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ABSTRACT Colloidal semiconducting quantum dots (QDs) have long established their versatility and utility for the
visualization of biological interactions. On the single particle level quantum dots have demonstrated superior photophysical
properties compared to organic dye molecules or fluorescent proteins, but it remains an open question as to which of these
fundamental characteristics are most significant with respect to the performance of QDs for imaging beyond the diffraction
limit. Here, we demonstrate significant enhancement in achievable localization precision in QD labeled neurons compared to
neurons labeled with an organic fluorophore. Additionally, we identify key photophysical parameters of QDs responsible for
this enhancement and compare these parameters to reported values for commonly used fluorophores for super-resolution

imaging.

INTRODUCTION

In the past decade, fluorescence microscopy has been
revolutionized through the development of super-
resolution imaging techniques, which can produce optical
images with resolvable features on the order of 10-100 nm,
up to an order of magnitude beyond the limit established
by diffraction."1® Super-resolution microscopy typically
involves the limiting of fluorescence from closely spaced
fluorophores using either temporal®> & 10. 11 or spatial® ° 12-16
methods such that two closely spaced emitters in a
diffraction limited area can be effectively isolated in a single
fluorescence image frame.'* 1719 Stochastic optical
reconstruction microscopy or STORM,° and its close
relative photoactivatable localization microscopy (PALM),>
6 wusually require fluorophores that can have their
fluorescence intensity modulated “on” and “off” (i.e.
intensity blinking). By collecting many fluorescence images
wherein each image has a random subset of the
fluorophores that are “on”, the precise localization of each
isolated emitter in each image frame can be subsequently
determined. Combining the emitter localizations from
every individual frame produces a final, super-resolution,
reconstructed image.> & 10,20

The ideal super-resolution imaging fluorescent probes
must satisfy a stringent set of criteria. These probes must
be photostable during the collection of thousands of
fluorescence images, have a high fluorescence quantum
efficiency when in the “on” state, and have large optical
absorption and emission cross sections resulting in a high
brightness. Additionally, to use localization-based methods

such as STORM/PALM in densely labeled scenes, probes
must be able to have their fluorescence “blink” (either
randomly or under photoactive or photochemical control).
For most organic fluorophores and photoactivatable
fluorescent proteins, achieving such properties often
requires the use of oxygen-reducing buffer systems that can
be cytotoxic over time, high laser excitation powers which
can be both phototoxic to cells and result in an increase in
the photobleaching rate, and/or the use of multiple
excitation lasers which can be cost-prohibitive and
complicated.? 2% 22

Many of the shortcomings and complications associated
with organic fluorophores and fluorescent dyes can be
addressed by the superior fundamental photophysical
properties of fluorescent nanoparticles. Recent studies
have validated the applications of upconverting
nanoparticles?3?4, nitrogen-vacancy color centers in
nanodiamonds?>?%, and aggregation-induced emission?’-28
for patterned illumination methods such as stimulated
emission depletion (STED). For localization-based methods,
colloidal semiconductor quantum dots (QDs), as well as
similar carbon? and polymer3® based nanodots, are
expected to achieve similar enhancements in resolution.*
12,3152 | jke the aforementioned nanoparticles, quantum
dots are extremely photostable and very bright emitters,
allowing for the observance of fluorescence from individual
QDs with high signal to noise from tens of minutes to
hours.37 3355 Also, broad absorption spectra coupled with
narrow emission spectra allow for simpler spectral
multiplexing using a single excitation source.3® 36 57



Additionally, QDs naturally exhibit inherent fluorescence
blinking, which eliminates the need for multiple
photoactivation lasers or oxygen reducing buffers in order
to enable the fluorescence intensity blinking required for
super-resolution imaging applications.®® QDs have also
been proven to be viable fluorescent labels in many
biological imaging applications including cancer cell
detection, tumor drug delivery, cellular sensing, and
molecular tracking.>%71

Recently, several proof of principle type reports have
demonstrated the successful application of QDs to super-
resolution imaging.1% 40-43, 48,49, 52 For example, QDs have
been used to image biological structures whose
dimensions, morphology, and/or locations are already well-
documented, including microtubules,*® 42 48 52, 72 yimentin
filaments,'2 and cancer cells.4% 41 49,50 However, few studies
directly comparing QDs and organic fluorophores for super-
resolution applications have been performed.*® 42 Proving
that QDs provide unique advantages for super-resolution
imaging over more common fluorophores would open up a
large window of opportunity for the widespread application
of QDs to enable novel biological discoveries.

