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ABSTRACT: Quantum dots (QDs) can be used as fluorescent probes in single molecule localization a
microscopy to achieve subdiffraction limit resolution (super-resolution fluorescence imaging). However, the .
toxicity of Cd in the prototypical CdSe-based QDs can limit their use in biological applications. -
Furthermore, commercial CdSe QDs are usually modified with relatively thick shells of both inorganic and
organic materials to render them in the 10—20 nm size range, which is relatively large for biological labels.
In this report, we present compact (4—6 nm) CulnS,/ZnS (CIS/ZnS) and compare them to commercially
sourced CdSe/ZnS QDs for their blinking behavior, localization precision and super-resolution imaging.
Although commercial CdSe/ZnS QDs are brighter than the more compact Cd-free CIS/ZnS QD, both give
comparable results of 4.5—5.0-fold improvement in imaging resolution over conventional TIRF imaging of
actin filaments. This likely results from the fact that CIS/ZnS QDs show very short on-times and long off
times which leads to less overlap in the point spread functions of emitting CIS/ZnS QD labels on the actin
filaments at the same labeling density. These results demonstrate that CIS/ZnS QDs are an excellent
candidate to complement and perhaps even replace the larger and more toxic CdSe-based QDs for robust
single- molecule super-resolution imaging.
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Bl INTRODUCTION from each other by more than the full width at half-maximum
(fwhm) of their point spread function, allowing their centroid
positions to be precisely localized, usually to within a few nm.
A final super-resolution image is reconstructed by assembling
the position of each fluorophore over hundreds to thousands
of imaging frames to produce a single static image. Thus,
progress in SMLM is accomplished by improving the
fluorophore rather than the imaging hardware.

The most common fluorophores for SMLM are switchable
fluorescent proteins and dyes. However, inorganic quantum
dots (QDs) have also been shown to be a suitable candidate,
due to their high brightness combined with their natural
blinking phenomenon.'®'* QD blinking-based super-resolu-
tion imaging was first reported in 2005, which used
Independent Component Analysis (ICA) to accurately localize
two-point fluorophores as a function of their separation.”’
Blinking CdSe QDs have particularly been used to improve
spatial resolution with super resolution optical fluctuation
imaging (SOFI)."> Wang et al. introduced quantum dot
blinking with a three-dimensional imaging (QDB3) technique,

The Abbé diffraction limit leads to conventional imaging
having a spatial resolution of approximately half of the photon
wavelength which, for visible light, is approximately 200—350
nm. Over recent years, a number of super resolution imaging
techniques have been developed to achieve subdiffraction-
limited imaging resolution, so-called super-resolution imag-
ing."” These fall into two general categories of (i) patterned
illumination microscopy such as stimulated emission depletion
(STED)>* and structured illumination microscopy (SIM),>°
as well as the two-objective based 4Pi""% and I M'OM
microscopies or (ii) single molecule localization microscopy
(SMLM) such as photoactivated localization microscopy
(PALM),"* stochastic optical reconstruction microscopy
(STORM)," points accumulation for imaging in nanoscale
topography (PAINT),"* or stochastic optical fluorescence
imaging (SOFI).IS’M

Patterned illumination microscopies require more complex
hardware setups than a typical fluorescence microscope, while
the essential principle of SMLM imaging technique relies on
mathematical fitting of the fluorescence from a single molecule
using a conventional microscope setup,”'” and is thus more Received:  January 24, 2023 T o
commonly employed. SMLM is achieved by labeling structures Revised:  March 20, 2023
with a high density of fluorescent probes that alternate Accepted:  March 21, 2023
between bright and dark states. This results in only a small Published: April 3, 2023
fraction of fluorophores being “on” in a given time frame so
that each of the active fluorophores in the frame are separated
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in which 3D super-resolution imaging with blinking QDs is
achieved through extracting the point-spread function (PSF) of
individual QDs by subtracting subsequent frames.”' Multicolor
imaging has also been presented using QDs as probes, since
their wide excitation spectra allows for a single laser to excite
multiple QDs simultaneously.”*~>*

