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Ligand-Conjugated Quantum Dots for Fast Sub-Diffraction Protein 
Tracking in Acute Brain Slices† 

Lucas B. Thala,b,c, Victor R. Mannd,e, David Sprinzenf,g, James R. McBridea,c, Kemar R. Reida,c, Ian D. 
Tomlinsona, Douglas G. McMahong, Bruce E. Cohen*e,h, and Sandra J. Rosenthal*a,b,c,i,j,k 

Semiconductor quantum dots (QDs) have demonstrated utility in long-term single particle tracking of membrane proteins 

in live cells in culture. To extend the superior optical properties of QDs to more physiologically relevant cell platforms, such 

as acute brain slices, we examine the photophysics of compact ligand-conjugated CdSe/CdS QDs using both ensemble and 

single particle analysis in brain tissue media. We find that symmetric core passivation is critical for both photostability in 

oxygenated media and for prolonged single particle imaging in brain slices. We then demonstrate these QDs imaging single 

dopamine transporters in acute brain slices, achieving 20 nm localization precision at 10 Hz frame rates. These findings detail 

design requirements needed for new QD probes in complex living environment, and open the door to physiologically 

relevant studies that capture the utility of QD probes in acute brain slices.

Introduction 

Fluorescence microscopy has long served as a cornerstone 

technique in biology for addressing many of the fundamental 

processes of life. Consequent to the dynamic nature of 

biomolecules, single molecule imaging approaches have been 

developed to achieve finer spatiotemporal resolution sufficient 

for dynamic molecular imaging in live cells.1, 2  Single particle 

tracking (SPT) has been used to investigate protein localization 

and dynamics in mammalian cells and established the basis of 

protein dynamics such as membrane protein trafficking and 

clustering in detail.3-5 Neuronal membrane protein membrane 

dynamics have been investigated by SPT image analysis such as 

glycine,5 GABA,  and glutamate-gated receptors,6-9 as well as 

epidermal growth factor receptors,10-12 and G-protein coupled 

receptors.13 SPT approaches like these require bright probes 

such as semiconductor quantum dots (QDs) to achieve the high 

signal-to-background ratios (SBRs) needed to track individual 

proteins. In 2002, ligand-conjugated QDs were introduced as 

probes in order to specifically label serotonin transporters 

(SERT).14 Ligand conjugation of QDs have since been adapted to 

image single SERT and dopamine transporter (DAT) proteins, 

finding alterations in diffusion patterns associated with 

neuropsychiatric diseases.15-21  

Many single molecule imaging studies rely on heterologous 

expression systems and cultured neurons, systems in which 

large SBRs arise from having imaging planes close to the glass 

substrate. In acute brain slices and other physiologically 

relevant environments, single molecule imaging has remained 

challenging and is a necessary next step to link mammalian 

physiology to protein dynamics. A key challenge is the 

development of specific, bright and stable probes that can be 

imaged deep in tissue at millisecond SPT frame rates. While 

some organic fluorophores and fluorescent proteins exhibit 

high fluorescence quantum yields, the high excitation powers 

needed for SPT have been shown to cause significant 

photodamage to cells and the probes themselves.22-24 QDs may 

be tracked at lower fluences because of their large absorption 

cross-sections, which lead to enhanced emission, reduced 

photobleaching, and lower phototoxicity compared to 

conventional probes.25  

While various tissues have been imaged with QD labelling 

for ensemble analysis,26-28 few examples of QD tracking in brain 

tissue have been reported, leaving native 3D neuronal 

architectures largely unexplored.29-31 In this study, we provide a 

structural and photophysical basis for the importance of shell 

geometry of high quality CdSe/CdS QDs in single molecule 

imaging deep in living brain slices. These pseudo type II 

core/shell structures have been reported to have enhanced 

photon output,32 stability in common aqueous buffer, as well as 

much smaller hydrodynamic diameters compared to 
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streptavidin-coated QDs frequently used in SPT experiments 