Herein we show that CdSe/CdS QDs functionalized with a
neuropeptide, bradykinin (BK), are fundamentally superior
STORM imaging probes than BK labeled with an organic
fluorophore, 5-carboxytetra-methylrhodamine (TAMRA),
termed BKQD and TAMRA-BK, respectively (see Figure S1).
We compared super-resolution images of primary rat
hippocampal neuronal cultures labeled using BKQD probes
to images obtained using TAMRA-BK and found that BKQDs
produced reconstructed STORM images with higher
localization accuracy. Specifically, compared to the organic
fluorophore, individual BKQDs have much higher signal to
noise (SNR), are more photostable, and inherently “blink”
at a faster rate. The extracted experimental values of these
parameters for BKQD and TAMRA-BK were used to
generate simulated photoluminescence images comprised
of single and multiple emitters (see Movies S2-S7). From
these images, we determined the exact role SNR blink rate
and photostability play in the localization enhancement.
Lastly, we compare these parameters with those published
for commonly used fluorophores in single molecule
localization microscopy (SMLM) to comment on the
expected relative performance of QDs (Table S6) more
generally.

EXPERIMENTAL METHODS

Peptide and quantum dot synthesis and modification.
Bradykinin-functionalized, micelle-coated CdSe/CdS QDs
(BKQDs) were prepared using oleic acid capped CdSe/CdS
QDs with an emission maximum at 627 nm. CdSe/CdS QDs
were synthesized according to variations of standard
literature procedures.’® 7 Their characterization data can
be found in Figures S2-S4. The peptides C-PEG-Bradykinin
(C-PEG-BK, Figure S1), Bradykinin (BK, Figure S1), and
TAMRA-Bradykinin ~ (TAMRA-BK, Figure S1) were

synthesized via solid phase peptide synthesis, purified and
quantified by reverse phase high performance liquid
chromatography (HPLC, Table S1, Figures S5-S9), and
characterized by matrix assisted laser desorption ionization
time of flight mass spectrometry (MALDI-TOF MS, Table S2
and Figures S10-S12). Thiol-maleimide chemistry was
utilized to conjugate C-PEG-BK to phosphatidylserine-PEG-
maleimide (Figure S1).7> 7% QDs were then encapsulated in
micelles consisting of 60% BK-phosphatidylserine and 40%
lipid-PEG using a protocol modified from Maiseyeu et al.”’
Detailed descriptions of all synthetic methods can be found
in the Supporting Information.

Neuron culture and imaging. Cell cultures for all
experiments consisted of primary mixed rat hippocampal
neuronal and glial cultures at 18-21 days in vitro (DIV)
grown on either glass or fused silica coverslips. For
obtaining fluorescence images, neuronal cultures were
treated with BKQDs or TAMRA-BK (Figure S1) for 15
minutes, fixed with paraformaldehyde, and imaged at 60 x
magnification on a TIRF inverted optical microscope setup
with 532 nm excitation. TAMRA-BK treated samples were
imaged in a buffer containing glucose, glucose oxidase,
cysteamine, and catalase as described by others’® 72 while
BKQD samples were imaged in PBS or neurobasal media.
One thousand-frame movies were collected with a 25ms
exposure time per frame. Further details on experimental
procedures can be found in the Supporting Information.

Image reconstruction. In order to construct the super-
resolution images, the ImageJ plugin QuickPALM was first
used to provide the location of all fluorescent points that
met a chosen minimum signal-to-noise cutoff.8° Next, the
results from QuickPALM were run through a custom
analysis program (“csv2png”, code given in Sl) that removes
any points not meeting a minimum resolution cutoff,
calculates the error in x and y coordinates associated with
each point, and then plots the localized points that meet
these criteria as an opaque spot surrounded by a semi-
transparent ellipse representing the uncertainty in centroid
location.

Extraction of Photophysical Parameters. Localized
points from the image reconstruction were used to identify
individual fluorescent spots in the recorded movies of
BKQDs and TAMRA-BK. From each of these spots, the mean
PL of the bright pixels and the standard deviation of the
background pixels was obtained per frame using Imagel
(Figure S13-15). The time series data from Image) were
analyzed using a custom MATLAB (v. 2020A) script to
extract the SNR, blink rate in blinks per second, and power
law fits. Average values for SNR and blink rate were
generated for BKQDs and TAMRA-BK, respectively, based
on the output of each of these time traces (Figures S16-19).
More detailed information about the computational
analysis can be found in the Supporting Information.