The prototypical Cd-based QDs have issues in bioimaging
applications due to their highly toxic cadmium content.
Moreover, commercialized Cd-based QDs are usually coated
with thick shells and polymeric coatings, which render them up
to 15—20 nm in size. These coatings, while providing both
improved brightness and chemical stability, tend to also reduce
blinking so that the QDs spend most of the time at the on state
and rather short time in the off state, which is preferable for
most bioimaging applications. However, for SMLM, it is ideal
for the off-time of each fluorescent probe to be much longer
than the on-time to limit the number of fluorophores that are
in the on state within a single imaging frame. To address the
problem of lower-blinking QDs, blueing of CdSe/ZnSe QD
was exploited in super resolution imaging for microtubules™ as
was the use of two-color QSTORM imaging of microtubules
and mitocondria using two sizes of the QDs (QD 705 nm and
QD 565 nm).”* Recently, biocompatible carbon dots were
introduced with burst like fluorescent for SMLM imaging of
microtubule networks*® and fixed trout epithelial gill cells.””
While, carbon dots do not contain toxic elements and are thus
preferable to Cd-based QDs, they are often synthesized by
refluxing in 6 M HNO; followed by two stage ultrafiltration to
extract the nanoparticles from the reaction mixture, which are
not ideal synthesis conditions.

In this report, we extend the toolbox to low toxicity, fast-
blinking QDs for SMLM imaging by synthesizing compact
CulnS,/ZnS QDs. CulnS, (CIS) is a I-III-VI, semi-
conductor with a direct band gap of 1.45 eV and does not
contain toxic heavy metals.”*~*° It has been shown previously
that the cytotoxicity of CIS/ZnS QDs is low. Compared to Cd-
containing QDs that have ICy, values in the nM range, CIS/
ZnS QDs can reach ICg, values the hundreds of yM range.31
More recent studies have shown that tuning Cu:ln
stoichiometry can result in negligible cytotoxicity of CIS/
ZnS QDs even up to 50 mM.>>

As reported previously, we are able to control both the
photoluminescence quantum yield/brightness and the blinking
behavior of CIS QDs by exposing them to different amounts of
zinc stearate after synthesis of the CulnS, core, thereby
controlling the degree of cation exchange of Cu and In with
Zn.** In particular, we found that we can synthesize bright
QDs with fast blinking by using a limited amount of Zn
precursor (0.1 mmol), while increasing the amount of Zn
precursor to 4 mmol allows us to increase the fraction of low-
blinking QDs from the same batch of CulnS, cores. Although
the synthesis of these QDs does require high temperatures, no
concentrated acids or environmentally dangerous solvents are
needed, and the work up only requires simple solvent
extraction steps to produce small (<5 nm) QDs with narrow
size distributions. We find that these fast-blinking QDs are
comparable in resolution for subdiffraction imaging of actin
filaments to the brighter but more toxic CdSe QDs and to the
previously reported carbon QDs that are synthesized in more
dangerous solvents.”®
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B METHODS

Chemicals

Copper(I) iodide (Cul, 99.999%, Sigma-Aldrich), indium acetate
In(Ac);, 99.99%, Alfa Aesar), 1-dodecanethiol (DDT, 98%, Sigma-
Aldrich), 1-octadecene (ODE, 90%, Acros), zinc stearate (Zn(St),,
Acros), mercaptopropionic acid (MPA, Sigma-Aldrich), 1-ethyl-3-(3-
(dimethylamino)propyl)carbodiimide hydrochloride (EDC, Thermo-
Fisher), and NeutrAvidin (ThermoFisher). All solvents were
purchased from VWR International. Methanol, hexane, dimethylfor-
mamide, and ethyl acetate were of pure grade. All of the water used in
this study was ultrapure 18M€Q2-cm Millipore water obtained from a
Direct-Q 3UV water filtration system.

