assumed to result from a combination of the decrease
in the spectral overlap, and the corresponding value
of Ry, as well as a contribution from an increase in the
QD—Cgy separation distance (Table 1). These plots
suggest that as the size of the QD is increased and
the PL band shifts to longer wavelengths, a significant
reduction in the FRET efficiency occurs while a high
level of overall quenching is still achieved because ET
is still an active and available alternative “fall-back”
or secondary quenching mechanism. Importantly, the
plots in Figure 6C,D suggest that there should be a
small but still significant quenching component attri-
butable to FRET in the 580 nm QD system, whereas
FRET should be almost nonexistent in the 630 nm QD

VOL.7 = NO.10 = 9489-9505 = 2013 K@}Nﬁ@i{\j

WWwWW.acsnano.org

9499



>
w

101 oo 580 NM QD |10 101 ap 630 nm QD | o
= E)
F) 0 g »]
< 081 Quenching ros § = 087 o8 €
= . = =]
o efficiency o g 9
@ Z 8 o6 i Los =
S 061 roe 3 g o Qut'enlchmg 6 3
- o T efficiency o]
Q = E]
= 04 Lo4 2 = 041 o4 2
[ (]
£ = =]
= O - (3]
o < 0o <
Z 024 0.2 Z 02 o2
0.0 TS D 0.0 00§ : ‘ : : 0.0
540 560 580 600 620 580 600 620 640 660 680
Wavelength (nm) Wavelength (nm)

Figure 7. Wavelength dependent QD quenching profiles. PL spectra for the (A) 580 nm and (B) 630 nm QDs alone and when
assembled with 25-pepCq, acceptors. Samples were excited at 300 nm. Results of a wavelength dependent quenching
analysis are also shown. The normalized pepCe, acceptor absorption profile is shown in each of the plots superimposed over
the data. Note the asymmetric profile for the red-shifted 580 nm QDs assembled with pepCg, acceptors.

system. As a final analysis to confirm these predictions, this or any acceptor ratio (data not shown). Moreover,
we undertook a wavelength dependent FRET quench- the quenched QD profile does not present any visible
ing analysis of the QD PL profiles collected from these red-shifted asymmetry. Cumulatively, these results
two redder QD samples. serve as a strong confirmation that a FRET quenching

As Pons et al. previously demonstrated, the FRET rate process is present in the 530, 550, and 580 nm QD
between QD donors and broadly absorbing acceptors systems, but not in the 630 nm QD assemblies. These
is wavelength dependent.®? This behavior arises from data also provide strong corroborating evidence for
the fact that the ensemble Gaussian QD PL profile is, in the predictions made by the above model.

reality, made up of a continuum of slightly different- Overall, these results suggest that the competition
sized QDs that emit at slightly different wavelengths between FRET- and ET-based quenching in the QD—
with individual PL emission line widths that are sig- (pepCso)y assemblies is dependent on a complex inter-
nificantly narrower (~15 nm) than the overall ensem- play of several factors including the QD emission

ble spectrum. The QD FRET rate in this configuration maximum/quantum yield effects on the resulting spec-
is thus a function of both the QD PL at a discrete tral overlap, QD size and its effect on the QD-pepCego
wavelength and the acceptor extinction coefficient at donor—acceptor separation, and the number of accep-
that wavelength, and can be estimated as described in tors arrayed per QD. Although both processes are
the Materials and Methods. The presence of wave- permitted, FRET appears to be more favored when
length dependent QD quenching in a QD donor— sufficient spectral overlap is present. Clearly, one way
acceptor system serves to provide strong evidence to avoid dual or competing energy transfer quenching
of an underlying FRET process,*® while its absence mechanisms in hybrid QD/Cg systems is to eliminate
can suggest the presence of other quenching mech- FRET by pairing the Cgo with QD donors that emit in the
anisms.>® Figure 7A shows representative data from near-infrared, resulting in no underlying spectral over-
this analysis for the 580 nm QD sample without the lap. Indeed, these criteria were met in an elegant study
acceptor and as assembled with 25 pepCgo acceptors. that demonstrated size-dependent electron transfer
Here, a linear rate of QD quenching is found within the from PbS QDs to fullerenes.' It is not surprising that
QD-(pepCsp)as PL that increases toward the blue por- FRET could be responsible for (type | and quasi type Il)
tion of the spectrum and which directly follows the QD quenching by Cgo acceptors given the growing

