
Quantum Dot–Peptide–Fullerene Bioconjugates for Visualization 
of in Vitro and in Vivo Cellular Membrane Potential

Okhil K. Nag†,○, Michael H. Stewart‡,○, Jeffrey R. Deschamps†, Kimihiro Susumu‡,#, 
Eunkeu Oh‡,#, Vassiliy Tsytsarev¶,□, Qinggong Tang¶, Alexander L. Efros§, Roman 
Vaxenburg▽, Bryan J. Black⊥, YungChia Chen†, Thomas J. O’Shaughnessy§, Stella H. 
North†, Lauren D. Field†,¶, Philip E. Dawson‖, Joseph J. Pancrazio⊥, Igor L. Medintz†, Yu 
Chen¶, Reha S. Erzurumlu□, Alan L. Huston‡, and James B. Delehanty*,†

†Center for Bio/Molecular Science and Engineering, Code 6900

‡Optical Sciences Division, Code 5600

§Materials and Science and Technology Division, Code 6300, U.S. Naval Research Laboratory, 
Washington, D.C. 20375, United States

‖Department of Chemistry, The Scripps Research Institute, La Jolla, California 92037, United 
States

⊥Department of Bioengineering, University of Texas at Dallas, Richardson, Texas 75080, United 
States

#Sotera Defense Solutions, Columbia, Maryland 21046, United States

¶Fischell Department of Bioengineering, University of Maryland, College Park, Maryland 20742, 
United States

□Department of Anatomy and Neurobiology, University of Maryland School of Medicine, 
Baltimore, Maryland 21201, United States

▽Computational Materials Science Center, George Mason University, Fairfax, Virginia 22030, 
United States

Abstract

We report the development of a quantum dot (QD)–peptide–fullerene (C60) electron transfer (ET)-

based nanobioconjugate for the visualization of membrane potential in living cells. The 

bioconjugate is composed of (1) a central QD electron donor, (2) a membrane-inserting peptidyl 
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linker, and (3) a C60 electron acceptor. The photoexcited QD donor engages in ET with the C60 

acceptor, resulting in quenching of QD photoluminescence (PL) that tracks positively with the 

number of C60 moieties arrayed around the QD. The nature of the QD-capping ligand also 

modulates the quenching efficiency; a neutral ligand coating facilitates greater QD quenching than 

a negatively charged carboxylated ligand. Steady-state photophysical characterization confirms an 

ET-driven process between the donor–acceptor pair. When introduced to cells, the amphiphilic 

QD–peptide–C60 bioconjugate labels the plasma membrane by insertion of the peptide–C60 

portion into the hydrophobic bilayer, while the hydrophilic QD sits on the exofacial side of the 

membrane. Depolarization of cellular membrane potential augments the ET process, which is 

manifested as further quenching of QD PL. We demonstrate in HeLa cells, PC12 cells, and 

primary cortical neurons significant QD PL quenching (ΔF/F0 of 2–20% depending on the QD–

C60 separation distance) in response to membrane depolarization with KCl. Further, we show the 

ability to use the QD–peptide–C60 probe in combination with conventional voltage-sensitive dyes 

(VSDs) for simultaneous two-channel imaging of membrane potential. In in vivo imaging of 

cortical electrical stimulation, the optical response of the optimal QD–peptide–C60 configuration 

exhibits temporal responsivity to electrical stimulation similar to that of VSDs. Notably, however, 

the QD–peptide–C60 construct displays 20- to 40-fold greater ΔF/F0 than VSDs. The tractable 

nature of the QD–peptide–C60 system offers the advantages of ease of assembly, large ΔF/F0, 

enhanced photostability, and high throughput without the need for complicated organic synthesis 

or genetic engineering, respectively, that is required of traditional VSDs and fluorescent protein 

constructs.
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The nanoparticle (NP)–biological interface continues to be an intensely studied research 

frontier with a primary goal being the realization of functional hybrid nano-scale materials 

that possess enhanced or augmented capabilities.1,2 Examples of such functionalities range 

from the use of the plasmonic thermal profile of gold nanoparticles (AuNPs) and nanoshells 

to specifically kill targeted cancer cells with incident light irradiation3,4 to the employment 

of semiconductor nanocrystals or quantum dots (QDs) as a scaffold to facilitate the 

enhanced activity of appended enzymes.5,6 Indeed, in both of these examples it is the 

inherent physicochemical properties of the NPs that facilitates the desired function. One 

arena in which the inherent properties of NPs have been predicted to make a significant 

impact is the real-time visualization of cellular membrane potential in electrically active 
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cells (e.g., neurons and muscle cells). The primary goal of the United States’ Brain Research 

through Advancing Innovative Neurotechnologies (BRAIN) Initiative is to create a 

functional map of the human brain connectome—all of the interconnections of the tens of 

billions of neurons in the brain—as a means to better understand the brain’s function and 

dysfunction during disease and injury.7 The European Commission’s counterpart Human 

Brain Project seeks to replicate this brain activity map in silico.8 Success here could enable 

the development of the next generation of diagnostic and therapeutic reagents for the 

treatment of a range of brain pathologies. One of the key questions that has been raised, 

however, is whether or not the neuroscience community possesses the proper tools capable 

of visualizing the activity of thousands of cells simultaneously while maintaining single-cell 

resolution.9–12

Much of the driving force for this stems from the inherent limitations of currently available 

tools and techniques for the imaging/recording of membrane potential from large numbers of 

cells.13 For example, patch clamp, long the gold standard laboratory technique for recording 

and controlling membrane potential, is invasive, and it is limited to the interrogation of 

single cells.14 Microelectrode-based techniques are similarly invasive and record membrane 

potential extracellularly, which prohibits single-cell resolution.15 Fluorescence-based 

materials such as voltage-sensitive dyes (VSDs)16 and fluorescent protein constructs12 suffer 

from small changes in photoluminescence (PL) intensity (ΔF/F0), limited photostability, 

toxicity, or the requirement that cells be genetically manipulated to express the sensing 

construct. Further, Ca2+-sensitive fluorescent constructs measure intracellular Ca2+ release 

that occurs hundreds of milliseconds after the action potential and, thus, lack temporal 

resolution.17 One of the more promising genetically encoded voltage sensors are those based 

on archaerhodopsin, which display large PL changes (∼1% ΔF/F0 per mV) and can be used 

combinatorially with other spectrally resolvable opsin channel actuators for all-optical 

simultaneous stimulation and recording.18,19 Despite these advances, significant interest has 

arisen in the potential for NP materials to address some of the aforementioned critical issues.
20

One particular class of NPs under consideration for the optical imaging of membrane 

potential are QDs, fluorescent materials synthesized on the nanoscale (<10 nm diameter) 

that exhibit quantum confinement. These nanocrystalline materials possess a number of 

photophysical attributes that make them ideal for imaging modulations in membrane 

potentials. These include QDs’ (1) bright, stable PL coupled with nanosecond fluorescence 

lifetimes, (2) quantum confined Stark effect in response to an electric field,21,23 (3) ability to 

be appended onto24,25 or localized in26 the plasma membrane bilayer, (4) large two-photon 

action cross sections that make them ideal for deep tissue imaging,27,28 (5) ability to engage 

in efficient Förster resonance energy transfer (FRET)29,30 and electron transfer (ET) 

processes,31,32 and (6) low toxicity when implemented with experimental brain platforms.
33–36

Several reports, both theoretical37 and experimental,21–23 support the notion that QDs can 

function as voltage-sensitive probes. Indeed, recent work from our group showed the ability 

of photoexcited quasi-type II QDs (QDs with spatial segregation of electron–hole (e–h) 

pairs) to track, with excellent time-resolved fidelity, the millisecond voltage trace of a 
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simulated firing cortical neuron.38 Yet, studies demonstrating the use of plasma membrane-

inserted QDs for voltage sensing remain scant.39 This is largely due to the critical technical 

challenge of partitioning QDs coated with hydrophobic surface ligands into the ∼4 nm thick 

aliphatic region of the plasma membrane without perturbing membrane integrity or the 

function of membrane channel proteins responsible for maintaining membrane potential.2,26

To overcome this technical hurdle, here we have designed QD–peptide–electron acceptor 

bioconjugates that obviate the need for direct insertion of the QD into the membrane bilayer. 

In the construct, a central hydrophilic QD (electron donor) serves as a scaffold for the self-

assembly of multiple copies of a peptide–C60 fullerene conjugate (electron acceptor). This 

work builds on our previous observation that such QD–peptide–C60 conjugates engage in 

efficient ET-based quenching of QD PL that tracks with the number of peptide–C60 moieties 

displayed around the QD.31 The helix-forming peptide that appends the C60 to the QD is 

designed to facilitate membrane insertion such that the hydrophobic C60 is buried within the 

lipid bilayer of the membrane while the hydrophilic QD is localized on the extracellular face 

of the exofacial leaflet of the plasma membrane. Upon depolarization of the membrane 

potential, the basal rate of ET from the photoexcited QD electron donor to the fullerene 

acceptor is enhanced, resulting in the further quenching of QD PL, the magnitude of which 

tracks with the increasing potential of the cell’s plasma membrane (Figure 1C).