Synthesis of CIS QDs

CIS QDs are synthesized by modification of the literature
methods.”**

Briefly, 0.292¢ of In(Ac)s, 0.048¢ of Cul, 1 mL of DDT, and 10 mL
of ODE were mixed in a 50 mL three-neck round-bottom flask (rbf).
This solution was first degassed under vacuum for at least 30 min at
room temperature, then purged with argon for 30 min. Subsequently
under argon flux the solution was heated to 210 °C for 40 min under
argon flow. The color of the solution changed from yellow to orange
to deep red as the QDs grew in size. The solution was cooled and
then centrifuged at 4000 rpm for 10 min. The precipitate was
disposed of, and the solution was used for subsequent exposure to the
zinc precursor.

Synthesis of CIS/ZnS QDs

0.1 mmol (0.063g) of Zn(St), was added to a SO mL RBF. Then, §
mL of ODE, 1 mL of DDT, and 5 mL of CIS QDs were added to the
RBF. The mixture was stirred under vacuum at 60 °C for 30 min and
backfilled with argon for 30 min. Under argon flux, the reaction
temperature was increased to 230 °C. After 6 h, the reaction solution
was cooled to room temperature and washed three times with a 50/50
mixture of hexane and methanol. Afterward, the sample was
precipitated by adding excess acetone. The flocculent precipitate
was centrifuged at 4000 rpm for 10 min and the supernatant decanted.

Aqueous Phase Transfer of CIS/ZnS

The aqueous phase transfer was achieved by replacing the initial
surface ligands, DDT by MPA. A mixture of MPA (2 mL, ~20 mmol)
and 100 mg of dried CIS/ZnS QDs were added into 3 mL N,N-
dimethylformamide (DMF), which formed a turbid solution. Then,
the mixture was heated to 130 °C and stirred under argon. After 10—
1S min, the mixture solution gradually became clear. Finally, the
product was precipitated by adding 10 mL ethyl acetate and
centrifugated at 4000 rpm for S min. The precipitate was dissolved
in basic solution (pH ~ 9) for storage.

Conjugation of MPA-CIS/ZnS QDs with Neutravidin

Neutravidin was conjugated to the COOH-functionalized CIS/ZnS
QDs by a straightforward EDC coupling method. Briefly, in an
Eppendorf tube, 10 uL of 16 uM stock solution of MPA-CIS/ZnS was
diluted to 50 uL using 10 mM borate buffer, pH 7.4. Then, 200 L of
10 mg/mL neutravidin was added to the QD solution. Ten mg/mL of
EDC stock solution was prepared just before use. Immediately, S0 uL
of 10 mg/mL EDC stock solution was added to the mixture of QD
and neutravidin. The solution was gently mixed and left at room
temperature for 10 min. The solution was transferred to a centrifugal
ultrafiltration tube (100 kDa cutoff, Pall Life Sciences) and
centrifuged at 6000 rpm for S min to remove any excess unbound
protein. The QDs were redissolved in PBS buffer (20 mM, pH 7.2),
and filtered through a clean centrifugal filter unit (0.2 mm, Pall Life
Sciences) to remove aggregates. The purified neutravidin-conjugated
CIS/ZnS QD solution was stored at 4 °C until further use.

Polymerization of Actin

F-actin (or actin filaments) was freshly prepared before each imaging
experiment. Biotinylated G-actin monomer was dissolved to 0.2 mg/
mL with general actin buffer and keep it on ice. 100 yL ice cold actin
polymerization buffer was added and then left overnight at 4 °C to

https://doi.org/10.1021/cbmi.3c00018
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form actin filaments (F-actin). The solution was then diluted in water
to a total volume of 1 mL.

Sample Chamber Preparation

Microscope slides and coverslips were immersed with aqua regia for
30 min, then rinsed with ultrapure water. Then, slides and coverslips
were sonicated, further rinsed with water and then dried with nitrogen
gas. Sample chambers were constructed as follows: Two strips of
double-sided tape were placed onto the slide along the short edges,
leaving a gap of 3—5 mm at the center. A cleaned coverslip was placed
on top of the slide/tape under pressure to produce a watertight
channel. The open ends of the chamber are left open and served as
inlet and outlet, whereby capillary forces allow the channel to be filled
via a pipet on one end and a tissue on the other end to wick the
solution, thereby allowing the solution in the channel to be easily
exchanged. The channel volume is several microliters.