normalized pepCg absorption profile shown super- number of reports where more than one energy
imposed over the spectra. The QD—(pepCeo)25s PL also transfer pathway was deemed responsible for QD PL
clearly manifests an asymmetrical red-shifted spec-  quenching by other carbon-based allotropes.?®~3'

trum that would be expected for a QD ensemble For example, Brus and co-workers investigated the
engaged in such a wavelength-dependent quenching potential for FRET and ET between CdSe/ZnS QDs
process. Similar wavelength-dependent quenching and graphene sheets by analyzing QD blinking kinetics
profiles which tracked with the pepCgo absorption were on quartz and graphene substrates.?® In their system,
also observed within the 530 and 550 nm QD—pepCeg they discovered that resonant energy transfer was

systems (data not shown). Figure 7B shows representa- much faster than photoexcited electron transfer, simi-
tive data collected from the 630 nm QD system in the lar to our results in Table 3. Lightcap and Kamat also
absence/presence of 25-pepCeo acceptors. In contrast investigated the dual contributions of FRET and ET
to the previous example, appreciable wavelength de- responsible for QD quenching in systems composed

pendent quenching was not observed in this system at of CdSe QDs and graphene oxide (GO) and reduced
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graphene oxide (RGO).?® They showed that under
certain conditions both FRET and ET contributed to
fluorescence quenching, but after prolonged irradia-
tion and charging of the GO, FRET became the main
pathway for nonradiative excited state decay of the
QDs. The potential competition between FRET and
charge transfer was also evaluated in systems com-
posed of QDs coupled to double-walled carbon nano-
tubes (DWNTs).?’ This study found that CdSe core only
QDs were quenched via a charge transfer-based me-
chanism, whereas CdSe/ZnS core/shell QDs engaged
in resonance energy transfer with the DWNTs.
Although considerable progress has been made on
developing methods to controllably attach various
donors and other molecules to carbonaceous materi-
als, this generally remains quite challenging.?® The
unique properties provided by peptide-driven metal
affinity coordination to the QDs helped overcome
many of these issues and provided for exceptional
control over Cgo acceptor valency with the four differ-
ent QD samples used here. In particular, the ratiometric
control achieved here allowed us to examine the
systems at different states of efficiency. We also note
that this “biological” approach unexpectedly allowed
us to controllably bridge or attach two disparate nano-
particulate materials to each other in a mixed organic/
aqueous system. This demonstration shows that bio-
logical molecules can be used to assemble complex
nanoheterostructures and suggests that other hybrid
nanostructures, which may initially appear to be incom-
patible with aqueous conditions, can be assembled and
interrogated in a similar manner. A covalent linkage or
some functional bridging equivalent (i.e,, coordination
of the peptide to the QD surface) has been suggested
as a critical requirement for efficient or enhanced ET in
these systems. Indeed, Bang and Kamat investigated
several QD—Cgo nanoconstructs for applications in QD-
based solar cells and found that linking Ceq to the QDs
via alkylthiol ligands could enhance the photocurrent
generation process.'® ET through space is highly dis-
tance dependent and typically manifests an exponential

MATERIALS AND METHODS

Quantum Dots. CdSe/ZnS QDs (Aem-max = 530, 550, and 580 nm)
were synthesized via a hot-injection method according to published
procedures.>” CdSe/CdS/ZnS QDs (Aemmax = 630 NM) were pre-
pared as previously reported®® using a modified protocol relying on
the successive ion layer adsorption and reaction (SILAR)* with a
thermal cycling®®" technique. The native, hydrophobic coatings on
the QD surfaces were replaced with dihydrolipoic acid (DHLA)
premetalated with zinc as reported,®? to yield hydrophilic QDs
coated with DHLA.