(Fig. S1†).24, 33 In the interest of transitioning single particle 

studies from in vitro to ex vivo platforms, we demonstrate here 

that these nanoparticles (i) maintain their photostability in 

oxygenated brain slice media (i.e., artificial cerebrospinal fluid, 

aCSF) and (ii) show significantly great stability and less blinking 

than the widely-used QD655 probes (ThermoFisher) via a 

detailed ensemble and single particle investigation. Using 

energy-dispersive X-ray (EDS) chemical mapping, we show that 

thick, symmetric CdS shells are required for prolonged 

photostability in brain slice media. We substantiate our 

motivation for this study by successful subcellular localization 

imaging of dopamine transporters and SPT experiments of 

these probes in acute brain slices (20 nm localization precision, 

10 Hz frame rates) using a conventional spinning disk confocal 

microscope. Given that commonly available QDs fall short of 

meeting the photophysical criteria for SPT of membrane 

proteins in oxygenated brain slice media, this study introduces 

the blueprint of critical considerations paving the way to 

development of probes for long-term monitoring of targeted 

protein dynamics in their native environments and setting the 

course for direct observation of these dynamics deep in the 

brain tissue of neuropsychiatric disease models.  

RESULTS AND DISCUSSION 

Chemically Mapping Structural Differences in Core/Shell Aqueous 

Probes.  

The fluorescence efficiency and stability of a QD is exceedingly 

dependent on how well the shell passivates the core surface. 

Proper passivation relies on both the degree of lattice 

mismatch, surface coverage, as well as by how many layers of 

shell are grown.34 Although a thin shell can significantly enhance 

the QD fluorescence, these particles are far from robust and will 

photobleach rapidly in all but the most benign environments.35 

Conversely, too thick of a shell, as in those for ‘giant’ shelled 

quantum dots, leads to significant charge state emission that 

caps the ensemble fluorescence to a maximum of roughly 

50%.35-38 Ou Chen demonstrated that ~ 8 monolayers of a 

uniform CdS shell leads to a balance of high quantum yield and 

improved stability.32 Ultimately, in a chemically and physically 

Fig. 1 Elemental characterization of CdSe/CdS QD architectures. Combined Cd (red), Se (green), and S (blue) elemental maps of  a) Symmetrically shelled QDs and (b) QD655s show 

core/shell structures.  Linescans of the elemental maps (white arrows) Se distribution relative to Cd and S in both (c) Symmetrically shelled QDs and (d) QD655s. 
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challenging environment where a minimum QD hydrodynamic 

radius is desired, the amount and location of shell is critical for 

long-term performance. The clearest way to observe shell 

coverage is through STEM-EDS imaging.37, 39 Figure 1 shows 

STEM-EDS maps of the QDs engineered for brain slice imaging 

and QD655s (High-Resolution TEM images also provided in Fig. 

S2†). While both exhibit thick CdS shells, the QD655s dissimilar 

to our symmetrically shelled QDs show preferential growth 

along the c-axis of the leading to asymmetric shell coverage, as 

evident in the line scan (Fig. 1c, 1d, S3-S5†). The close proximity 

of the core to the surface likely enhances electron and hole 

overlap with trap sites that form during illumination. Notably, 

the native ligands on both types of QDs are encapsulated with 

an amphiphilic polymer which enables water solubility, while 

maintaining a similar particle size and colloidal stability (Fig. 

S6†). Although ligand shells are needed for solution stability and 

chemical functionality, long term photostability relies on 

inorganic shell passivation.  It is also worth noting that although 

these QD655s are quoted as having a ZnS shell, however only 

trace amounts of Zn signal were detected for this particular 

batch (Fig. S7† and S8†).40 

Ensemble Photophysical Investigation.  

In order to compare the photostability of both these QD 

constructs in brain slice media, we performed time-resolved 

photoluminescence measurements on dilute concentrations of 

each QD type suspended in both 4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid (HEPES) buffer and oxygenated 

cerebrospinal fluid. We note that HEPES is a commonly used 

buffer for storing and performing conjugation reactions on QDs 

as well as for coupling techniques such as diimide/N-

hydroxysuccinimide (e.g. EDC/NHS), making it a useful control. 

The samples were excited at low fluences (~ 1 µJ/cm2). At these 

low fluences, we expect the majority of photo-excited QDs to 

contain a single electron-hole pair.39 Interestingly, the 

symmetrically shelled QDs displayed similar lifetimes in both 

HEPES and oxygenated cerebrospinal fluid (τavg ~ 46.0 ± 0.2 ns), 

indicating that the QDs retain their photostability on exchange 

in the brain slice media (Fig. 2a). In comparison, the lifetime of 

QD655s was notably shortened upon exchange into the brain 

slice media (τavg = 27.0 ± 0.2 ns in HEPES, τavg = 22.0 ± 0.1 ns in 

oxygenated cerebrospinal fluid) (Table S1†), suggesting 

symmetric shells are required to suppress O2-mediated 

quenching. 