Morphological Characterization of QDs

Bright field TEM images were taken on a FEI Titan 80-3000 TEM
with an accelerating voltage of 300 kV. The average QD size and size
distribution were estimated by analyzing TEM images of ~100 QDs
using Image].

Optical Measurements of QDs at the Ensemble Level

Absorption spectra of CIS/ZnS QDs before and after aqueous transfer
were obtained by a Hitachi U-3900H UV/vis-spectrophotometer and
fluorescence emission spectra were recorded with a PerkinElmer LSS5
Luminescence Spectrometer. The relative PL quantum yields (QYs)
of various QD samples were comparatively studied by comparison
with that of Rhodamine 6G (95% in ethanol) as follows:

QYQD = QYpeg X (ODRéG/ODQD) X (nQD/nRGG)Z

where fqp is the reflective index of hexane for DDT-CIS/ZnS and
water for MPA-CIS/ZnS and ngg is the reflective index of ethanol.
The excitation wavelength was set at 485 nm and the optical

density (OD) used was ~0.05.
Fluorescence Imaging and Single Molecule Analysis

All single molecule/particle imaging on coverslips were performed on
an Olympus IX 71 inverted fluorescence microscope (Olympus
Optical Co., Japan) in total internal refection fluorescence (TIRF)
mode. The QDs were excited using a 488 nm laser (Dream Lasers
Technology Co. Ltd., Shanghai, China), and the laser power
monitored in front of an oil-immersion microscope objective
(NA1.45/100x, Olympus Optical Co., Japan) was measured to be
S mW. The laser was focused onto the back plane of the objective to
provide an illumination area of ~200 X 200 um? Fluorescence from
the sample was collected by the same objective, separated from the
excitation light by a dichroic mirror and emission filters (632/148,
Semrock), and then directed into an electron-multiplying charge
coupled device (EM-CCD, ANDOR iXON Ultra 888) camera. The
imaging array was 1024 X 1024 pixels with 13 X 13 /,tmz/ pixel. The
frame rate was set at 20 fps (S0 ms/frame) for all samples utilizing a
frame transfer approach in which the next frame is acquired while the
previous frame is read out, allowing for continuous movies to be
acquired.

Blinking Statistical Analysis

For DDT-CIS/ZnS, a single particle experiment was prepared by
spin-casting freshly diluted QDs in hexane. The QD particle density
was controlled by changing the concentration of the QDs in the
solution before spin coating. For MPA-QDs, the QDs were
immobilized on a coverslip surface by first functionalizing them
with neutravidin, as described above. To prepare the sample chamber
to immobilize the neutravidin-functionalized QDs, a 20 uL mixture of
mPEG-silane and biotinylated mPEG-silane (ratio 99:1) dissolved in
water was pipetted into the sample chamber, incubated for 10 min,
and rinsed with ~30 uL water. Following this, 20 uL neutravidin
conjugated CIS/ZnS QDs were added to the sample chamber,
incubated for 10 min, and rinsed with 30 uL water. Movies of blinking
QDs were measured and analyzed as previously described® to

253

provide on- and off-time probability densities, as well as to provide
average on and off dwell times. Only QDs in the central ~200 X 200
pixels portion of the CCD chip were used to minimize the effects of
illumination power variations due to the 2-D Gaussian laser
illumination profile. At least 100 dots were randomly selected and
analyzed for each sample. All measurements were performed at room
temperature.

Localization Precision

Analysis of the localization precision for a single QD used the blinking
movies taken, as described above and processed by either a
homemade code, written in Matlab, or by ThunderSTORM,>® an
Image] plugin. Briefly, the integrated signal was collected from 7 X 7
pixels around the maximum-intensity center pixel of the PSF. To
avoid the crosstalk of multiple particles into an intensity trajectory,
any fluorescent spot within five pixels of another fluorescent spot was
omitted from analysis.