Simulated Movies. Four pairs of simulation parameters
were defined by combining permutations of the two
average SNR and two average blink rates identified for



BKQDs and TAMRA-BKs (Table 1). These are termed as:
HighSNR-2bps, HighSNR-3bps, LowSNR-2bps, HighSNR-
3bps; blink rates were rounded to the nearest integer for
naming simplicity. Each pair of SNR and blink rate
parameters were then used to develop a set of simulated
movies with a single emitter and a set of simulated movies
with three well-overlapped emitters using a custom
MATLAB script (see Figures S20-21 and Movie S2-S7). The
Image) plugin QuickPALM was then used to localize the
emitters in the movies, and the identified localizations were
then analyzed using a custom MATLAB script to calculate
the error from the true positions and the standard

FWHM, where FWHM is the full-
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width at half-maximum of the Gaussian used to fit the
centroid positions (Figures S22-24). More specific details
about the generation of movies and subsequent analysis
can be found in the Supporting Information.

deviation (s), defined as s =

RESULTS AND DISCUSSION

BKQDs bind to neurons in vitro. Primary rat hippocampal
neuronal glial cultures, as prepared, contain both neurons
and astrocytes (Figure 1A), both of which express
bradykinin receptors. Cultures were treated with BKQDs
and observed via fluorescence imaging to ascertain
whether the BKQDs successfully bound to cells.
Fluorescence microscopy revealed many stationary BKQDs,
and very few freely diffusing ones (Figure 1B and Movie S1),
thus demonstrating that the BKQDs were bound to either
cells or the coverslip. Single BKQDs exhibited the expected
fluorescence intermittency (i.e. blinking), suggesting that
micelle encapsulation and interactions with cell culture or
coverslips did not have an adverse effect on the basic QD
photophysical properties.
A \

Figure 1. Example images of mixed neuronal glial cultures. A)
Fluorescence image of a hippocampal neuronal glial culture
highlighting the different cell types: astrocytes (purple) and neurons
(green). B) Fluorescence image of BKQDs bound to neuronal cultures.
An example of a single image frame obtained of a neuronal culture
treated with 30 nM BKQDs for 15 minutes.

Super-resolution imaging: micelle-coated QDs are
superior to TAMRA. Super-resolution images of neuronal
cultures using BKQD probes were compared with images
from a common organic fluorophore probe also used for

STORM imaging, 5-carboxytetramethylrhodamine (TAMRA,
Figure S1), as shown in Figures 2 and 3. Images of single QD
fluorescence show bright, blinking BKQDs bound to cells
with a typical SNR intensity ratio of up to 10. The first and
last frames of a representative 25 second movie of the
same area can be seen in Figure 2A and B, respectively.
Comparing the first and last frame, we find that the overall
intensity level of the QD fluorescence remains relatively
unchanged over the acquisition time, proving the QDs to be
photostable over the 25 s imaging time period, as expected
(see Figure S14 for a representative fluorescence time trace
of BKQDs during this imaging timeframe). The fluorescent
spots highlighted in the yellow box of Figure 2A and B are
shown magnified in Figure 2C and D. From these images it
is difficult to tell if each spot corresponds to fluorescence
from a single QD or multiple QDs, due to the relatively poor
diffraction limited resolution. Using QuickPALM and the
custom “csv2png” analysis program, the position of the QDs
in this image was localized using a minimum SNR cutoff.
Keeping only those points, a super-resolution image with a
localization error of 50 nm, as shown in Figure 2E, shows
QDs along the neuronal cell. The resulting reconstructed
image of this area reveals that many of the seemingly single
fluorescent spots in the original diffraction-limited images
actually consist of multiple QDs in close proximity. Further,
specific QDs can be localized with an accuracy of 30 nm (F)
and even 25 nm (G), while still maintaining the overall
pattern of the labeled BK receptors on the cell. Inevitably,
as the allowable localization error decreases, more probes
are discarded that do not satisfy the localization
requirement, but a proper selection of a SNR cutoff
adequately reproduces the underlying neuronal structure
with BKQDs.