We present here the detailed photophysical analysis of this QD–peptide–C60 system both 

outside the cellular environment and when interfaced with the plasma membrane of cultured 

cell lines and primary neurons in vitro and in live mice in vivo. Our data clearly 

demonstrates that the efficiency of quenching of QD PL by the C60 electron acceptor is 

governed by the number of peptide–C60 conjugates arrayed around the central QD and the 

nature of the hydrophilic QD-capping ligand. In HeLa cells, the optimal QD–peptide–C60 

construct exhibits a ∼20% ΔF/F0 upon membrane depolarization, which is comparable to a 

commercially available fluorescein–aniline photoinduced electron transfer voltage imaging 

probe under the same conditions. In primary mouse cortical neurons, the QD–peptide–C60 

construct exhibits a ΔF/F0 of ∼7%. Importantly, cellular viabilities of >90% are observed in 

these studies, demonstrating minimal perturbation of cellular physiology. Finally, we employ 

the optimal QD–peptide–C60 probe for the real-time imaging of cortical electrical 

stimulation in live mice. Here, the fluorescence response of the QD–peptide–C60 probe 

exhibits temporal responsivity comparable to standard VSDs, yet with ΔF/F0 values that are 

20- to 40-fold greater than those reported for VSDs.

RESULTS AND DISCUSSION

Rationale for QD–Peptide–C60-Based Membrane Potential Sensing Scheme

Our goal in this study was to design voltage-sensitive QD bioconjugates that engage in ET 

and can be interfaced with the plasma membrane of living cells such that membrane 

depolarization modulates ET, resulting in an optical readout. Specifically, depolarization of 

membrane potential results in a decrease in QD PL that tracks the transition from the resting 

state to the depolarized state (vide infra). Figure 1A shows schematically the design of the 

QD–peptide–C60 bioconjugate system and the three peptide variants used herein. The QD 

serves as the central scaffold onto which the peptidyl sequences (referred to as JBD1, JBD2, 
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and JBD3) are self-assembled using metal affinity coordination of the N-terminal His6 motif 

to the QD surface.40 By virtue of their alanine/leucine-rich nature, the peptides are designed 

to be helix-forming to promote membrane insertion.41–43 Each peptidyl sequence expresses 

a unique lysine residue for the covalent attachment of one C60 electron acceptor per peptide 

via EDC chemistry. Peptide JBD1, with its lysine residue attachment point most proximal to 

the His6 QD binding domain, positions the C60 closest to the QD surface upon assembly 

(QD–C60 surface-to-surface distance (ssd), ∼10 Å). Peptide JBD3, which bears a nine-

proline repeat that adopts a type II helical conformation,44–46 positions the C60 most distal 

from the QD surface (ssd, ∼42 Å). JBD2 positions the C60 at an intermediary distance from 

the QD (ssd, ∼24 Å). See SI Table S1 for additional physicochemical properties of the 

peptides used herein.

Two variations of hydrophilic QD-capping ligand provide flexibility in terms of mediating 

colloidal stability in aqueous media while allowing the peptide’s membrane inserting 

domain to extend from the QD surface. As evidenced by molecular modeling (Figure 1B), 

the shorter dihydrolipoic acid (DHLA) ligand (∼11 Å extended length) affords maximal 

extension of the attached C60 beyond the ligand layer while providing colloidal stability at 

slightly basic pH.47–49 The longer PEGylated (68 Å nm extended length) DHLA–PEG750–

OMe ligand, which terminates in a methoxy group, avails stability over a wide pH range,
50,51 but the longer extended length increases hydrodynamic volume while reducing the 

accessibility of the peptide–C60 to the surrounding aqueous environment. As shown in 

Figure 1C, the full QD–peptide–C60 ensemble is predicted to interface with the outer leaflet 

of the plasma membrane such that the peptide–C60 portion of the conjugate is embedded in 

the lipophilic bilayer. In this configuration, the photoexcited QD serves as the electron donor 

and is engaged in ET with the C60 moiety, a potent electron acceptor.52,53 At resting 

membrane potential (∼−70 mV) the differential positive charge of the outer membrane 

leaflet supports radiative recombination of photoexcited electrons and holes within the QD, 

resulting in bright QD luminescence. Upon membrane depolarization, however, 

photoexcited electrons from the QD are preferentially attracted to the C60 acceptor, resulting 

in quenching of QD PL.

For this study we prepared two samples of core/multishell QDs: (i) CdSe/CdS/ZnS and (ii) 

CdSe/CdS/CdZnS/ZnS QDs with emission maxima centered at 605 and 625 nm, 

respectively. Both QD samples are classified as quasi-type II QDs in which there is spatial 

separation between the e–h charge carriers such that photoexcited electrons should 

delocalize into the surrounding CdS layer. The outermost ZnS shell passivates the core to 

minimize surface defects and maintain QD quantum yield while simultaneously providing a 

surface for assembly of the His6-bearing peptides by the ratiometric metal-affinity 

coordination as described previously.54

Characterization of QD–Peptide–C60 Bioconjugates

The successful covalent attachment of the C60 to each of the peptides was confirmed by 

spectroscopy (SI Figure S1). The peptides alone displayed only modest absorption in the 

250–300 nm spectral window. By contrast, the peptide–C60 conjugates showed significant 

absorbance across the 250–350 nm spectral range, consistent with the absorbance of the C60 
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fullerene.55 The His6-mediated assembly of the peptide C60 conjugates to the QD surface 

was characterized by dynamic light scattering (DLS) (SI Table S2). This analysis showed the 

concomitant increase in the hydrodynamic diameter of the QD coupled with a decrease in 

the diffusion coefficient when 30 copies of each peptide–C60 species were assembled onto 

the QD surface. Not surprisingly, the hydrodynamic diameter of the 605 nm QDs (13.8 nm) 

was larger than the hard diameter determined by transmission electron microscopy (TEM) 

(8.2 nm, SI Figure S2), as it includes contributions from the ligand capping layer and 

solvation sphere. Comparable results confirming successful assembly of the peptide–C60 to 

the surface of the 625 nm emitting QDs were also obtained. These results are consistent with 

our extensive previously published work showing the controlled, ratiometric assembly of 

His-tagged peptides and proteins to the QD surface and the long-term stability of the formed 

bioconjugates in cellular environments.25,27,48,49,56–58

Steady-State Photophysical Characterization of QD–Peptide–C60 Bioconjugates

Having confirmed our ability to controllably form QD–peptide–C60 bioconjugates, we next 

characterized the efficiency of the QD–peptide–C60 ET system using CdSe/CdS/ZnS QD 

(605 nm emission) as the electron donor. This emission window (along with the 625 nm QD) 

was chosen specifically to ensure that photoexcited ET from the QD donor to the C60 

fullerene acceptor was more favorable than FRET. We have shown previously that while 

both ET and FRET processes between the QD donor and C60 acceptor are possible, the use 

of QDs whose emission is tuned to the 600–630 nm window significantly favors ET 

processes over FRET.31 Steady-state QD PL quenching data were collected as a function of 

increasing numbers of peptide–C60 (i.e., valence) arrayed around the central 605 nm QD 

capped with DHLA ligands. As evidenced in Figure 2A–C, across all three peptide–C60 

species, the quenching efficiency tracked directly with the number of peptide–C60 assembled 

onto the QD scaffold. These results are consistent with our previous studies where the 

addition of increasing numbers of peptide–C60 allows for the iterative “tuning” of the 

quenching of QD PL.31 Notably, control experiments in which the 605 nm DHLA-capped 

QDs were assembled with non-C60 peptides showed no significant quenching of QD PL. 

Additional control experiments to assess the quenching of the QDs by free C60 in solution 

(at a ratio of 20 C60/QD) showed negligible quenching of QD PL, consistent with previous 

observations.31 These data confirm the necessity for attachment of the C60 to the QD surface 

via the peptide linker to mediate efficient quenching.

In the case of the three peptide–C60 species under investigation here, maximal quenching 

occurred as the peptide valence approached ∼60 peptides–C60/QD. While this peptide 

valence is slightly under the maximum number of peptides predicted to be able to assemble 

to the 605 nm QD surface (∼100 ± 20 peptides),59 clearly a peptide valence of ∼60 

facilitated maximal quenching. Similar trends in QD PL quenching efficiency were observed 

for 605 QDs capped with DHLA–PEG750–OMe ligands (Figure 2D, SI Figure S3). The 

modulation in PL intensity can be described by the relationship

IPL p

IPL 0 = 1
1 + pQY τr/τe
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where IPL(p) and IPL(0) are the PL of the QD in the presence and absence of peptide–C60, 

respectively, p is the number of peptide–C60 assembled onto the QD surface, QY is the 

quantum yield of the QD in the absence of peptide–C60, τr is the radiative decay time of the 

exciton in the QD, and τe is the time of electron transfer from the QD donor to the C60 

acceptor (see the SI for equation derivation). In these steady-state experiments we observed 

no significant dependence of QD PL quenching efficiency on the QD–C60 separation 

distance, suggesting that in solution the peptide–C60 interacts similarly with the QD surface 

across all three peptide–C60 conjugates. This strongly suggests that in the aqueous 

environment under which the steady-state PL data were collected, the peptides adopt a less 

structured conformation that allows the C60 moiety to approach very near the QD surface 

regardless of the peptide sequence. In the presence of biological membranes, however, the 

peptides adopt a more rigid helical structure that maintains the QD–C60 separation distance 

predicted by modeling. This is consistent with the behavior of the peptides in the presence of 

liposomal membranes as confirmed by circular dichroism analysis (vide infra).