Preparation of Cgp-Labeled Peptide (PepCqo). Peptide H,oN-
GSGA;3;GLSHg was custom synthesized using standard solid-
phase peptide synthesis on Rink amide resin.®®> The unique
N-terminal primary amine on the peptide was site-specifically
labeled with Cgo-pyrrolidine tris-acid (Sigma-Aldrich, St. Louis,
MO) and purified using procedures similar to those described
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decay with rates decreasing by an order of mag-
nitude for each 1.5—2.0 A in separation distance>*>>
The current results suggest that peptide linkages pro-
vide efficient ET pathways for properly designed
QD—Cgq constructs and that, given the separation dis-
tances, such ET may proceed by tunneling or hop-
ping, although confirmation of a specific mechanism
is beyond our current scope. This does, however,
suggest the possibility of redesigning the peptide
linkage and length to optimize ET and the potential
to use this type of system to understand ET processes
and their distance dependence within the peptides
themselves.>*>>

Energy transfer with QD donors can sometimes be
complex and has been found to result from unex-
pected pathways. For example, a systematic examina-
tion of QD interactions with a redox-active osmium
polypyridyl acceptor complex found the energy trans-
fer to be almost exclusively attributable to FRET despite
very weak underlying spectral overlap.®® Previous re-
ports have also highlighted the complexity of energy
transfer interactions in hybrid systems composed of
QDs and carbon allotropes.?®3' The current report
corroborates the potential for both FRET and ET deac-
tivation pathways occurring in the photoexcited
QD—Cgp system based upon a complex interplay of
several inherent factors. If sufficient QD—Cg, spectral
overlap is present and the separation distance and
acceptor ratio allow for it, then FRET may dominate. As
shown here, the FRET rate will also track as a function of
spectral overlap/acceptor ratio. If not, and if sufficient
distance or a linkage is available, ET appears to be the
'default’ quenching process, which is not surprising
given the excellent electron acceptor properties of Cgp.
Clearly both quenching processes should be carefully
considered when analyzing similar QD—Cqq architec-
tures, especially for energy conversion purposes.®®
As such, these results have important implications
for developing new hybrid QD-carbon based materials
and sensors along with optimizing QD donor/Ceq
acceptor systems for energy conversion applications.’

previously®* with slight modifications. Briefly, peptide (3.7 mg,
2.45 umol), Ceo-pyrrolidine tris-acid (8.6 mg, 9.45 umol),
N-hydroxysuccinimide (23.6 mg, 205 #mol), and N,N'-dicyclohex-
ylcarbodiimide (33.5 mg, 162 umol) were added to a 20 mL
scintillation vial. (Note: this coupling reaction can be perfor-
med by replacing N,N'-dicyclohexylcarbodiimide with N,N'-
diisopropylcarbodiimide.) The reagents were dissolved in 3 mL
of 95% DMSO/H,0 and mixed with a stir bar overnight at room
temperature (~16—20 h). This reaction has a 3.9-fold excess of
Ceo to peptide, and in combination with steric hindrance, this was
optimized to yield a 1:1 Cgg:peptide coupling. To isolate pepCeo,
4 mL of Ni?"-nitrilotriacetic acid (Ni-NTA) agarose resin (Qiagen)
was added to the reaction mixture and the mixture was agitated
on a rotary mixer for 1 h. The resin was then filtered through a
filter frit and washed with a copious amount of DMSO (~45 mL)
and then H,0 (~20 mL). In both wash steps, the resin was washed
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until the filtrate was colorless. The pepCgo Was eluted from the
resin using 3—4 mL of a 300 mM imidazole (ag)/DMSO (50/50)
solution. The resulting filtrate was desalted on a preprimed oligo-
nucleotide purification cartridge (OPC) and dried to a pellet® The
pepCqo pellet was dissolved in DMSO, quantified by UV—vis
spectrophotometry (Ceo £2350 nm = 34300 M~' cm™"), and then
stored frozen at —20 °C in a desiccator.