Super-Resolution Imaging of QD-Labeled F-Actin

A 20 uL mixture of mPEG-silane and biotinylated mPEG-silane (ratio
99:1) dissolved in water was pipetted into the sample chamber,
incubated for 10 min, and rinsed with ~30 uL water. 60 uL
neutravidin (10 mg/mL) was added and incubated for 10 min,
followed by rinsing with ~100 yL ddH,O to remove unbound
neutravidin. Twenty uL of biotinylated actin filaments was then added
to the sample chamber, followed by rinsing with 40 yL water. Twenty
#L neutravidin-conjugated CIS/ZnS QDs or commercial streptavidin-
conjugated CdSe/ZnS QDs (QSS600, Ocean Nanotech) was then
added to the channel, incubated for 10 min, and rinsed with 40 L
water.

For reconstructing of super resolution images, a time series of
fluorescence images were acquired at 100 ms/frame for several
minutes. Usually 1-2 min is enough to obtain good super-resolution
images. The super-resolution images were then reconstructed with
ThunderSTORM.?® This readily accessible plugin provides a
complete tool for image processing, particle localization, and
visualization of data.

B RESULTS AND DISCUSSION

Figure 1 shows representative TEM images (low resolution
and high resolution) and size distribution of the synthesized
CIS/ZnS QDs, showing homogeneously spherical particles
with an average size of <5 nm and a narrow size distribution of
~0.5 nm. Generally, the smaller the fluorophore size, the more
favorable they are for biological imaging applications, esgecially
in spatially confined conditions such as in cell junctions,*® or in
overlapping/interacting biological structures.

One of the major drawbacks of QD fluorophores for
biological imaging is that it is difficult to maintain a small size
while at the same time improving their optical properties. In
addition to their less toxic composition, the small size of these
CIS/ZnS QDs are particularly attractive compared to the more
typical core/shell based CdSe/ZnS QDs. A key reason that
these QDs are able to maintain a relatively small size is that, in
the “shelling” step, cation exchange/alloying occurs rather than
just addition of a pure shell, which limits size growth while still
allowing for improvement of their fluorescence properties.”

Figure 2 shows the fluorescence emission spectra and the PL
QY of QDs before and after ligand exchange from DDT to
MPA, and transfer from hexane to water. A slight red shift is
observed, together with a two-fold decrease in PL QY from
60% to 30%. The red-shift and decrease in PL QY upon ligand
exchange and water solubilization is consistent with earlier
results for CIS/ZnS Q'Ds,‘?'7 and CdSe/ZnS.>**°

Figure 3 shows the blinking behavior of CIS/ZnS with the
native DDT ligands and after ligand exchange/neutravidin
functionalization, compared to commercial streptavidin-

https://doi.org/10.1021/cbmi.3c00018
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Figure 1. Representative (a) low-resolution TEM image and (b) high-
resolution TEM of as-synthesized DDT-CIS/ZnS QDs and (c) their
size distribution.

functionalized CdSe/ZnS. Representative traces of intensity vs
time are shown in Figure 3a—c, and indicates that streptavidin-
CdSe/ZnS QDs spend most of the time at the on state, with
brief sojourns to the off-state. In contrast, both DDT-CIS/ZnS
and neutravidin-CIS/ZnS QDs show burst-like fluorescence,
spending most of their time in the off-state.

This is further quantified in the statistical analysis of
blinking. The average on and off dwell times are calculated for
each type of QD in Figure 3d and 3e, respectively. Both DDT-
CIS/ZnS QDs spend an average of ~0.25 s in the on state
(corresponding to ~4 frames at SO ms per frame), and an
average of ~16.5 s in the off state (~330 frames). When
neutravidin is added to CIS/ZnS QDs, they spend the same
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Figure 2. PL emission spectra and QY of CIS/ZnS QDs before and
after ligand exchange.