To examine whether this apparent quenching is due to 

spectral-shifting processes such as etching or aggregation, UV-

visible and PL spectroscopy in various buffers were performed. 

Interestingly, the differences observed in PL lifetimes of the 

commercial QD655s are not observed in the absorbance and 

photoluminescence spectra (Fig. 2b and 2c). Considering 

oxygenated environments have been shown in general to 

quench the photoluminescence of QDs by creating defects at 

the nanocrystal surface that introduce nonradiative 

recombination centres, a process that is accelerated under high 

flux, 41-43 it is likely that O2-rich media further quenches QD655s. 

In combination with our structural results that the cores of the 

QD655 probes are asymmetrically passivated (Fig. 1b), these 

findings support the possibility of the cores being vulnerable to 

their environment. More generally, our results emphasize the 

need to investigate photoluminescence lifetimes of probes in 

their intended environments (e.g. oxygenated tissue media) 

during development and optimization. 

Single QD Analysis in Biological Media.  

Fig. 2 Ensemble photophysical profiles of symmetrically shelled (symm-shelled) 

CdSe/CdS QDs and QD655s in HEPES buffer or oxygenated cerebrospinal fluid (aCSF). (a) 

Transient PL dynamics of symm-shelled QDs and QD655s in HEPES and oxygenated aCSF. 

(b) Absorbance (dotted) and emission (solid) spectra of (b) symm-shelled QDs and (c) 

QD655s in HEPES and oxygenated aCSF. 
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Further photophysical differences between QDs systems were 

measured using single-molecule imaging modalities. We first 

set out to test whether QD blinking is altered in brain slice 

media. Using a spinning disk confocal microscope system (100 

ms exposure time at 51 W/cm2), photoluminescence intensity 

traces of single QDs incubated in oxygenated cerebrospinal fluid 

were compared to QDs incubated in HEPES as a negative 

control. Representative photoluminescence intensity time 

traces (Fig. 3a) of the two QD in both HEPES and oxygenated 

cerebrospinal fluid show QD classic PL fluctuations between 

high (ON) and low (OFF) emission intensity values. Binarization 

of the intensity traces by assigning time bins with intensity 

Fig. 3 Time series and blinking behaviour of single QDs. (a) Representative intensity trajectories for symmetrically shelled (symm-shelled) QDs and QD655s in both HEPES and 

oxygenated artificial cerebrospinal fluid (aCSF). (b) Subsets of blinking dynamics for symm-shelled QDs and QD655s in HEPES and aCSF. A total of 6 particles per condition were 

populated to display blinking behaviour. Colours represent times that the particle was in the ON state.  (c) Comparison of ON fraction populations under each condition (N ≥ 40 

QDs). (d) Comparison of photobleaching profiles for symm-shelled QDs vs QD655s under each condition (N > 40 QDs). 
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above 6σ of the background level (Fig. 3b) clearly reveals strong 

blinking suppression of the symmetrically shelled QDs in both 

HEPES and cerebrospinal fluid. Furthermore, distributions in  

ON-fractions—the fraction of time a QD spends in the emissive 

state over the course of the experiment—display no significant 

difference between symmetrically shelled QD populations (Fig.  

3c) diluted in HEPES (ON-fraction = 0.87 ± 0.03) and oxygenated 

cerebrospinal fluid (ON-fraction = 0.89 ± 0.02).  

In contrast, QD655s are characterized by strong blinking 

with low ON-times in HEPES (ON-fraction = 0.27 ± 0.02) and 

even lower ON-times (ON-fraction = 0.16 ± 0.03) were observed 

for QDs in oxygenated cerebrospinal fluid (See supporting 

information for statistics using data analysis with bootstrap-

coupled estimation,45 Fig. S9† and Table S2†). These low ON-

times can also be attributed to incomplete passivation of the 

CdSe core in QD655s, resulting in greater overlap of excited 

charge carriers with the nanocrystal surface where they can 

become trapped and render the particles non-emissive.46-49  

CdSe/CdS heterostructures display type II exciton behaviour, in 

which holes are confined to the CdSe core whereas electrons 

may reside in core or CdS shell. The presence of thin CdS shell 

domains then opens the possibility of O2 quenching of electrons 

that venture to the QD surface.50-52 Exposure of the poorly 

passivated QDs on exchange in oxygenated cerebrospinal fluid 

additionally increases the number of available trap sites and 

further enhances blinking, concomitant with the shortening of 

the PL lifetimes observed for QD655s in ensemble.  