Interestingly, in comparison to DHLA-capped QDs, the overall magnitude of quenching 

observed for the PEG-capped QDs was significantly greater. Consider again the data at the 

peptide–C60/QD valence of ∼40. At this ratio on PEG-capped QDs, QD PL quenching 

efficiency ranged from ∼83% (JBD1-C60) to ∼70% (JBD3-C60), corresponding to increases 

of 33% and 35%, respectively, in the quenching efficiency of these same peptides in the 

context of DHLA-capped QDs. It is likely that the carboxyl functions on the DHLA ligands 

played a key role in these observed differences. At the pH 8.5 conditions under which these 

experiments were performed, the carboxyl groups would be predominantly ionized and 

would likely abrogate the rate of ET between the QD and the C60 via electrostatic shielding. 

In contrast, the uncharged PEGylated ligand system would likely not elicit this effect. This 

trend continued for DHLA– and DHLA–PEG750–OMe-capped QDs with emis sion centered 

at 625 nm (SI Figure S4), demonstrating that the C60-induced PL quenching operated 

consistently across QD platforms. It is also worth noting the structural and “excluded-

volume” roles played by the PEG ligands in this context. Previous studies have implicated 

the role of PEGylated ligands in mediating conformational changes in peptide structure 

when assembled onto the QD surface, which can alter peptide persistence length,44,60 

resulting in shorter QD–C60 separation distances than those predicted by modeling. These 

effects likely contribute to the enhanced quenching of the QD by the C60 in the context of 

the PEG-capped QDs observed herein.

To confirm that the observed peptide–C60-induced QD PL quenching was dominated by 

non-FRET processes (i.e., ET), a wavelength-dependent quenching analysis was performed 

on the steady-state PL data. This analysis determines the magnitude of the wavelength 

dependence in QD quenching in QD donor–acceptor FRET systems, which is a hallmark of 

FRET systems that employ the QD as donor.61 We previously used this analysis to confirm 

that FRET was the predominant energy transfer process in QD–peptide–osmium 

bioconjugates.62 Herein, we performed this analysis on the QD–peptide–C60 ensembles 

(∼30 peptides assembled/QD) and found that the QD quenching was wavelength-

independent for all three JBD peptide species when assembled on DHLA or DHLA–

PEG750–OMe 605 nm QDs (SI Figure S5). Indeed, the flat slopes of the quenching 

efficiency plots coupled with the nearly symmetrical unquenched and quenched spectra 
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confirmed this. This is not surprising given the fact that in the 605 nm spectral window of 

the QD, the absorbance of the C60 is negligible and does not afford any appreciable energy 

transfer from the QD donor to C60 acceptor.31 Further, the overlap integral between the 605 

nm QD donor and C60 acceptor is minimal (J = 1.16 × 10−14 cm3 M−1) compared to lower 

wavelength emitting QDs.31 Cumulatively, these data strongly suggest that ET is the 

dominant mechanism in the observed QD PL quenching.

Characterization of Membrane Binding of Peptide–C60 and QD–Peptide–C60 Conjugates

Having established the ET-based nature of QD quenching by the C60, we next characterized 

the interaction of the peptide, peptide–C60, and QD–peptide–C60 conjugates with the plasma 

membrane of living cells. The peptides used in this study were designed to insert into 

biological membranes by virtue of their alanine/leucine-rich sequence, which promotes helix 

stabilization.41 To begin, we first characterized the unconjugated peptides’ (no C60) 

secondary structure alone in solution and in the presence of liposomal vesicles as analyzed 

by circular dichroism (CD). Peptides JBD2 and JBD3 were selected for this analysis, as the 

JBD2 sequence is nearly identical to JBD1 (except for the relocation of the internal lysine 

residue to the C-terminus and its replacement with leucine) and JBD3 contains a nine-

proline repeat predicted to form a type II proline helix.45 The CD spectra for peptides JBD2 

and JBD3 and the accompanying tabulated results are shown in SI Figures S6 and S7, 

respectively. Here, we looked for clear trends showing an increasing percentage of α-helical 

content of the peptide when in the presence of liposomes compared to when the peptide was 

in phosphate-buffered saline (PBS) buffer alone. Indeed, for both peptides an increase in α-

helical content was observed. For peptide JBD3, the increase in helical structure was less 

pronounced but still notable. Nonetheless, for both peptides, helical character was the only 

value for which an increase was observed, consistent with the peptides’ adoption of a helical 

conformation in the presence of biological membranes. Similar observations have been 

made for other alanine-leucine-rich peptides.41,63

Next, we determined the membrane-inserting behavior of the peptide–C60 conjugates. To 

accomplish this, immunocyto-chemistry using a C60-specific primary monoclonal antibody 

was performed to probe the interaction of the His6-bearing JBD peptides and JBD–peptide–

C60 conjugates with the membrane of A549 (adenocarcinomic human alveolar epithelial) 

cells. The primary antibody was probed with a secondary antibody–gold NP conjugate 

followed by silver staining to visualize the presence of the gold NP in the formed 

immunocomplex. As presented in the micrographs in Figure 3A and quantitatively in Figure 

3B, the magnitude of the normalized silver staining intensity clearly tracked with the 

presence of the C60 moiety compared to the nonconjugated peptide. These data, together 

with the CD data showing helix formation in the presence of liposomes and the well-

documented propensity of the C60 carbon allotrope to partition into biological membranes,
64–66 gave us great confidence that the His6-tagged peptide–C60 conjugate would append 

hydrophilic coated QDs to the outer leaflet of the plasma membrane by virtue of its 

membrane-inserting properties.

To confirm the latter, we performed membrane labeling studies in A549 cells to determine 

the efficiency with which the self-assembled 605 nm QD–peptide–C60 bioconjugates 
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decorated the plasma membrane. As evidenced by Figure 3C and D, we observed robust, 

bright membrane labeling immediately after 10 min of incubation of 20 nM QDs (20 JBD–

C60 peptides/QD) with the cell monolayers. The pH of the DPBS incubation buffer was 

adjusted to 7.9 to facilitate enhanced colloidal stability of the DHLA-capped QDs. The 

labeling was highly efficient (confirmed by confocal microscopy) with 70% (QD–JBD2–

C60) to 91% (QD–JBD1–C60) of cells positive for membrane labeling. Cells probed with 

QD–JBD3–C60 conjugates showed a labeling efficiency of 81%. This labeling morphology 

remained membranous for at least 30 min with minimal endocytosis of the QDs. 

Comparable membranous labeling was obtained with peptide/QD ratios of >20 (data not 

shown). DHLA-capped QDs bearing no peptide showed minimal nonspecific binding to the 

cell monolayers (<10% of the signal of that for QD with peptide) over the same incubation 

time course. The QDs capped with DHLA–PEG750–OMe ligands showed no significant 

binding whether or not they were decorated with peptide–C60 conjugates (data not shown). 

These observations are consistent with the important role of PEG ligands and coatings in 

minimizing nonspecific binding of a myriad of NPs both in vitro and in vivo.67–69 

Cumulatively, these data confirmed the successful membrane labeling with the QD-DHLA–

peptide–C60 conjugates, setting up their use as optical probes for monitoring modulations in 

membrane potential.

In Vitro Characterization of the Fluorescence Response of QD–Peptide–C60 Conjugates to 
Membrane Depolarization

Having confirmed the successful membrane labeling of cells with the QD–DHLA–peptide–

C60 conjugates, we next sought to ascertain the optical response of the probes to changes in 

membrane potential. We employed HeLa cells for this purpose, as our initial depolarization 

experiments on A549 cells using a commercial voltage-sensitive probe (FluoVolt) did not 

show any significant membrane depolarization response upon addition of 140 mM KCl. The 

addition of extracellular isotonic 140 mM KCl induces cells into a sustained depolarized 

state, and it has been used in a wide array of studies for the membrane depolarization of 

multiple cell types.39,70–73 For these studies, 605 nm DHLA-capped QDs appended with 20 

copies of JBD–C60 peptides were used. Not only did initial binding studies confirm 

excellent membrane labeling at this peptide valence, but this peptide/QD ratio also 

corresponded to ∼35% quenching of steady-state QD PL, allowing for further quenching 

upon membrane depolarization.

Figure 4A shows a representative example of the fluorescence intensities at resting potential 

(2.5 mM KCl) and after membrane depolarization (by addition of 140 mM KCl) in HeLa 

cells labeled with QD–DHLA–JBD1–C60 conjugates. Upon depolarization, a notable 

decrease in fluorescence intensity was observed for all three QD–peptide–C60 conjugates 

with distinct differences observed among the three probes. Figure 4B shows the quantified 

fluorescence intensities of all three QD–peptide–C60 conjugates pre- and post-

depolarization. The average percent fluorescence decreases (ΔF/F0 ± standard error of the 

mean (SEM)) were determined to be QD–JBD1–C60, 20 ± 2% (41 cells queried); QD–

JBD2–C60, 12 ± 2% (52 cells); and QD–JBD3–C60, 2 ± 1% (76 cells). Upon addition of 140 

mM KCl, the membrane potential of HeLa cells is expected to rise from ∼−50 mV to ∼0 

mV.74 Accordingly, the percent fluorescence decreases per mV we observed here correspond 
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to estimated values of 0.40%, 0.24%, and 0.04% for JBD1, JBD2, and JBD3, respectively. 