Self Assembly of Quantum Dot—PepCs, Conjugates. Frozen pepCsgo
DMSO samples were thawed, sonicated, and used to prepare
diluted stock solutions of pepCgo in DMSO. The following is
an example of how conjugates were assembled for steady-
state fluorescence and excited-state lifetime analysis. First, QDs
(20 pmol, 1 uM) in 13 mM sodium tetraborate buffer pH 8.5 were
mixed with additional borate buffer (20 uL) and DMSO. For
other experiments, phosphate buffered saline (1 x PBS, 10 mM
phosphate, 137 mM NaCl, 3 mM KCl, pH 7.4) was used. Appro-
priate volumes of pepCsq stock solutions in DMSO were added
to the QD mixtures to achieve the desired pepCqo/QD ratios. The
final assemblies were in a total volume of 115 ulL, where the
initial volume of additional DMSO added was adjusted to
achieve ~65% DMSO (v/v) or another desired DMSO concen-
tration. The conjugates were analyzed after allowing mixing and
assembly overnight.

Differential Pulse Voltammetry (DPV). DPV measurements were
performed in a Faraday cage in the three-electrode geometry
with a microvolume cell, using a glassy carbon working elec-
trode, a Pt counter electrode, and a Ag/AgCl 3 M KCl reference
electrode under Ar gas at ambient conditions. Measurements
were driven by an electrochemical workstation Model 750 from CH
Instruments (Austin, TX) using solutions of Ceo-pyrrolidine tris-acid
(124 uM) and pepCep (103 1M) in 200 uL of DMSO:0.5xPBS (3:1).
Background voltammograms were collected and subtracted from
the raw data.

Dynamic Light Scattering (DLS). DLS measurements were per-
formed using a CGS-3 goniometer system equipped with a
HeNe laser (633 nm) and a single-photon counting avalanche
photodiode (Malvern Instruments, Southborough, MA). Auto-
correlation functions were performed by an ALV-5000/EPP
photon correlator (ALV, Langen, Germany) and analyzed with
Dispersion Technology Software (DTS, Malvern Instruments).
The neat QD solutions in 65% DMSO/water were filtered
through 0.2 um syringe filters (Millipore Corporation) prior to
DLS measurements. QD solutions self-assembled with pepCe in
65% DMSO/water were filtered through 0.45 um syringe filters
(Millipore Corporation). The sample temperature was main-
tained at 20 °C. For each sample, the autocorrelation function
was the average of three runs of 10 s each and then repeated
at different scattering angles (within 70° and 120°). CONTIN
analysis was then used to extract number versus hydrodynamic
size profiles for the dispersions studied similar to that described
previously.®®

Optical Characterization. Electronic absorption spectra were
collected on an HP 8453 diode array spectrophotometer
(Agilent Technologies, Santa Clara, CA, USA). Fluorescence
spectra were recorded on either a Spex Fluorolog-3 spectro-
photometer (Jobin Yvon Inc., Edison, NJ, USA) equipped with a
450 nm CVI long wave pass filter or a Tecan Infinite M1000
fluorescence multifunction plate reader.

Excited-State Fluorescent Lifetime Analysis. Excited-state lifetime
measurements were made using 375 and 471 nm Becker & Hickl
diode laser excitation sources with 50 ps pulse widths operating
at 20 MHz. Fluorescence signals were detected with a Hama-
matsu 8309U-50 MCP-PMT and processed with a Becker & Hickl
time-correlated single photon counting system. Prior to anal-
ysis, the decays were background corrected and the data were
fit with biexponential decay functions using PicoQuant fitting
routines.