For comparison to BKQDs, neuronal cultures treated with
TAMRA-BK were imaged in an oxygen reducing buffer at an
excitation fluence four times what was used to image
BKQDs (as required to obtain sufficient brightness and
fluorescence intermittency). Compared to QDs, images of
single TAMRA fluorescence show dimmer, less frequently
blinking fluorescent spots bound to cells with signal-to-
noise intensity ratios that only up to 6 (even at 4 times the
fluence), and also photobleached more frequently. The first
and last frames of a 25 s movie of TAMRA-BK labeled cells
can be seen in Figure 3A and B, revealing the large degree
of photobleaching experienced by the fluorophore during
the experiment (also see Figure S15 for a representative
fluorescence time trace of TAMRA-BK). The area
highlighted in the yellow boxes of Figure 3A and B is shown
magnified in Figure 3C and D, which was subsequently run
through the localization algorithm as described for BKQDs.
For image analysis and reconstruction, a 50 nm localization
error cutoff proved to be the experimental limit for
resolution of the image. Super-resolution processing
revealed that many of the large fluorescent blurs in the
original images were actually a result of multiple closely
spaced fluorescent molecules (Figure 3E), similar to what



Figure 2. STORM imaging of BKQD treated neuronal cultures. A) Frame 1 out of 1000 from a movie of a neuronal culture treated with BKQDs. B) Frame
1000 from the same movie. C) Magnification of the area in the yellow box in A. D) Magnification of the area in the yellow box in B. E-G) Super-resolution
reconstruction images of the area in the yellow boxes with localization precisions of E) 50 nm, F) 30 nm, and G) 25 nm showing successful localization

at all resolution levels.

Figure 3. STORM imaging of TAMRA-BK treated neuronal cultures. A) Frame 1 out of 1000 of a movie of a neuronal culture treated with TAMRA-BK. B)
Frame 1000 of the same movie showing significant photobleaching. C) Magnification of the area in the yellow box in A. D) Magnification of the area in
the yellow box in B. E-F) Super-resolution reconstructed images of the area in the yellow box with localization precision at E) 50 nm showing successful

localization and F) 30 nm showing very few localized points.

was observed with the BKQDs. However, TAMRA-BK
molecules could only be localized at a 50 nm accuracy in
reconstructed images, significantly worse than for QDs. At
a 30 nm localization error cutoff significantly fewer TAMRA-
BK probes were visible in the image, and thus structural
information was lost (Figure 3F).

In addition to producing superior super-resolution
images, QDs offered several practical advantages over the

organic dye TAMRA. Like many other organic dyes, for
STORM imaging TAMRA requires buffers that contain
oxygen scavengers.ll 72 8L 82 This buffer has to be freshly
prepared prior to use, and even the separate components
cannot be stored for prolonged periods. From an
experimental perspective, oxygen-scavenging buffers may

confound paradigms to investigate pro-oxidative
phenomena important to neurodegenerative disease. The




BKQD treated samples, on the other hand, were imaged in
much simpler, physiologically relevant conditions: in PBS or
neurobasal media. Also, optimizing proper imaging
conditions for TAMRA was difficult due to its lower signal to
noise ratio and lack of inherent blinking. The excitation
power had to be balanced between providing a high signal
to noise from the TAMRA and preventing rapid fluorophore
bleaching. Finally, as shown in the SI, BKQDs are extremely
photostable as expected. For example, once bound to cells
and after cell fixation they remain fluorescent for at least a
month (Figure S25). By contrast, the fluorescence intensity
of TAMRA after one month fixed to cells was extremely low

and the dye photobleached after a few seconds (Figure S26).

Interestingly, once localized, both the BKQDs and
TAMRA-BK appear to be bound to the neurons in small
clusters rather than as single entities. At first this seemed
surprising, since we expected only a single probe to bind to
each bradykinin receptor, however, this clustering could be
explained by the well-established clustering of G-protein
receptors.8-%7 The binding of bradykinin to its receptor(s)
can result in receptor dimerization, receptors sequestering
in caveolae, and/or receptor localization in lipid rafts.83-87
Specifically, in PC-12 cells (a rat cell line that contains
neuron-like cells), bradykinin B2 receptors have been
observed clustering in lipid rafts as a result of ligand
binding.8% & The clustering of the QD and TAMRA probes
likely indicates that one of these processes has occurred as
a result of bradykinin binding.