The PL modulations in response to membrane depolarization observed here are consistent 

with those predicted by modeling the effects of changes in membrane potential on the 

electron tunneling efficiency in the QD–peptide–C60 conjugates (see the SI). Control 

experiments with HeLa cells labeled with QD–DHLA–JBD1 peptide (no C60; 20 peptides 

per QD) showed less than 3% decrease in QD PL upon depolarization (SI Figure S8).

For comparison, Figure 4B also shows the response of the fast-response VSD FluoVolt, 

which displayed a fluorescence increase as expected (ΔF/F0 of 21% ± 2% (39 cells; 0.41% 

ΔF/F0 per mV)). Reported values of ΔF/F0 per mV for this dye range from 0.1% to 0.48% in 

patch-clamped cortical neurons and HEK cells, respectively,75 values to which the QD–

peptide–C60 conjugates reported here compare well. Relative to other fast-response VSDs 

(e.g., ANEPPS dyes (0.1% ΔF/F0 per mV76); RH-1691 (0.01% ΔF/F0 per mV77)) the 

fluorescence responses of the QD–peptide–C60 conjugates are significantly higher. The 

slow-response dibutylbarbituric-based VSD oxonol B438 exhibited a fluorescence increase 

of 64% (30 cells, 1.3% ΔF/F0 per mV). Despite its rather large ΔF/F0, oxonol B438 does not 

remain membrane-resident like other VSDs; it enters cells upon depolarization, where it 

binds to intracellular proteins and membranes, resulting in the influx of more dye and an 

increase in fluorescence.78 Thus, it was used here primarily as a positive control indicator of 

successful membrane depolarization.

The relative magnitude of the depolarization-induced fluorescence changes observed for the 

three QD–peptide–C60 conjugates generally tracked inversely with increasing QD–C60 

separation distance predicted by modeling (Figure 1B). This points to the important role 

played by the separation distance between the QD and C60 in mediating differential 

responsivity to changes in membrane potential, particularly when the QD–peptide–C60 

complex is interfaced with the plasma membrane. In this context, the lipid environment of 

the plasma membrane likely plays a critical structural role in maintaining peptide persistence 

length and optimal QD–C60 separation distance in the hydrophobic bilayer.79 It also strongly 

suggests that the loading conditions used consistently resulted in the proper orientation of 

the QD–DHLA–peptide–C60 complex in the plasma membrane wherein the hydrophilic QD 

is located on the cell surface and the hydrophobic peptide–C60 portion of the bioconjugate is 

buried within the aliphatic portion of the plasma membrane bilayer.

Importantly, the interfacing of the QD–DHLA–peptide–C60 conjugates with HeLa cells had 

minimal impact on their cellular viability. MTS proliferation assays were performed on 

HeLa cells incubated with QDs alone, JBD1–C60 peptide, or the full QD–DHLA–JBD1-C60 

conjugate under the labeling conditions described in the Methods section. None of these 

materials induced significant toxicity, with viabilities of >85–90% noted in all cases (SI 

Figure S9). We also confirmed the successful labeling and biocompatibility of the QD–

DHLA–JBD1–C60 conjugates using cultured networks of mouse cortical neurons (SI Figure 

S10). Following labeling of networks with the QD–DHLA–JBD1–C60 conjugates, cellular 

viabilities of >94% as compared to unlabeled control were determined by live/dead staining 

(five cultures and eight imaged regions of interest). These findings are consistent with 

previous studies detailing the largely innocuous nature of QD bioconjugates in biological 
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systems48,49,56,80,81 and points to improvements in cellular viability relative to other organic 

voltage-sensitive dyes that are known to significantly impact cellular homeostasis.82,83

We further demonstrated the utility and flexibility of the QD–DHLA–JBD1–C60 conjugate 

for imaging membrane potential by performing a series of two-color depolarization 

experiments where the VSD oxonol B438 (green channel) and the QD conjugate (red 

channel) were used combinatorially to provide dual-channel visualization of membrane 

depolarization in HeLa cells (Figure 5). Here, upon KCl-induced depolarization, a ∼21% 

decrease in QD conjugate PL coupled with a concomitant increase in oxonol B438 emission 

was noted. Comparable results were obtained in PC12 (rat adrenal medulla 

pheochromocytoma) cells (SI Figure S11). Notably, the presence of the oxonol fluorophore 

did not abrogate the function of the QD–peptide–C60 probe. This dual-channel format was 

also replicated in cultured monolayers of mouse primary cortical neurons where the QD PL 

was quenched ∼7% upon depolarization, coupled with a corresponding ∼5-fold increase in 

the emission of the oxonol probe (Figure 6). In addition to its demonstrated utility across 

multiple cell lines and primary cells, the narrow, red-shifted emission profile of the QD–

peptide–C60 probe (SI Figure S12) avails direct two-color membrane potential imaging that 

has heretofore necessitated complicated deconvolution or ratiometric imaging due largely to 

the broad emission profiles of voltage-sensitive dyes.84,85 Further, the simultaneous, 

differential PL responses of the oxonol (PL “on”) and QD (PL “off”) probes are easily 

discernible using standard filter sets.

In Vivo Characterization of the Fluorescence Response of QD–Peptide–C60 Conjugates to 
Cortical Brain Function

Given their significant photostability and large two-photon action cross sections, one of the 

very attractive applications of voltage-sensitive QD-based probes is the real-time imaging of 

in vivo brain function. To assess the sensitivity and temporal responsivity of our probes, we 

performed a series of cortical brain function imaging experiments in anesthetized B6 mice. 

Solutions of QD–JBD1–C60 (or control samples of QD–JBD1 (no C60) or QDs alone) were 

injected into multiple regions of the right or left parietal cortex (SI Figure S13) followed by 

the region selective introduction of electrical stimulation (100 μA) from a bipolar tungsten 

electrode. To reduce noise and to assess the ability of the QD–peptide–C60 probe to respond 

to repetitive rounds of stimulation, optical signals were averaged over 50 successive trials in 

each animal tested. In each trial, the stimulus consisted of seven pulses (each 3 ms duration 

at 200 Hz, 12 s between each trial). Figure 7A shows the relevant time-resolved optical 

images collected from mouse cortex injected with QD–DHLA–JBD1–C60 conjugates. The 

temporal fluorescence intensity profiles of four regions of interest (ROIs) were queried 

before, during, and after the stimulus (575 ms frame expanded in Figure 7B for clarity). 

Note that the responding ROI (A1) is located proximal to one of the stimulating electrodes, 

while the nonresponsive ROIs are distal from the inserted electrode. As evidenced by the 

plots in Figure 7C, ROI A1 responded nearly immediately upon application of the stimulus 

and displayed maximal fluorescence decrease (ΔF/F0 = ∼2.1%) at ∼100 ms after stimulation 

onset. The response decayed upon removal of the stimulation, returning to baseline within 

80–100 ms after removal of the applied stimulation. The variability of the response of the 

conjugate was also assessed across multiple animals, where the average percent PL response 
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across three animals (±SEM) was 2.1 ± 0.05 (SI Figure S14). Panels D and E in Figure 7 

present the time-resolved fluorescence responses of mice injected with two control 

constructs: QD–JBD1 peptide (no C60, panel D) and QDs alone (panel E), respectively (full 

data in SI Figure S12). Clearly, these two materials were nonresponsive to the applied 

stimulation, demonstrating the necessity of the full ensemble QD–peptide–C60 donor–

acceptor conjugate for function.

In comparison to popular in vivo VSDs under these same experimental conditions, the QD–

JBD1–C60 probe compares well in terms of its responsivity dynamics. For example, the so-

called “blue dyes” RH-795 (λem max. = 695 nm) and RH-1691 (λem max. = 675 nm) are 

specifically designed to have minimal light scattering and be less sensitive to contamination 

from hemodynamic components of the vascular system.82,86 These dyes respond optically 

within ∼10 ms to applied electrical stimulation and return to baseline within 50–100 ms,77 

comparable to the QD–JBD1–C60 probe. However, the QD–JBD1–C60 conjugate system 

responds with a 20- to 40-fold larger ΔF/F0 than the RH dyes (which typically exhibit ΔF/F0 

values of only ∼0.05–0.1%).77 Clearly the QD–peptide–C60 probe offers significant 

improvement in signal strength with no sacrifice in temporal responsivity.

CONCLUSIONS

The desire to map the functional connectome of the human brain to better diagnose and treat 

brain injury and disease has necessitated the development of new imaging modalities that 

afford capabilities beyond currently available techniques and materials. Currently employed 

approaches for the in vitro or in vivo monitoring/imaging of neuronal cell activity (e.g., 

action potentials) rely on patch clamp or fluorescent dyes/protein constructs and are limited 

by their lack of throughput, susceptibility to photobleaching, intracellular instability, or the 

need for the generation of transfected cells or transgenic animals.13 Ideally, next-generation 

optical probes to circumvent these issues would possess most, if not all, of the following 

criteria: (1) optical responsivity to biologically relevant electric field strengths, (2) bright, 

stable PL for long-term imaging, (3) the ability to be targeted specifically and noninvasively 

to neurons across multiple experimental platforms (monolayer, tissue slice, and in vivo 
whole animal), (4) large two-photon action cross sections that avail deep tissue imaging, and 

(5) the ability to engage in efficient energy or charge transfer with nanosecond lifetime. 