~0.25 s (~5 frames) in the on state and ~5.4 s (108 frames) in
the off state. In contrast, CdSe/ZnS QDs spend ~1.65 s on
average in the on-state (~33 frames), and ~1.1s (~22 frames)
in the off state. In other words, CIS/ZnS QDs spend on
average between 1.2% and 3.6% (depending if neutravidin is
attached or not) of measured frames of a movie in the on state,
while CdSe/ZnS spend ~60% of measured frames in the on
state. The number of frames that a QD is on compared to off is
an important consideration for super-resolution imaging, and
this data suggests that CIS-ZnS QDs should be extremely well-
suited for super-resolution imaging.

Figure 3f and 3g shows the probability density of the on
dwell times and off dwell times, respectively, for over 100 QDs
of each sample. The data is plotted on a log—log scale,
highlighting the wide distribution of time scales over which
blinking can occur. The data clearly shows that, in line with the
average dwell times, the probability density curves for the on-
state of streptavidin-CdSe/ZnS QDs are much longer
compared to that of DDT- CIS/ZnS and neutravidin-CIS/
ZnS QDs. For the probability density distributions of the off
state, there is an even more pronounced difference of CdSe/
ZnS compared to CIS/ZnS QDs.

Since the first observation of blinking phenomenon in CdSe
QDs in 1996,* the blinking mechanism has been the focus of a
large number of studies, and much progress has been made in
both understanding it and controlling it, at least for binary II—
VI QDs, such as CdSe-based (see ref 41 and references therein.
The most widely accepted explanation is that blinking arises
when the photoexcited electrons (or holes) become localized
in trap states on the surface of nanocrystals or the surrounding
environment.” In the resultant charged/trapped nanocrystals,
the fluorescence is quenched via nonradiative recombination
until the electrons (or holes) return to the nanocrystal emitting
core, balancing the charges and rendering it bright again.

However, the exact nature of these trap states, and the
mechanisms in which charge carriers are trapped and
detrapped is still actively debated in the literature and,
therefore, there is still a great deal of discussion as to whether
the probability densities for the On-State and the Off-State in
QDs are best represented by a power-law distribution, or by a
multiexponential distribution.*”**™*® Since it is not yet clear
which function best describes blinking in CIS/ZnS QDs,"” and
an in-depth discussion on the details of the underlying blinking
mechanisms of CIS/ZnS is beyond the scope of this study, we

https://doi.org/10.1021/cbmi.3c00018
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Figure 3. Representative traces of intensity vs time of (a) DDT-CIS/ZnS QDs, (b) Neutravidin-CIS/ZnS QDs, and (c) streptavidin CdSe/ZnS
under continuous illumination. Statistical analysis for (d) average on dwell times and (e) average off dwell times of over 100 blinking QDs of each
type. Probability density distributions for (f) on dwell times and (g) off dwell times of over 100 blinking QDs of each type, shown on log—log scale
highlighting the wide range of time scales that blinking events can occur on.

do not specifically fit the probability density curves in Figure 3f
and 3g. However, it is clear that rapid switching between on
and off states gives blinking QDs great potential for super
resolution localization imaging. Furthermore, for fluorescent
probes that spend the majority of their time in the off state,
while only giving burst-like signals in the on state, a higher
density of probes can be labeled on samples to be imaged,
resulting in more details for the final reconstructed image.*®
Therefore, as stated above, the blinking data for the CIS/ZnS
QDs shown here suggests them to be extremely well suited
toward this type of imaging application.

As a first step toward this goal, it is necessary to characterize
the localization precision of single QDs. We compare the
localization precision of our neutravidin-CIS/ZnS to commer-
cial streptavidin-CdSe/ZnS QDs in Figure 4. The localization
precision can be calculated according to eq 1,**

6> = s*/N + a*/(12N) + 8xs*b*/(N*b?) (1)
where s is the standard deviation (SD) of the PSF, a is the
dimension of a given pixel (130 nm in our setup), b is the
background noise (found by analyzing pixels in the image that
contain no QD), and N is the number of photons collected
from the fluorophore (the integrated area of the PSF shown in
Figure 4c (CIS) or 4g (CdSe).