Simulating Emitters: improved localization precision is
primarily due to photostability and blink rate. By creating
four unique emitters that mix the extracted SNR and blink
rate of the BKQDs ( SNR = 5.5, blink rate = 3) and
TAMRA-BK (SNR =~ 2.5, blink rate = 2), we are able to
parse out the exact role of each individual parameter in the
improved localization precision of QDs compared to TAMRA
(Table 1). In the recorded movies we also observe
significant photobleaching in TAMRA-BK movies compared
to BKQDs movies (Figures 2D and 3D). Thus, the length of
the simulated movies are varied between 1000 frames and
3000 frames as a proxy for photostability; more
measurements (i.e. frames) can be taken from an emitter
resistant to photobleaching.

Table 1. SNR and blink rate parameters used for to create
simulated movies
SNR Blinks per second (bps)
~5.5 ~3.0
~55 ~2.0
~2.5 ~3.0
~2.5 ~2.0

To simulate a sparsely labeled sample (i.e. single-particle
tracking), each of pair of parameters for SNR and blink rate
were used to generate three replicates of 1000-frame
simulations containing only a single emitter (see Movies S2-
S5); individual emitters are easily resolved from one
another in sparsely labeled samples. Using the Imagel
QuickPALM plugin, reconstruction images are generated
corresponding where an emitter was localized in each

Table 2. Average error and precision of localized centroid
position for simulated single emitters grouped by either
SNR or blink rate.

Averaged by | |Erry| (nm) | sx(nm) | |Erry| (nm) | sy (nm)
High SNR 4.24 26.5 53 25.4
Low SNR 6.36 36.0 7.42 41.3

2 blinks/sec 5.3 31.8 6.36 34.0

3 blinks/sec 5.3 30.7 7.42 32.9

B

Figure 4. QuickPALM reconstruction outputs for the 1000-frame
simulations of single emitters with the following parameters: A) High
SNR&2bps, B) Low SNR & 2bps, C) High SNR & 3bps, D) Low SNR & 3bps.
True positions marked by white crosses. Scale bar is 1 pixel (106nm).

frame; the more frequently the emitter was localized within
a pixel, the more intense the shade of green (Figure 4).
Using MATLAB, a 2D Gaussian is fit to the QuickPALM
outputs to identify the centroid position for each single
emitter simulation (see Figure S22 and Table S3). Grouping

the results either by SNR or blink rate, the average localized
FWHMx_y)

2.354
are calculated for each parameter — High SNR, Low SNR,

3bps, or 2bps —and compare this to the true position of the
simulated emitter (Table 2). Unsurprisingly, in a single
emitter scenario SNR is the dominating factor in both
localization accuracy |ET7y |, defined as the distance from
the true position, and localization precision, which is
dependent on s, ,,. As defined by eq 1, localization error
Oxy is approximately proportional to the standard
deviation.*

centroid position and standard deviation (s, , =

s2 a 8ms¥ . b2
Thus, a narrower Gaussian fit, corresponding to smaller
Sx.y, for the localization of the centroid results in a reduced
error, or increased localization precision. As seen in Figure
4, the simulations of “high” SNR single emitters in panels A
and C are localized with less diffusivity, corresponding to



Figure 5. QuickPALM reconstruction outputs for the 1000 frame (A-D) and 3000 frame (E-H) overlapped multiple emitter simulations: A,E) High SNR &
2bps; B,F) Low SNR & 2bps; C,G) High SNR & 3bps; D,H) Low SNR & 3bps. True positions marked by white crosses. Scale bars are 1 pixel (106nm)

lower variance, compared to the simulations of “low” SNR
single emitters in panels B and D. At first glance, the
reconstruction image in panels B and D appear to overlay
better with the true emitter positions. However, the
majority of the localizations from QuickPALM, indicated by
the brightest green spots, are farther away from the ground
truth in panels B and D compared to panels A and C. This
correlates with both the improved localization accuracy and
precision when grouping by “high” vs “low” SNR in Table 2.

Interestingly, it was expected that increased blinking
reduces the number of frames with a localized emitter and
would result in a decreased precision, but no discernable
difference in localization performance is observed when
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Figure 6. Hierarchical cluster analysis of QuickPALM localizations for
multi-emitter simulations. Clusters associated with one of the three
simulated emitters are traced bv the orange circles.

grouped solely by blink rate. Given that grouping
simulations by blink rate averages over both “high” and
“low” SNR emitters, it is likely that the increased
localization precision from the “high” SNR simulations
outweighs the loss of statistical precision from the reduced
number of “on” frames at the higher blink rate. Note that
in the single emitter case we did not explicitly parameterize
for photostability. A more photostable emitter in a sparsely
labeled scene is simply localized in more frames and as such
reduces the localization error; this is noted in eq 1 by the
inverse relationship between oy, and N , which is
proportional to the number of “on” frames.