To further investigate the photophysical properties of the 

two QD types under imaging conditions in brain slices, we 

examined the photobleaching behaviour of the samples over 30 

minutes under continuous photo-illumination. Using the same 

microscope and imaging parameters as the blinking analysis but 

 

Fig. 4 (a) Acute brain slice imaging with CdSe/CdS QDs.  Mouse brain slices (1-5 300 m slices) are cut by vibratome and incubated with ligand-conjugated QDs prior to imaging. (b) 

Schemes outlining buffer exchange of QDs (drawn to scale) into brain slice media (oxygenated artificial cerebrospinal fluid, aCSF) for symmetrically shelled QDs and commercial 

QD655s. The schemes illustrate comparison of symmetrically shelled QD and QD655 performance in oxygenated aCSF and their photoluminescence fate in tissue specimens. The 

auras surrounding QD structures illustrate relative photoluminescence. The fate of diminished performance of QD655 in slice media. Whole brain slice representations are provided 

by the Allen Institute.44 
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increasing the bin time from 100 ms to 1 s, we compared the 

intensity traces of single QDs incubated in oxygenated 

cerebrospinal fluid versus control HEPES buffer. For the 

symmetrically shelled QDs, the majority of particles remain 

emissive (Fig. 3d) in both HEPES (80%) and oxygenated 

cerebrospinal fluid (78%) over the course of 30 minutes, 

whereas QD655s nearly completely photobleach during the first 

~ 8 minutes of the experiment. Intriguingly, a small fraction 

(<5%) of QD655s remain luminescent in oxygenated 

cerebrospinal fluid, but completely bleach in HEPES, exhibiting 

no additional decline over the measurement time. A similar 

effect has been observed in studies of O2 sensing53 and 

highlights the possibility that a small fraction of QDs are 

sufficiently passivated. Nonetheless, the degrees of 

Fig. 5 Detection and tracking analysis of QD probes in acute brain slices. (a) Structure of symmetrically shelled (symm-shelled) QD-IDT725 conjugate (not to scale). (b) Surface plot 

of a QD point spread function imaged 50 μm into a live brain slice. (c) Stitched image of symm-shelled QD conjugates dispersed in a brain tissue (scale bar = 50 μm). (d,e) 10x 

magnification of various regions captured in the stitched image in panel c (scale bar = 5 μm). (f) QD trajectory with non-Brownian diffusion dynamics along a neuron 50 μm into the 

slice (scale bar = 2 μm). (g) Localization map of the QD trajectory in panel e (scale bar = 2 μm). (h) Representative trajectories displaying diffusion of immobilized (black), neuron-

bound (blue), and unbound (magenta) symm-shelled QD conjugates (scale bar = 2 μm). All images and tracking data were collected in striatal brain slices incubating in oxygenated 

aCSF. Lipophilic CellMask stain was used to outline the cell morphology. 
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depreciation in ON fractions and photostability are pronounced 

in the QD655 populations, which imposes major experimental 

limitations for single particle brain slice imaging. Taken 

together, the blinking and photobleaching studies suggest our 

symmetrically shelled QDs should provide superior photon 

output under brain slice imaging conditions and should enable 

the capture of membrane diffusion dynamics of neuronal 

proteins with higher fidelity over extended periods of time 

compared to QD655s. 

Imaging Ligand-conjugated SPT Probes in Acute Brain Slices. 

Acute brain slices are prepared such that slices undergo little 

change in physiological conditions (e.g. pH, oxygen 

concentration, glucose levels) from the time of dissection to 

image acquisition at the microscope (Fig. 4a). During this time 

prior to mounting samples to the microscope stage, specimens 

are incubated with QDs diluted in oxygenated cerebrospinal 

fluid, allowing for fluorophores to reach depths of interest. 

Taking into account the ensemble and single particle 

characterizations included in this study, we propose the use of 

QDs with the symmetrically shelled composition reported here 

will greatly facilitate practical single target imaging in living 

brain tissue. Since the onset of any environmental effects on 

QD655s occurs at the exchange into oxygenated cerebrospinal 

fluid, we expect fluorescence to diminish mostly by the time of 

brain slice incubation (Fig. 4b). Thus, imaging QDs in acute brain 

slices is dependent on the fate of emission efficiency in 

cerebrospinal fluid. 