Transient Absorption Analysis. Optical femtosecond transient
absorption (fsTA) measurements were performed with an ap-
paratus based on a commercial amplified Ti:sapphire laser
system (Spectra-Physics Mira Oscillator and Spitfire Pro
Amplifier) at 1.7 kHz and carried out at either the Center for
Nanoscale Materials at Argonne National Laboratory or the
Center for Functional Nanomaterials at Brookhaven National
Laboratory. A small amount of the ampilifier output was used to
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generate the white light continuum probe, and the remaining
95% went through an optical parametric amplifier (OPA) to
produce 420 nm excitation pulses at 0.7 uJ/pulse. The data were
collected through a Helios spectrometer (Ultrafast Systems),
where the probe is delayed relative to the pump on a mechan-
ical delay line. The pump beam is chopped at half the repeti-
tion rate of the laser, so that the absorption change (AA)
can be measured as a function of delay time, where AA =
—109(/oump-+probe/lprobe). The data were chirp-corrected using
a solvent blank to within 100 fs over the spectral range of
440—770 nm used here. The samples were placed in a 2 mm
quartz cuvette and stirred during the acquisition. The widths of
the pump and probe pulses were estimated at about 120 fs. The
transient absorption changes for a particular probe wavelength
as a function of time were analyzed by fitting the kinetics with a
multiexponential model convoluted with a Gaussian instrument
response function displaying a 200 fs full width at half-
maximum (fwhm). Samples for fsTA were freshly prepared each
day, and the data are an average of three spectra. The fsTA of
580-nm-emitting QDs in 1xPBS was performed using photo-
excitation at 420 nm in solutions with concentrations ranging
from 0.1 to 0.5 uM. Freshly mixed solutions of QDs and pepCeo
using an assembly ratio of 20:1 (10 uM pepCe:0.5 M 580 nm
QD) and 80:1 (10 uM pepCe0:0.1 #M 580 nm QD) pepCer:QD, and
control samples of only pepCso or QDs, were prepared in PBS
using stock solutions for each experiment.

Forster Resonance Energy Transfer Analysis. The overlap integral J
between the QD PL spectra and pepCgo absorption spectrum in
units of cm® M~" was calculated using:®®

J = /NJ(A) di (1)
Jo

where J(A), the spectral overlap, is integrated over the portion
of the spectrum where the QD is emissive and is given by the
expression:

JA) = Fp(h) ealh) 2* )

Fp(A) is the dimensionless normalized fluorescence intensity of
the donor QD at 4; &4 is the extinction coefficient of the acceptor
atA (M~ 'em ");and Ais the wavelength (cm). The Forster distance
Ro in units of A corresponding to 50% energy transfer efficiency
between the donor and acceptor pair was determined by:*>

Ry = 9.78 x 10°[k2n~*QpJ]"/6 )

where a dipole orientation factor of «* = 2/3 was used as
shown to be appropriate for such randomly assembled QD
conjugates,67 n is the refractive index of the medium, Qp, is the
quantum yield of the donor, and J is as defined above. We used a
refractive index value of 1.38 based on the refractive index values
published for DMSO—water mixtures.®® The estimated FRET effi-
ciency was obtained using the expression:

Nener = N/{N+ (R%)s} @

where N is the number of acceptors appended to the QD, and r is
the average center-to-center distance between the QD and the Cgo
which was estimated as described below. Thus, the greater the
spectral overlap between the QD emission and the Cg, absorption,
the larger the values of Ry and FRET efficiency, 17pger. The estimated
FRET efficiency can also be defined using the expression:

Neger = NKerer /Ktotal (5)

where kroq is the total decay rate and is equal to the inverse of the
measured luminescence lifetime of the QD in the Cgo complex. The
FRET rate constants can then be determined by combining eqs 4
and 5.