To simulate more densely labeled samples typically used
for STORM/PALM, movies were created with three adjacent
emitters with overlapping point spread functions (PSFs).
The three emitters within a simulated movie are generated
using the same set of SNR and blink rate parameters (see
Figure S21 for a diagram for how the emitters are
overlapped). In this case, photostability should affect the
number of frames in which a fluctuation in PL intensity, or
blink, can occur that allows an emitter to be resolved from
the others. Thus, we explicitly parameterized for
photostability by creating a set of movies that are 1000
frames long and then another set that are 3000 frames long
(Movies S6 and S7) and performed a similar set of analyses
as performed on the single emitter simulations. The
outputs from QuickPALM (Figure 5) were analyzed with a
hierarchical clustering algorithm to identify clusters of
localized points for each simulation that are associated with
the true positions for each individual emitter, as circled in
Figures 6. Further details about the cluster analysis are
detailed in the SI. Clusters identified from the QuickPALM
localizations that are not associated with the locations of
the true emitters reflect regions where the PSFs from the



Figure 7. Select frames extracted from a simulation of multiple
overlapped emitters where (A) all are on; (B,C) one of the emitters
“blinked off” in the (B) top and (C) lower right; and (D) both the top
and lower left emitters “blinked off” in the same frame.

individual emitters overlap. The large cluster in the center
reflects the case where all emitters are on (Figures 6 and 7A)
and the smaller clusters between the true positions result
from localizations where only one of the emitters has
blinked off (Figures 7B and C). Only when a single emitter is
“on” in a densely labeled scene (Figure 7D) will the
localization procedure result in a coordinate belonging to a
cluster associated with one of the simulated true positions.
The increased brightness at these superimposed regions
biases the QuickPALM localization algorithm towards these
pixels and are not associated with any of the ground truth
positions. Thus, only clusters identified to be associated
with one of the three simulated emitters are individually
fitted with a 2D Gaussian to identify the centroid positions
and associated localization error (see Figure S24, Tables S4
and S5). Like the single emitter scenario, the absolute error
for the three overlapped emitters are grouped by SNR or

Table 3. Average error and precision for localized centroid
positions in simulated overlapped emitters grouped by
either SNR or blink rate.
1000-frame simulations
Averaged by | |Errx| (nm) | sx(nm) |Erry| (nm) | sy (nm)
High SNR 65.9 12.4 48.8 25.4
Low SNR 35.6 25.3 28.4 15.7
2 blinks/sec 49.2 20.6 43.9 26.3
3 blinks/sec 49.6 16.2 32.4 17.0
3000-frame simulations
Averaged by | |Errg| (nm) | sx(nm) |Erry] (nm) | sy (nm)
High SNR 30.4 20.2 20.8 21.7
Low SNR 33.6 12.7 22.5 12.7
2 blinks/sec 43.2 18.9 25.9 19.3
3 blinks/sec 22.9 12.6 18.3 13.4

blink rate to produce average centroid position and
standard deviation within the same movie duration of
either 1000 or 3000 frames (Table 3).

The increased localization precision obtained from the
3000-frame movies (Figure 5E-H) compared to the 1000-
frame movies (Figure 5A-D), regardless if grouped by SNR
or blink rate, is expected; more frames means more
opportunities to capture a stochastic blinking event that
will allow adjacent emitters to be better resolved from one
another. This is most apparent when comparing the
number and intensity of green spots around the ground
truth positions in panels C and D to those in panels G and H
of Figure 5. Similarly, overlapped emitters that blink more
frequently increase the probability of each frame missing at
least one of the emitters to allow the remaining emitters to
be resolved more accurately and precisely. Comparing the
fitted centroids grouped by blink rate in both the 1000-
frame and 3000-frame movies, the average error and
average standard deviation of the fitted centroid positions
are consistently lower at the faster blink rate 3bps.
Unexpectedly, when grouping by SNR, simulations with
emitters parameterized to high SNR result in a larger
average error of the fitted centroid positions compared to
those of low SNR. Based on localization accuracy the
absolute errors from ground truth in the 3000-frame long
simulations are similar when comparing high SNR and low
SNR, but the precision of the localization is notably lower in
the high SNR simulations. This deviation from the trend
observed in the single emitter simulations seems
counterintuitive; brighter emitters are expected to be
easier to resolve. We theorize that the biasing of
QuickPALM to the regions of overlap is further exacerbated
by the excessively bright emitters; panels A,CE and G
exhibit more significant features in the regions between the
ground truth positions compared to panels B,D,F and H in
Figure 5.