Using a simple spinning disk confocal microscope and a 

dedicated 405 nm continuous-wave excitation source, we 

observed the symmetrically shelled QDs are detectable 50 μm 

deep in a brain slice (Fig. 5). Prior to imaging, these QDs were 

PEGylated and conjugated with IDT725 (Fig. 5a), which is 

furnished with a terminal cocaine analogue previously used to 

label DAT proteins.54 Accordingly, imaging was performed on 

striatal regions known to be rich in available DAT proteins. To 

show QD localization with SBRs suitable for tracking 

experiments (Fig. 5b), 25 images (255,025 μm2) of the QDs 

dispersed in a striatal slice were stitched together with a 100 ms 

exposure time for each image acquired (Fig. 5c). Studies that 

include brain slice imaging typically outline network 

morphology by using genetic expression of fluorescent proteins, 

which only display a small fraction of neurons.55, 56 To illuminate 

the whole slice, a lipophilic stain was used to outline the 

complex morphologies of a native neuronal architecture. Figure 

5d shows that the QDs can be detected along axonal regions of 

neurons as well as regions that lie just outside of focal plane 

(Fig. 5e). Excitingly, time series on the order of minutes could be 

acquired such that we could generate high quality trajectories 

of QDs along a neuron at focal planes reaching 50 μm into brain 

tissue (Fig. 5f and Movie S1 in Supporting Information). The 

localization map provides detailed hot spots where the QDs 

show extended residence times during the course of the 

tracking experiment (Fig. 5g). A challenge to overcome in these 

experiments is washing unbound QDs from the slice. To 

circumvent this, QD diffusion patterns were characterized in 

accordance to the physical nature (Fig. 5h), whereby 

immobilized and unbound diffusion patterns are filtered from 

trajectory sets with anomalous diffusion characteristic of QDs 

specifically bound to the respective target.  

Given the photostability and photon output requirements of 

SPT analysis, QD655s have been used in the few examples of 

SPT in acute brain slices reported, rather than organic or 

protein-based fluorophores.29, 30 For example, antibody-

conjugated QD655s have been successful in imaging 

organotypic slices at depth with multi-photon imaging,29 

although organotypic slices do not require oxygenated 

cerebrospinal fluid. One example of SPT in acute brain slices 

incubated in oxygenated cerebrospinal fluid show successful 

detection of QD655s, but trajectories generated in these studies 

are limited to under 30 seconds.30  The limited number of 

reports is likely a result of the difficulty in overcoming the O2-

dependent instability of conventional QDs.  Since more than 

80% of the QDs are photobleached 10 minutes after exchange 

into brain slice media (Fig. 3), and a subpopulation (~8%) of QDs 

are expected to be non-emissive prior to excitation,34 the 

possibility of crowding the tissue sample with undetectable QDs 

should be of concern. In this regard, the images (Fig. 5) display 

QD dispersal that accurately represents the concentration of 

QDs used in our imaging experiments.  

It is important to consider that Cd-containing QDs can 

induce dose-dependent cytotoxicity.57 The QDs in this study are 

passivated with oleic acid and encapsulated within a PEGylated 

amphiphilic polymer layer, which forms a low dielectric layer 

that limits escape of metal ions.33 Toxicology studies have 

shown that addition of PEG compounds to QD surfaces 

significantly reduces cytotoxicity effects.58-60 Our labelling 

concentration is far below concentrations that induce any 

considerable cytotoxicity seen for PEGylated CdSe/CdS QDs in 

ex vivo slices,60 and we observe no apparent toxicity on live 

slices based on neuronal function. Additional experiments are 

needed to determine precise toxicity levels for our 

symmetrically shelled QDs. 

Conclusions 

This work introduced QD probes tailored for dynamic imaging 

of protein targets in native brain tissue. With ensemble and 

single-particle analysis, we compared QD performances in 

oxygenated brain slice media. Our findings show commercially 

available QDs are prone to fouling due to asymmetric shell 

coverage. On the other hand, our thick symmetrically shelled 

QDs feature superior photon output that is resilient to 

oxygenated cerebrospinal fluid. We conclude that not just shell 

thickness, but geometry of QD shells impact performance in 

physiologically relevant environments. Moreover, the effects of 

these architectural differences are silent in classic UV-visible/PL 

analysis. The considerations we reported here can be applied to 

all QD imaging platforms that involve chemically challenging 

systems. With our ligand-conjugated QD constructs, we also 

show that neuronal proteins can be imaged at the nanoscale for 

long time periods in live brain tissue. This is the critical step 

forward for future pursuits investigating molecular 

underpinnings of neurological diseases.  
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