Wavelength Dependent FRET Analysis. A unique characteristic of
FRET between a QD donor and a broad band acceptor is that the
quenching efficiency displays a wavelength dependence across
the QD PL band that results in a distortion of the shape and/or
the position of the peak of the quenched PL relative to the
unguenched band. Although the shifts are relatively small, and
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are typically not taken into account for most QD-FRET-based
measurements, they are significant in the sense that they can
be used to differentiate between FRET and other quenching
mechanisms that are not strongly wavelength dependent on
the underlying spectral overlap. We modeled the QD PL emis-
sion spectra using a series of Gaussian line-shape functions with
spectral widths of ~15 nm and calculated the spectral overlap
integrals using eqs 1 and 2 for each contributor to the overall PL
spectrum, where J depends on the value of the acceptor
extinction coefficient at the peak wavelength of each compo-
nent. Values for Ry and the expected FRET efficiency for each
component were calculated using egs 3 and 4. This allowed us
to extract the wavelength dependent FRET quenching effi-
ciency in a manner similar to that described in detail in refs
38,52, and 53.

Energy Transfer Kinetic Analysis. For the purposes of our anal-
ysis, we assume that PL quenching in the QD—pepCq, com-
plexes is limited to contributions from ET and FRET. It is not
possible to determine the magnitudes of these contributions
directly from our steady state and lifetime quenching studies,
but we can estimate the theoretical FRET efficiencies based on
the overlap integral and the corresponding values determined
for Ro. The total quenching efficiency, 74, can then be obtained
from the following expressions:

_ WY _ (q -
"o = (1 _E> - (1 ro) ©

where Iy is the fluorescence intensity of the QD complex with N
appended acceptors, Iy is the fluorescence intensity of the QDs
without acceptors, 7y is the luminescence lifetime of the QD
complex with N acceptors, and 7, is the QD lifetime in the
absence of acceptors. The total decay rate (k7orq) Of the QD—
(pepCeo)y complex is equal to the sum of all of the potential
deactivation rates:

1
krotat = Kr + Knr + NKeger + Nker = a @)

where 7y is the luminescence lifetime of the complex measured
on the nanosecond time scale, k, is the radiative decay rate, k,, is
the nonradiative decay rate, kgr is the ET rate, and kgger is the
FRET rate. Following with this:

etk = ko = ®)
To
where kj is the decay rate of the QD itself in the absence of Cq.
The series of experiments in which the number of pepCgq units
per QD was varied thus provides a handle for estimating the
FRET efficiency as well as the FRET rate. The ET rate, ke, was
estimated from the expression:

Nker = kotar — NKerer — ko 9)

and the ET efficiency was estimated from the expression:

Ner = NKer /Ktotar (10)

Structural Simulations. All models were created using tools in
UCSF Chimera, version 1.4.1 6 Energy minimization was carried
out in Chimera using built-in features including ANTECHAMBER
(version 1.27) and the AM1-BCC method of calculating
charges.”® The model of the Cgo was constructed from the struc-
ture of (17°-pentaphenyl-Ceofullerene)-(;°-cyclopentadienyl)-iron
carbon disulfide.”” The covalently attached phenyl groups were
removed from the Cg using the tools in Chimera, and the resulting
model was energy minimized as described above. The Cgo was
further modified to contain the same bridging group as used in the
constructs on the region formerly occupied by the phenyl groups.
A peptide linker with the sequence GSGAAAGLSHHHHHH was
created in Chimera. Based on prior work, the Hisg region was
modeled with an extended conformation, which is consistent
with the 4—6 coordination bonds the Hisg tail forms with the QD
surface.>® The SGAAA region was modeled as a helix based
on both energy minimization and structural similarity to other
short peptides of known conformation. After allowing these
constraints, the model was again energy minimized at this
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stage. The models for the Cgo and peptide linker were joined,
and the full model was then also energy minimized. This model
was docked to the surface of the QD approximated by a sphere
with a radius of 30 A. In the partially folded conformation shown
in Figure 5B, the distance from the QD center to the center of
the Cqo is 55.5 A. A fully extended peptide (not shown) would
result in a QD—Cqp separation of 63.4 A, and a tightly folded
conformation (not shown) would result in the Cgo in direct
contact with the QD surface. The latter, tightly folded conforma-
tion is unlikely energetically due to the presence of steric
hindrance by the DHLA ligands on the QD surface and charge
repulsion along with necessitating the peptide to assume an
unfavored, higher-energy conformation.
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