Clearly, the realization of the above attributes requires an understanding of new functional 

hybrid materials and how to integrate them, with fine control, with cells, tissues, and 

organisms.

Taking these desired criteria into account, here we set out to build on our previous body of 

work where we showed the utility of QD bioconjugates in a number of applications with 

implications for neuronal cell imaging. These include the use of QD–peptide assemblies for 

the specific labeling of the plasma membrane in monolayer cultured cells,24,25 the targeted 

labeling of neurons in tissue slices,34,35 the in vivo tracking of brain development,36 and the 

use of QD-coated patch pipets for multiphoton excitation-assisted deep-tissue visualization 

of live mouse electrophysiology.33 These demonstrations, coupled with our previous work 

that showed the ability of QD–fullerene donor–acceptor systems to engage in efficient ET,31 
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motivated us to ascertain whether this ET system could be used for the real-time 

visualization of changes in membrane potential in live cells.

In this work, we designed a QD–peptide–C60 bioconjugate system wherein each of the three 

components plays a pivotal role. The core/shell QD is specifically designed to be of the type 

II configuration to promote spatial segregation of electron–hole charge carriers. This 

configuration was selected to promote enhanced sensitivity to applied electric fields, as we 

have reported previously.38 The C60 is an efficient electron acceptor that quenches the PL of 

the photoexcited QD quantitatively as a function of the number of C60 acceptors assembled 

on the QD surface.31 Finally, the alanine/leucinerich peptide bridge serves to append the C60 

acceptor at discrete fixed distances while also mediating membrane insertion as confirmed 

by CD analysis and immunostaining. Steady-state PL quenching analysis confirmed that the 

efficiency of QD quenching was intimately dependent on the number of peptide–C60 

acceptors arrayed around the central QD donor. This is consistent with ET theory and has 

been observed in donor–acceptor systems where the peptide plays the role of functional 

spacer and facilitates ET via tunneling.87,88 In contrast to the work of Virkki et al.,32 who 

studied the QD quenching efficiency of C60 attached directly to the capping ligand, our 

approach here provides finer control over the number of C60s in the ensemble bioconjugate.

The nature of the ligand played a critical role in the quenching efficiency in the QD–C60 

donor–acceptor system, as has been reported elsewhere in the literature for other QD-based 

ET systems.89–91 The shorter, negatively charged DHLA ligand mediated a moderate degree 

of QD quenching, while for the same peptide/ratio combination the quenching induced by 

the uncharged DHLA–PEG750–OMe ligand was significantly higher. In this context, it is 

likely that the negative charges on the DHLA ligands abrogate the efficient quenching of the 

QD PL. The Weiss group made similar observations in their studies of electron exchange 

between PbSe QDs and a negatively charged anthraquinone where the introduction of 

increasing numbers of charged 6-mercaptohexanoate ligands resulted in a concomitant 

decrease in the rate of ET.92

Just as the ligand coating influenced the QD quenching efficiency, it was also a critical 

determinant of the interaction of the assembled QD–peptide–C60 conjugates with cells. 

DHLA–PEG-capped QDs assembled with any of the three JBD–C60 conjugates showed no 

detectable QD binding to the plasma membrane. Molecular modeling strongly suggested the 

steric shielding of the peptide–C60 conjugates in the context of this ligand coating. DHLA-

capped QDs, however, presented the peptide–C60 conjugate beyond the ligand shell and 

extending from the QD surface. These observations are consistent with previous reports 

showing the effect of the capping ligand layer on the display and packing of peptides and 

proteins on the QD surface when assembled via the Hisn-based metal affinity strategy used 

herein.59,93 It is fortuitous in our case that the DHLA ligand coating that affords more 

efficient binding of the QD–peptide–C60 bioconjugates to the plasma membrane also 

mediates only a moderate degree of QD quenching. The intermediary degree of quenching in 

this ligand system (∼35% quenching at 20 JBD1 peptides/QD) avails a sufficient dynamic 

range for further QD quenching upon depolarization of membrane potential.
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We functionally demonstrated the utility of the QD–peptide–C60 system for the imaging of 

membrane potential changes in cultured HeLa and PC12 cells and in primary cortical 

neurons. In these systems, we showed the compatibility of the QD–peptide–C60 probe with 

standard voltage-sensitive dyes for two-color combinatorial membrane potential imaging. 

We further showed their ability to be used as photostable labeling probes in networks of 

cortical neurons cultured on microelectrode arrays (MEAs). Finally, in vivo imaging of 

cortical electrical stimulation functionally demonstrated the superior imaging capability of 

the QD–peptide–C60 probe compared to traditional VSDs, where a 20- to 40-fold 

improvement in ΔF/F0 was realized with no sacrifice in responsivity.

Previous reports have demonstrated the ability to interface QD-based ET constructs with live 

cells for imaging applications. Medintz et al. used QDs engaged in ET with a peptide–

dopamine conjugate self-assembled to the QD surface to monitor intracellular pH changes in 

real time.58 In those studies, the QDs were physically microinjected into the cellular cytosol 

to visualize drug-induced alkalosis. In the present report, the QD–peptide–C60 bioconjugate 

spans the outer leaflet of the plasma membrane, and the starting degree of quenching of the 

photoexcited QD by the C60 moiety at resting potential can be modulated by the number of 

C60 acceptors arrayed around the central QD donor.

The QD–peptide–C60 system we describe here offers several distinct advantages over VSDs 

and genetically encoded voltage-sensitive fluorescent protein constructs. First, the ΔF/F0 

values observed are larger than commonly employed VSDs (vide supra). Second, its 

modular nature affords facile assembly and tractability that cannot be readily achieved with 

organic dyes that require complicated synthesis and purification schemes.75,85,94,95 Third, 

the QD quenching efficiency is tunable and easily controlled through rational peptide design 

as demonstrated here. Fourth, as the system employs QDs in the >600 nm emission window 

as electron donors, cellular autofluorescence is minimized. Of particular note is the large 

two-photon action cross sections of QDs (often 103–104 times greater than organic dyes),
28,96 which could allow deeper tissue imaging combined with voltage sensing.33 Finally, in 

contrast to previous reports that have used QDs as optical voltage-sensing probes,39 our 

approach described here is not dependent on the insertion of the QDs into the membrane 

bilayer. This is a considerable challenge given the hard diameter of QDs (typically 5–10 nm) 

relative to the 4 nm expanse of the aliphatic portion of the bilayer. Membrane-partitioning 

QDs require hydrophobic coatings, and their delivery depends on the use of fusogenic 

delivery vesicles for membrane insertion.26 We expect that the QD–peptide–C60 system 

described here will find great utility in an array of voltage-sensing schemes. Given the 

significantly higher photostability and two-photon action cross sections of QDs compared to 

VSDs, we anticipate the expanded use of the QD–peptide–C60 constructs described herein 

for deeper tissue imaging of in vivo brain function.

METHODS/EXPERIMENTAL

Materials

All chemicals were purchased from Sigma-Aldrich (St. Louis, MO, USA) and used as 

received unless otherwise mentioned. Dulbecco’s phosphate buffered saline (DPBS), 4-(2-

hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES, 1 M), Dulbecco’s modified Eagle 
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medium (DMEM), modified Eagle medium (MEM), fetal bovine serum (FBS), DMEM 

containing 25 mM HEPES (DMEM–HEPES), antibiotic–antimycotic, DiBAC4(3) (bis(1,3-

dibutylbarbituric acid)trimethine oxonol (B438)), and FluoVolt membrane potential kit were 

purchased from Life Technologies (Grand Island, NY, USA). Primary fullerene mouse 

monoclonal IgG and goat anti-mouse polyclonal–gold nanoparticle conjugate were obtained 

from Santa Cruz Biotechnology (Santa Cruz, CA, USA). 1,2-Dipalmitoyl-snglycero-3-

phosphocholine was from Avanti Polar Lipids (Alabaster, AL, USA).

Quantum Dots

CdSe/CdS/ZnS and CdSe/CdS/CdZnS/ZnS QDs with emission maxima at 605 and 625 nm, 

respectively, were synthesized according to previously published procedures.97–100 DHLA 

and DHLA–PEG750–OMe were prepared according to established protocols.49,51,99,101 A 

two-step ligand exchange procedure was used to coat these QDs with DHLA or DHLA–

PEG750–OMe ligands, adopted from our previous work for the transfer of QDs to water with 

pyridine-appended polymers.102 Briefly, the QDs (5 nmol) were precipitated with acetone 

and centrifuged at 3500 rpm for 5 min, and the supernatant was discarded. The QD pellet 

was mixed with ethanol (0.5 mL), chloroform (0.3 mL), and 2-(2-aminoethoxy)-ethanol 

(0.15 mL) and then heated at 60 °C for 1 h under nitrogen with stirring to form a clear 

solution. After cooling to room temperature, the QDs were precipitated with a mixture of 

ethyl acetate, 2-propanol, and hexanes. The QDs were centrifuged at 3500 rpm for 5 min, 

and the supernatant discarded. The QD pellets were then mixed with ethanol (0.5 to 1 mL) 

and the desired ligand at approximately 30 000 equiv of ligand per QD. The mixture was 

sealed under nitrogen and stirred at 60 °C overnight. The QDs were then purified according 

to published protocols.103 DHLA and DHLA–PEG750–OMe coated QDs were stored in 

sodium tetraborate (4–5 mM) and DI water solutions, respectively, in the dark at 4 °C.