Using these images, we found the average localization
precision of the CIS/ZnS QDs to be 7.2 + 1.9 nm and CdSe/
ZnS QDs to be 1.6 nm +0.2 nm. Clearly, under these idealized
conditions, CdSe/ZnS can be localized to a much higher
precision, primarily a result of the much higher brightness of
commercial CdSe/ZnS QDs. One of the key aims of our lab is
to improve the brightness of CIS/ZnS QDs, while still being
able to control blinking, but the current localization precision
of <10 nm is still comparable to or better than many other
fluorophores used for SMLM-based super-resolution imaging.

To evaluate the effectiveness of super-resolution localization
in separating QDs that are close to each other, a region of the
image in which CIS/ZnS QD emission overlapped was chosen.
Figure 5a and Sb shows the conventional TIRF image in which
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the maximum intensity of each pixel over 300 frames was
determined (a maximum intensity projection image to show
the intensity of the QD only when it is on) and the
reconstructed super-resolution image, respectively. Figure Sc
shows the cross section of the blue line shown in Figure 5a and
Sb. For the conventional TIRF image, the PSFs of the two
QDs overlap significantly, showing that they are difficult to
resolve even close to the Abbe diffraction limit of 350 nm. For
the SMLM reconstructed image, the peaks become clearly well
resolved. On the basis of the line profiles, this spatial resolution
will persist down to the 10s of nm separation.

Actin is one of the key proteins involved in muscle
contraction, cell division, and migration. As a monomer, it is
a globular protein with molecular weight of 42 kDa and
diameter of 5 nm. In the presence of salts and magnesium ions,
it polymerizes into long filaments with two helically twisted
strands.*”** The length of actin filaments can reach up to
several microns, while the thickness is about 10 nm (size of
two actin monomers), making them an ideal model to test
super-resolution imaging of a real biological system.’">*

First, to determine if the change in buffer and local
environmental conditions affects QD blinking, we labeled f-
actin at low density so that single isolated QDs could be
analyzed for their blinking behavior, particularly to quantify the
average on and off dwell times/frames. This data is shown in
Figure 6, which compares the average on and off dwell times of
the QDs before (as shown in Figure 3) and after binding to f-
actin. The data shows that the both the average on dwell times
and average off dwell times becomes smaller for CIS/ZnS
when bound to f-actin. The average on dwell time is ~0.15 s (3
frames) and the average off dwell time is 3.4 s (68 frames),
resulting in CIS/ZnS QDs being on for ~4.2% of the frames,
similar to when they are not bound to f-actin. CdSe spends
about the same average time in the on state when they are on f-
actin as when they are not on factin (1.62s, 32 frames).
However, they spend even less time in the off state when they
are on f-actin (0.65s, 13 frames) resulting in CdSe/ZnS QDs
being on for ~71% of measured frames, which is even more
than when they are not on f-actin.
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Figure 4. Comparison of localization precision for CIS/ZnS and
CdSe/ZnS. Wide field fluorescence image of immobilized (a) CIS/
ZnS QDs and (e) CdSe/ZnS QDs. Zoomed in false-color image of a
single (b) CIS/ZnS QD and (f) CdSe/ZnS QD. 2-D intensity profiles
of a single (c) CIS/ZnS QD and (g) CdSe/ZnS QD. Histogram of
localization precision found by fitting the 2-D intensity profiles for
multiple single (d) CIS/ZnS QD and (h) CdSe/ZnS QD.