Based on this, we find that localization precision in
densely labeled scenes is dependent primarily on the blink
rate and photostability of the emitter. This maximizes the
number of observable blinking events, which reduces the
number of overlapping of PSFs within a frame. Only after
these individual emitters are reliably resolved from one
another does the higher SNR, or brightness, positively
contribute to the localization accuracy and precision.
Without sufficient measurements where at least one of the
emitters has “blinked” to an “off” state, the overlapped
PSFs from emitters with high SNR biases localization
algorithms towards the regions of overlap and greatly
impacts both the accuracy and precision of SMLM
measurements. Thus, the enhanced localization precision
observed in the BKQDs when compared directly to TAMRA-
BKs are likely the result of the faster, innate “blinking” and
increased photostability of CdSe/CdS QDs.

QDs are expected to have enhanced localization
precision compared to other fluorophores. While the
CdSe/CdS QDs clearly outperform TAMRA, these results by



themselves provide no insight as to how QDs would
compare to other fluorophores more commonly applied to
single-molecule localization microscopy. To do so, we
reference the work done by Dempsey et al.”? that rigorously
examined the differences in various photophysical
parameters (i.e. survival fraction, switch rate, duty cycle)
for fluorophores, such as TAMRA, routinely used for
localization-based super-resolution techniques such as
STORM. By normalizing these reported properties with
respect to TAMRA, we extend the results of the
computational analyses and simulations to predict how QD
probes may perform in comparison to the other
fluorophores. Specifically, we use the number of switching
events, the survival fraction, and the brightness, defined as
the product of the extinction coefficient € and quantum
yield QY, as a proxy for blink rate, photostability and SNR,
respectively, to compare CdSe/CdS QDs to spectrally similar
fluorophores (see Table S6). For example, comparing to
AlexaFluor 647, considered as one of the most superior
performing dyes for STORM experiments, we find that
CdSe/CdS QDs are expected to blink 14% more, are 20%
more photostable, and are on average 22% brighter, with
respect to SNR. Note that values for the QD brightness are
highly variable between different sizes and between
different methods of synthesis for a given size. While the
low end of the single QD brightness range is only a marginal
improvement in brightness compared to AlexaFluor 647,
our simulations have indicated that brightness is not a
significant indicator of localization precision for a
fluorophore in STORM/PALM experiments. Rather, the
enhanced blinking and photostability of QDs will likely
result in an improved accuracy and precision compared to
all organic dyes, much like what we observed in the direct
comparison to TAMRA.

CONCLUSION

Using fluorescence imaging of BKQDs bound to
bradykinin receptors present on neurons and astrocytes as
a model system, we find that as super-resolution imaging
tools, QDs are superior probes to commonly used organic
fluorophores. The inherent, fast blinking and extremely
photostable fluorescence from individual QDs compared to
organic dyes and fluorescent proteins provides for easier
and more precise super-resolution localization in recon-
structed images; blinking dictates the probability an
individual emitter can be resolved from overlapped PSFs of
nearby emitters and photostability increases the number of
measurements, or frames, that a blink can occur in.
Surprisingly, while we expected there to be significant
dependence on the brightness, or SNR, of the individual
emitter, we found that excessive brightness biases
localization algorithms towards the overlapped regions of
nearby emitters due to their superimposed brightness.
Thus, while SNR does dictate the localization accuracy and
precision of easily resolvable single emitters, its role is
minor in well-labeled samples typical of STORM/PALM

experiments. The broad absorption spectrum and intrinsic
blinking nature of QD fluorescence also means that super-
resolution imaging is relatively simple to employ. While QDs
have long been touted as superior to organic fluorophores
for conventional imaging applications,31-34 37. 39, 8891 gyr
results suggest that QDs should have substantial
advantages over organic fluorophores for sub-diffraction
limit imaging as well.
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