Transmission Electron Microscopy of QDs

Structural characterization of asprepared QDs was carried out using a JEOL 2200-FX 

analytical high-resolution transmission electron microscope with a 200 kV accelerating 

voltage. Samples for TEM were prepared by spreading a drop (5–10 μL at a concentration of 

∼1 μM) of the filtered QD dispersion onto an ultrathin carbon support film on a 300 mesh 

Au grid (Ted Pella, Inc.) and letting it dry. Individual particle sizes were measured using a 

Gatan Digital Micrograph (Pleasanton, CA, USA). Average sizes along with standard 

deviations were extracted from analysis of ∼100 QDs.

Peptide–C60 Conjugates

Peptides were labeled with C60 and purified according to the procedure detailed in ref 31 

with slight modifications. Briefly, peptide (1 mg, 1 equiv), C60-pyrrolidine tris-acid (Sigma-

Aldrich) (6 equiv), and N-hydroxysuccinimide (84 equiv) were placed in a 20 mL 

scintillation vial with 2 mL of 95% DMSO/H2O. Triethylamine (8 equiv) was added to the 

mixture with stirring. After a few minutes N,N′-diisopropylcarbodiimide (66 equiv) was 

added, and the mixture was stirred overnight (∼16 to 20 h) at room temperature in the 

absence of light. To isolate the C60-labeled peptide, 0.5 mL of DI water and 2.5 mL of Ni2+-

nitrilotriacetic acid agarose resin (Qiagen, Valencia, CA, USA) was added to the reaction 

mixture and stirred for 1–2 h. The resin was then filtered on a glass frit and washed with 
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DMSO (∼6 × 7 mL aliquots, or until the filtrate was colorless) and then DI water (∼4 × 7 

mL aliquots). The C60-labeled peptide was then eluted from the resin using an imidazole 

(600–900 mM) solution in 90% DMSO/H2O (∼4 × 1 mL aliquots). The combined filtrate 

was desalted on a preprimed oligonucleotide purification cartridge (OPC) and dried to a 

pellet.40 After desalting, the bound peptide was eluted with neat acetonitrile (∼4 × 0.1 mL 

aliquots) and then dried. The peptide pellet was dissolved in DMSO, quantified by UV–vis 

spectrophotometry (C60 absorbance at 350 nm, 34 300 M−1 cm−1), and then stored at 

−20 °C. The conjugation of the C60 to the peptide was confirmed by differential absorbance 

spectroscopy using unconjugated peptide as a reference.

Molecular Modeling of QD–Peptide–C60 Conjugates

All models were created using tools in UCSF Chimera, version 1.4.1. Energy minimization 

was carried out in Chimera using built-in features including ANTECHAMBER (version 

1.27) and the AM1-BCC method of calculating charges.104 The model of the C60 fullerene 

was constructed from the structure of (η5-pentaphenyl-C60fullerene)-(η5-

cyclopentadienyl)iron carbon disulfide.105 The covalently attached phenyl groups were 

removed from the fullerene using the tools in Chimera, and the resulting model was energy 

minimized as described above. The C60 fullerene was further modified to contain a bridging 

group on the region formerly occupied by the phenyl groups. A model for peptide JBD2 (see 

Figure 1 for peptide sequences) was first created in Chimera. On the basis of prior work the 

His6 region was modeled with an extended conformation, which is consistent with the four 

to six coordination bonds the His6 tail forms with the QD surface. The remaining portion of 

the peptide was modeled as a helix based on both modeling and similarity to other short 

peptides of know conformation. Following initial peptide folding the peptide model was 

energy minimized using tools in Chimera. The helical conformation of the 

AALAAWAALAAAAALAAAK region was verified using Mobyle106 and PSIPRED.107 

The models for the C60 fullerene and peptide linker were joined, and the full model was 

energy minimized. In a similar manner the JBD3 peptide containing a Pro9 segment was 

built in Chimera. The helical region of peptide JBD2 was extended by inserting an Ala-Pro9 

segment just before the His6 QD binding region to yield the full JBD3 sequence. The Pro9 

was constrained to be helical based on prior work.44,108 Lastly a model for the JBD1 

sequence was constructed in Chimera with residues 1–20 constrained to be α-helical and the 

His6 region extended. In this model the C60 was attached to the ε-amino group in the 

internal lysine residue. All models were docked to the surface of the QD with a diameter of 

100 Å with an 11 Å DHLA layer on the QD surface. Comparable models were generated 

where the QD was coated with a DHLA–PEG750–OMe ligand layer (∼33 Å thick). 

Molecular graphics images were produced using the UCSF Chimera package from the 

Resource for Biocomputing, Visualization, and Informatics at the University of California, 

San Francisco (supported by NIH P41 RR-01081).

Self-Assembly of Quantum Dot–Peptide Conjugates for Optical Characterization

The QD–peptide–C60 conjugates were prepared via self-assembly using the conditions 

described previously.31 Briefly, the frozen, concentrated C60-labeled peptide solutions (in 

DMSO) were thawed, sonicated, and then used to form diluted peptide stock solutions in 

DMSO (∼10 μM). The following is an example for preparing the conjugates with DHLA–
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and PEG750–OMe-coated QDs. First, QDs (∼10 pmol, 0.26 μM) in 14 mM sodium 

tetraborate buffer (pH ∼8.5) were mixed with DMSO, and then appropriate volumes of C60-

labeled peptide stock solutions (10 μM) were added to achieve the desired peptide/QD ratio 

with a final volume of 110 μL. The initial volume of DMSO added was adjusted for each 

ratio of peptide/QD to achieve a final DMSO content of 65% (v/v). The final QD 

concentration was 90 nM. These solutions were mixed and assembled overnight before 

analysis. Successful self-assembly of the peptide–C60 conjugates to the QD surface was 

confirmed by measuring particle size and distribution via DLS using a ZetaSizer NanoSeries 

equipped with a HeNe laser source (λ = 633 nm) (Malvern Instruments Ltd., Worcestershire, 

UK) and analyzed using Dispersion Technology Software (DTS, Malvern Instruments Ltd.).

Optical Characterization of QD–Peptide–C60 Conjugates

Steady-state photoluminescence measurements were performed on a Tecan Infinite M1000 

fluorescence multifunction plate reader. Electronic absorption spectra were collected on an 

HP 8453 diode array spectrophotometer (Agilent Technologies, Santa Clara, CA, USA).

Liposome Synthesis

Liposomes composed of 1,2-dipalmitoyl-snglycerol-3-phosphocholine phospholipids were 

prepared through thin film hydration. The phospholipids were dissolved in chloroform to a 

final concentration of ∼10–20 mM. The lipids were then placed in a round-bottom flask, and 

the solvent was removed overnight by Rotovap under vacuum to produce a thin lipid film. 

The lipids were rehydrated in ∼5 mL of warmed PBS (preheated to ∼45 °C) for 1 h. The 

lipid suspension was agitated by shaking for 30 min and then placed in a bath sonicator for a 

minute to produce liposomal vesicles.

Analysis of Peptide Structure by Circular Dichroism

CD experiments were carried out using a Jasco J-815 CD spectrometer (Jasco, Easton, MD, 

USA). A peptide concentration of 5 μM was used for CD measurements. CD spectra were 

recorded in phosphate buffer, pH 7.0, in the presence or absence of liposomes (∼250 μM 

lipids). Wavelength scans were performed from 190 to 260 nm in a thermally controlled 

(20 °C) quartz cell having a 0.1 cm path length. Each CD spectrum was the average of three 

scans done at a scan rate of 50 nm/ min using a data pitch of 1 nm, data integration time of 8 

s, bandwidth of 1 nm, and a scan speed of 50 nm per min. The background spectrum (buffer 

only in the cuvette) was measured first, followed by that of the peptide or peptide/liposome 

solution. Collected CD data were normalized, and the ellipticity value (θ, in mdeg) was 

converted to standard units of deg·cm2/dmol (designated as [θ]) using [θ] = θ/(path length in 

mm × molar concentration of peptide × number of residues). Data on the molar ellipticity as 

a function of wavelength that were obtained from the CD scans were deconvoluted using the 

SP-22X algorithm and analyzed using the CONTIN/LL software packages to yield the 

predicted percentages of secondary structural components. These programs analyze the 

ellipticity values at each wavelength and compare them with a library of proteins with 

known secondary structure to estimate the percentages of the various components.
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Cell Culture

A549 and HeLa cells (ATCC, Manassas, VA, USA) were cultured in DMEM and MEM, 

respectively. Each basal medium was amended to contain 10% FBS, 1× antibiotic–

antimycotic, and 1 mM sodium pyruvate to yield the complete growth medium formulation. 