Finally, QDs were labeled onto biotinylated f-actin at higher
density to provide super-resolution images of f-actin filaments
The top panel of Figure 7 illustrates how QDs were labeled
onto f-actin filaments (see Methods Section for details). The
width of actin filaments from the Gaussian fit (fwhm) is
determined to be 79 nm for CIS/ZnS QDs and 76 nm for
CdSe/ZnS, which is approximately 4.5—5 times higher
resolution than that acquired by conventional TIRF imaging
(361 nm for CIS/ZnS and 379 nm for CdSe/ZnS). This is an
interesting result, since the localization precision of CIS/ZnS
QDs is 4.5 times lower than that of CdSe/ZnS QDs but result
in about the same resolution for SMLM imaging of actin
filaments. This can be explained by the fact that even though a
single, isolated CdSe/ZnS QDs provides better localization
precision due to their higher brightness, their lower blinking
means that they mostly stay in the on state. Thus, the PSF of
multiple QDs may overlap in a single frame that leads to a less
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Figure S. (a) Conventional TIRF image and (b) reconstructed (or
SMLM) image of immobilized QDs. (c) Line scan profile/cross-
section of two closely spaced QDs. The line indicating the cross
section is shown in (a) and (b).
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precise localization when labeling at a similar density to the
faster-blinking, albeit less-bright CIS/ZnS QD. This is in the
same range as previously reported for carbon QDs.”® However,
when compared to the ~10 nm expected width of actin
filaments, these results still leave room for some improvement
for all 3 types of QD (CdSe/ZnS, CIS/ZnS, and carbon QDs).
For example, Endesfelder et al. achieved a width of 30 nm in
imaging actin filaments when labeling them with both
carbocyanine fluorophores CyS and Alexa 647 organic dyes.”
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Figure 7. Top image shows the schematic of QD-labeled f-actin
filaments. Left column of images show two examples for CIS/ZnS
QDs. Right column of images show two examples for CdSe/ZnS
QDs. (a, g d, and j) Conventional TIRF images; (b, h, e, and k)
reconstructed SMLM images of QD-labeled actin filaments. (¢, i, f
and 1) Line scan profiles (lines shown in blue in images above) of the
widths of actin filaments measured using conventional TIRF imaging
(black) and SMLM reconstruction (red).

The brightness of organic dyes are generally limited by their
5—20-fold lower extinction coefficient compared to QDs, so it
may prove difficult to significantly improve the resolution of
dye-based SMLM. Furthermore, it is still a challenge to
synthesize red-emitting dyes with high PL QY and high
photostability due to the extensive conjugation needed to
achieve emission wavelengths above 600 nm. Thus, we believe
that there is a great deal of potential for improvement of QD-
based SMLM, since the optical properties of QDs can be
relatively easily adjusted. For example, we have been working,
and continue to work at improving the PL QY of CIS/ZnS
QDs through either varying the shell thickness and
composition, as we have shown to be possible for CIS/ZnS,
CdSe/CdS, CdSe/ZnSe/ZnS CdSe/CdS/ZnS, or through

varying the ligands used for water-solubilization as we have
shown for CdTe and CdSe/ZnS. Of course, care must be taken
to not increase the total QD size too much during these
modifications, and it is necessary to also maintain control of
their blinking properties, or some of the advantages may be
lost. As well as potential improvements in the QD
fluorophores, it is also possible to improve labeling procedures
to reduce nonspecific binding and/or control labeling
densities. One approach may be to conjugate the QDs to
actin monomers before the polymerization step rather than
after it.

B CONCLUSIONS

In summary, we have introduced compact CIS/ZnS QDs with
burst-like fluorescence as probes for single molecule local-
ization microscopy. The PL QY of CIS/ZnS QDs after phase
transferring to aqueous solution is about 30% which is high
enough for super resolution imaging. The average localization
precision of a single QD of CIS/ZnS is 7.2 nm which is 4.5
times less precise compared to that of the brighter,
commercialized CdSe/ZnS QDs. However, for super reso-
lution imaging of actin filaments both types of QDs give
comparable results for the width of actin filaments, which is
about 4.5 times higher compared to those acquired from
conventional TIRF imaging. Since CIS/ZnS QDs spend only
~4.2% of frames in the on state, compared to CdSe/ZnS which
spend over 70% of frames in the on state, we propose that the
burst-like fluorescence of CIS/ZnS QDs allows for less
overlapping “ON” QDs in a given frame, which counteracts
the lower brightness (and thus lower precision) of a single
CIS/ZnS QD. This report highlights that CIS/ZnS QDs are a
strong candidate for using compact, nontoxic QDs as excellent
probes for single molecule localization imaging/super-
resolution microscopy of biological structures, and further
improvements to their brightness should render them even
more suited for this purpose provided they can maintain their

burst-like blinking.
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