All cellular delivery/staining experiments were performed using cells between passages 5 

and 15. In general, cells were seeded to 35 mm culture dishes fitted with 14 mm #1.0 cover 

glass inserts (MatTek Corp., Ashland, MA, USA) at a density of ∼7 × 104 cells/mL (total 3 

mL/dish). The dishes were precoated with fibronectin (10–20 μg/mL) in DPBS before 

adding the cell suspension, and the cells were cultured for 24 h prior to use in labeling 

experiments.

For primary neuronal cultures, glass dishes were pretreated with 50 μg/mL poly-D-lysine 

(Sigma-Aldrich) by placing 50 μL drops in the center of the dishes overnight, rinsing twice 

with DI water, and allowing to air-dry. Next, 50 μL drops of 20 μg/mL laminin (Sigma-

Aldrich) in DPBS (without Ca2+ or Mg2+; Thermo Fisher Scientific Inc., Waltham, MA, 

USA) were placed at the center of the dishes for 1 h, then removed, and the dishes air-dried.
109 E18 murine cortices were obtained commercially (BrainBits LLC, Springfield, IL, USA) 

or surgically isolated and cultured as previously described.107 Briefly, embryonic cortices 

were surgically dissected, minced, and placed in serum-free DMEM containing 20 U/mL 

papain (Sigma) in papain activation buffer (1.1 mM EDTA, 67 μM mercaptoethanol, and 5 

mM L-cysteine) and 200 U/mL DNase (Thermo Scientific) for 20 min at 37 °C. 

Enzymatically dissociated tissue was then triturated using a fire-polished Pasteur pipet until 

the suspension appeared uniform (20–30 times). Following trituration, the cells and 

dissociation solution were centrifuged at 250g for 5 min, and the resulting pellet was 

resuspended in 1 mL of complete cell medium (high-glucose DMEM + Glutamax, 2% B27, 

8 μg/mL L-ascorbic acid, 5% horse serum, 5% fetal bovine serum) for cell counting. 

Additional medium was then added to obtain a cell concentration of 1 × 106/mL. An aliquot 

(50 μL) of cell solution was added to the center of each well and kept at 37 °C, 10% CO2, 

and 90% humidity for approximately 2 h to facilitate cell adhesion, then flooded with an 

additional 1 mL of complete medium. Cortical cultures underwent 50% medium exchanges 

every 48 h prior to QD labeling and live/dead staining experiments. Following 7 days in 

culture, complete cell medium was replaced with serum-free medium to cease the 

proliferation of non-neuronal cells.

Determination of Membrane-Binding Efficiency of Peptides and Peptide–C60 Conjugates by 
Silver Staining

Growth media was removed, and A549 cell monolayers and the cells were washed with 

DMEM–HEPES. The cells were then incubated with 5–10 μM peptide or peptide–C60 

conjugates for 10–15 min at 37 °C. Following washing with DMEM–HEPES, the cells were 

fixed with paraformaldehyde (3.7% in DPBS) for 15 min followed by permeabilization 

using 0.01% Triton/DPBS for 15 min at room temperature. Then the cells were washed 

again with DMEM–HEPES and incubated with mouse anti-C60 monoclonal Ab (3.3 μg/mL 

in 0.1% gelatin/DPBS) for 45 min at 37 °C followed by incubation with secondary goat anti-

mouse (2 μg/mL in 0.1% gelatin/DPBS) for 45 min at 37 °C. The cells were washed with 

DMEM–HEPES and water and stained for 5 min using a silver staining/enhancer kit 
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(Sigma-Aldrich). A control sample without peptides was also prepared following the same 

procedure. The samples were imaged by differential interference contrast (DIC), and the 

degree of staining was quantified by selecting ROIs for individual cells using ImageJ 

software ver. 1.50i (National Institutes of Health, USA).

Preparation of QD–DHLA–Peptide–C60 Complexes for Membrane Labeling and 
Depolarization Studies

The QD–DHLA–peptide–C60 complexes were prepared by adding 2 μL of a 3 μM QD stock 

solution (final QD concentration 20 nM) to 297 μL of peptide solution (400 nM final 

concentration) in PBS (pH 7.9–8.2). The final QD:peptide–C60 ratio was 1:20. The mixtures 

were incubated for 15 min at room temperature to form QD–peptide assemblies. The 

complexes were briefly centrifuged and used immediately to label cellular membranes.

Cellular Labeling with QD–DHLA–Peptide–C60 Complexes

Complete growth medium was removed from cell monolayers, and the cells were washed 

with DMEM–HEPES. Solutions (typically ∼150 μL) of QD–DHLA (20 nM QD) or QD–

DHLA–peptide–C60 complexes (20 nM QD appended with 20 peptides/QD; 400 nM peptide 

concentration) were incubated on the cells for 10–15 min at 37 °C followed by washing with 

DPBS. The cells were fixed with paraformaldehyde (3.7% in DPBS) for 15 min at room 

temperature, stored in 0.05% NaN3/PBS at 4 °C, and imaged within 48 h. Live cell imaging 

during depolarization studies was performed as described below.

KCl Depolarization Studies

Depolarization experiments were performed on live HeLa, PC-12, and primary murine 

neuronal cells. The cells were labeled with QD–DHLA–peptide–C60 complexes as described 

above. For comparison, two commercial voltage-sensitive probes were also studied: the slow 

response dye, oxonol (B438), or the fast response probe, FluoVolt. Cells were labeled with 

oxonol by incubation with 125 μL of 1 μM oxonol in DMEM–HEPES for 5 min at 4 °C. 

Labeling of cells with FluoVolt was done according to the manufacturer’s supplied protocol. 

After staining cells were washed with DPBS. Live cell imaging solution (200 μL, Life 

Technologies) was added to cover the cell monolayers. Cells were imaged (vide infra) for 

florescence response to membrane depolarization induced by the addition of isotonic 140 

mM KCl solution. In these experiments, 140 mM KCl was perfused into the culture dish 

over 3 min, and the KCl concentration was allowed to stabilize for another 2 min. 

Fluorescence was quantified at the beginning and end of this regimen. Fluorescence 

quantification of images was done using NIS-Elements AR 4.3 software (Nikon Co. Ltd., 

Tokyo, Japan) by sampling multiple RIOs in individual cells.

Microscopy

Imaging of fixed cell samples and live cell depolarization experiments was performed by 

DIC and confocal laser scanning microscopy using a Nikon A1RSi confocal microscope 

equipped with a 405 nm diode laser with fluorescence detection channels set to 500–550 nm 

(green) and 570–620 nm (red) with dichroic mirrors at 405/488/561/640 nm. All images 

were collected using a Plan Apo 60× objective. Laser power, PMT gain, and threshold for 
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each channel were held constant across different samples to allow for quantitative analysis. 

The confocal images were acquired as a z-stack comprising sequential/series optical x–y 
sections taken at 0.5–1.5 μm z-intervals using NIS-Elements AR 4.3 software (Nikon Co. 

Ltd., Tokyo, Japan). The images were processed for publication with Adobe Photoshop CS4 

(ver. 11.0).

Cellular Proliferation Assays

The cytotoxicity of QDs and QD–peptide–C60 complexes was determined on HeLa cells 

using the CellTiter 96 Aqueous One Solution MTS cell proliferation assay (Promega, 

Madison, WI, USA). This assay is based upon the conversion of a tetrazolium substrate to a 

soluble formazan product by viable cells. HeLa cells were seeded to the wells of 96-well 

tissue culture plates (∼5 × 103 cells/well). QDs and QD–peptide–C60 complexes were 

incubated on the cells for 15 min to emulate the labeling conditions used herein. After 

incubation, the materials were replaced with complete growth medium and the cells were 

cultured for 72 h. After this proliferation period, 20 μL of the tetrazolium substrate was 

added to each well, and color formation proceeded at 37 °C for 4h. The absorbance of the 

formazan product was read at 590 and 620 nm (for subtraction of nonspecific background 

absorbance) using a Tecan Infinite M1000 (Tecan, US) microtiter plate reader. Absorbance 

values with the background subtracted were reported as percent of control cell proliferation 

(degree of proliferation of cells in cell culture media only).

Cortical Neuron Live/Dead Assays

Live cell staining was carried out using Calcein AM (Thermo Fisher). Briefly, cells were 

washed three times in PBS and incubated in serum-free complete cell medium containing 2 

μM Calcein AM at 37 °C for 10 min.

In Vivo Optical Recording of Cortical Brain Function

Experimental procedures were all in accordance with the National Institutes of Health 

guidelines for the care of experimental animals and an experimental protocol approved by 

the Animal Use and Care Committee of the University of Maryland School of Medicine. 

Imaging was performed on a total of five adult mice (B6 male and female, 25–30 g body 

weight, age 5–10 weeks): QD–JBD1–C60 (2 mice), QD–JBD1 (1 mouse), QD alone (2 

mice). All animals were anesthetized with urethane (1.2 g/kg) and fixed on a stereotactic 

frame. A 3 × 3 mm section of the cranial bone above the left or right parietal cortex was 

removed using a dental drill. The exposed dural surface was cleaned with a hemostatic 

sponge and washed with artificial cerebral spinal fluid (ACSF). After craniotomy, 3–6 

intracortical injections (0.5 μL each) of QD (1 μM QD) or QD–peptide solution (QDs 

assembled with 20 peptide/QD) were performed using a Nanojet II injector device fitted 

with a glass micropipet (20–50 μm diameter) mounted on a micromanipulator that allowed 

precise injections 0.3 mm below the dural surface. After injection the cortex was washed 

with ACSF, covered with high-density silicone oil, and sealed with a 0.1 mm thick cover 

glass to suppress brain pulsations caused by cardiovascular and respiratory movements. For 

imaging, the CCD camera was positioned above the recording area and directed such that its 

optical axis was perpendicular to the cortical surface. The focusing plane was set 100 μm 

below the dural surface. During recording, the imaging area of the cortex was illuminated 
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with a tungsten filament lamp (12 V, 100 WA, Zeiss) passed through an excitation filter (490 

± 30 nm) and a dichroic mirror at 575 nm. Imaging was performed through a tandem 

configuration of two 50 mm lenses, at a frame rate of 200 Hz, and recorded using a 

MiCAM-02 system (SciMedia, Costa Mesa, CA, USA).

For electrical stimulation, a bipolar tungsten electrode was introduced into the cortex at a 

depth of 0.1–0.2 mm. An electrical stimulus (100 μA) was computer-generated using an 

ISO-Flex stimulator (A.M.P.I., Israel) and consisted of seven pulses (each 3 ms duration, 100 

Hz frequency). At the start of each optical recording, a grayscale image of the opened 

cortical region was captured and saved as a graphic file. Each experimental session consisted 

of 50 trials (500 frames/trial) with the electrical stimulus (one stimulus per trial) presented at 

the 100th frame (500 ms). The interval between trials was 12 s. Fluorescence changes were 

calculated as ΔF/F0 in ROIs using Brain Vision Analyzer (Brain Products GmbH, Germany). 

Images of areas activated by electrical stimulation were pseudocolored for publication.

Data analysis

The data were statistically analyzed by the univariate analysis of variance (ANOVA) using 

GraphPad Prism 6.01 software for Windows (La Jolla, CA, USA). For multiple comparisons, 

Bonferroni’s post hoc test was applied. All average values were given ± standard error of 

mean unless otherwise mentioned. The acceptable probability for significance was p < 0.05.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
QD–peptide–C60 bioconjugates. (A) Modular design of QD–peptide–C60 bioconjugates. The 

core/shell QD serves as a central scaffold to which is appended peptides bearing a C60 

fullerene at discrete positions. A unique lysine (K) allows for the controlled placement of the 

C60 moiety at different distances from the QD surface. An N-terminal polyhistidine tract 

(H6) mediates self-assembly of the peptide to the QD shell. Peptide sequences are written in 

N → C orientation. (B) Molecular models of QD–peptide–C60 bioconjugates. Shown is the 

605 nm emitting core/shell QD (yellow sphere; 100 Å in diameter) capped with DHLA (left 

panel) and DHLA–PEG750–OMe (right panel) ligands for water solubility. The ligand layer 

is shown in gray and is 11 Å (DHLA) or 33 Å thick (DHLA–PEG750–OMe). Each QD is 

shown appended with peptides JBD1, JBD2, and JBD3 wherein the C60 electron acceptor is 

iteratively positioned at increasingly further distances from the QD surface. The predicted 

surface-to-surface distances from the QD to the C60 surface are as follows: JBD1, 10 Å; 

JBD2, 24 Å; JBD3, 42 Å. (C) Schematic of the response of QD–peptide–C60 bioconjugates 

to changes in membrane potential. Multiple peptide–C60 conjugates are arrayed around the 

central QD (electron donor), and they all engage in electron transfer (ET) with the QD; a 

percentage of the arrayed peptide–C60 are inserted into the membrane bilayer and contribute 

to depolarization-induced PL quenching. At resting potential, minimal ET from the 

photoexcited QD to those C60 embedded in the membrane bilayer results in bright QD 

emission (top). Depolarization of the membrane potential augments the rate of ET, causing a 

decrease in QD PL (bottom).
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Figure 2. 
Steady-state PL analysis of QD–peptide–C60 conjugates. Representative PL spectra 

collected from 605 nm emitting DHLA-coated QDs assembled with increasing ratios of (A) 

JBD1-C60, (B) JBD2-C60, and (C) JBD3-C60 peptides. (D) Comparison of steady-state QD 

PL (normalized) from QD–JBD–C60 conjugates versus increasing ratio of peptide assembled 

per QD for DHLA–and DHLA–PEG750–OMe-coated QDs.
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Figure 3. 
Membrane binding of JBD peptides, JBD–C60 peptide conjugates, and QD–DHLA–peptide–

C60 conjugates. Immunocytochemistry combined with silver staining was used to visualize 

gold nanoparticle-bearing immunoplexes in A549 cells. (A) Cells were incubated with 10 

μM JBD peptide minus C60 (left column) or 10 μM JBD peptide–C60 conjugate (right 

column), fixed/permeabilized, immunoprobed, and silver stained for the presence of the C60 

moiety. White arrows point to individual cells. Scale bar, 20 μm. (B) Comparative 

quantitative analysis of silver stain intensity of the images shown in A. Silver stain intensity 

was quantified by treating individual cells in each image as separate regions of interest 

(ROIs). The bar graph shows the resulting average ± SEM of silver stain intensities 

corresponding to at least 40 cells for each sample (three independent experiments). (C) DIC 

(left) and confocal fluorescence (right) images of A549 cell monolayers labeled with 605 nm 

QD–DHLA–JBD peptide–C60 complexes as indicated. The micrographs show robust 

binding of the QD–peptide–C60 conjugates to the plasma membrane. Scale bar, 20 μm. (D) 

Quantification of membrane staining of the QD–peptide–C60 QD complexes in panel C. 

Fluorescence intensities were determined by drawing an ROI around the plasma membrane 

of individual cells. Bar graph shows the average ± SEM fluorescence intensities of 50 to 70 

cells for each sample from four independent experiments. The results shown are background 

corrected for nonspecific binding of QD alone (no peptide).
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Figure 4. 
Imaging of membrane potential changes in cells labeled with QD–DHLA–JBD peptide–C60 

bioconjugates. (A) Differential interference contrast (DIC) and confocal fluorescence images 

of HeLa cell monolayers labeled with 605 nm QD–DHLA–JBD1 peptide–C60 bioconjugates 

before (top) and after (bottom) depolarization with KCl solution. Labeled cell monolayers 

were cultured in live cell imaging solution (LCIS) containing 2.5 mM KCl (resting, top). 

Depolarization of membrane potential was performed by addition of LCIS containing 140 

mM KCl (depolarized, bottom). Scale bar, 20 μm. Arrows highlight the same cell in each 

panel. (B) Quantification of the fluorescence intensity decrease from resting (2.5 mM KCl, 

gray bar) to depolarized (140 mM KCl, black bar) membrane potential for the QD–peptide–

C60 conjugates. The fluorescence response increase of the commercial VSDs FluoVolt and 

oxonol B438 are shown for comparison.
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Figure 5. 
Dual-channel mode imaging of cellular membrane potential in HeLa cells using QD–JBD 

peptide–C60 bioconjugates and oxonol. (A) HeLa cells were colabeled with 605 nm QD–

DHLA–JBD1–C60 conjugates (red) and oxonol B438 (green) and were depolarized by KCl 

perfusion. Shown are the DIC and confocal fluorescence images of HeLa cell monolayers 

before and after depolarization with KCl solution. Scale bar, 20 μm. White arrows highlight 

the same cell in each panel. (B) Quantification of the relative change in the fluorescence 

intensity of the QD–peptide–C60 complexes and oxonol upon addition of KCl solution. 

Fluorescence intensity of the cells was obtained by drawing the ROI around individual cell 

plasma membranes, and the results represent the mean ± SEM fluorescence intensity of 26 

cells for each channel across three separate experiments.
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Figure 6. 
Dual-channel mode imaging of cellular membrane potential in primary mouse neuronal cells 

using QD–JBD peptide–C60 bioconjugates and oxonol. (A) Confocal fluorescence images of 

primary mouse cortical neurons colabeled with QD–DHLA–JBD1–C60 (red) and oxonol 

(green) before (top) and after (bottom) KCl perfusion. Scale bar, 20 μm. White arrows 

denote the same spot in cells pre- and post-depolarization. (B) Quantification of the relative 

changes in the fluorescence intensity of the QD–JBD1–C60 complexes and oxonol upon 

addition of KCl solution. Fluorescence intensity of the cells was obtained by drawing ROIs 

around individual neuron membranes. The graph shows the average fluorescence intensity 

(±SEM) obtained from 39 cells from five independent experiments.
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Figure 7. 
In vivo optical imaging of cortical electrical stimulation using QD–JBD1–C60 

bioconjugates. (A) Images of mouse cortex injected with QD–JBD1–C60 conjugates during 

electrical stimulation. Images were captured at 200 Hz frame rate, and numbers indicate the 

acquisition time point. Arrow points to ROI A1 shown in panel B; image is false-colored to 

correspond to scale at bottom. (B) Frame at 575 ms shows fluorescence response of four 

ROIs. White lines show the position of the bipolar tungsten electrode. (C) Time-resolved 

fluorescence response of the four ROIs in B showing the averaged response of 50 trials. 

Panels D and E show the responses of four ROIs in mouse cortex injected with control 

samples QD–JBD1 peptide (no C60) (panel D) and QDs alone (panel E).
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