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Abstract

Quantum dots (QDs) have tremendous potential for biomedical imaging, including super-
resolution techniques that permit imaging below the diffraction limit. However, most QDs are
produced via organic methods, and hence require surface treatment to render them water-soluble
for biological applications. Previously, we reported a micelle-templating method that yields
nanocomposites containing multiple core/shell ZnS—CdSe QDs within the same nanocarrier,
increasing overall particle brightness and virtually eliminating QD blinking. Here, this technique
is extended to the encapsulation of Mn-doped ZnSe QDs (Mn—ZnSe QDs), which have potential
applications in super-resolution imaging as a result of the introduction of Mn?* dopant energy
levels. The size, shape and fluorescence characteristics of these doped QD-micelles were
compared to those of micelles created using core/shell ZnS—CdSe QDs (ZnS—CdSe QD-
micelles). Additionally, the stability of both types of particles to photo-oxidation was
investigated. Compared to commercial QDs, micelle-templated QDs demonstrated superior
fluorescence intensity, higher signal-to-noise ratios, and greater stability against photo-
oxidization,while reducing blinking. Additionally, the fluorescence of doped QD-micelles could
be modulated from a bright ‘on’ state to a dark ‘off” state, with a modulation depth of up to 76%,
suggesting the potential of doped QD-micelles for applications in super-resolution imaging.

Online supplementary data available from stacks.iop.org/nano/25/195601/mmedia
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1. Introduction

Since their introduction into the biological milieu in 1998,
there has been tremendous interest in the application of
quantum dots (QDs) for biological imaging [1-5]. In parti-
cular, QDs show great promise for super-resolution fluores-
cence microscopy [6-8], in which fluorescence is localized to
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a spot size below the diffraction limit by a combination of
single molecule imaging and image processing [9-11]. With
their high absorbance cross section (approximately an order
of magnitude higher than that of typical fluorescent dyes, e.g.,
~20x 107" cm? for CdSe QDs [12] versus ~1x107'°cm?
for Kaede [8]) and resistance to photobleaching [1], QDs
should permit photons to be collected at a faster rate and for
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longer time periods compared to fluorescent dyes and pro-
teins, permitting the same resolution to be attained in less
time. QDs have already been employed in super-resolution
imaging methods that have used shifts in their emission
wavelength upon intentional photo-oxidation [13] and blink-
ing [14, 15] to produce signals below the diffraction limit.
With the introduction of photo-switchable Mn-doped ZnSe
QDs (Mn—ZnSe QDs) that can be excited at one wavelength
while using another wavelength to control the passage of
excited electrons down either a fluorescent or non-radiative
pathway [16], QDs can potentially be applied in additional
super-resolution techniques, such as stimulated emission
depletion (STED) microscopy [17]. Giant CdSe/CdS QDs in
which the Auger recombination and rapid blinking are strongly
suppressed have also been shown to be suitable for STED [18].
However, the majority of QD synthesis methods,
including those used to produce Mn—ZnSe [19], require a
surface modification step to transfer particles from the organic
solution in which they are synthesized to the aqueous phase
[20-22]. This is often accomplished via ligand exchange,
which can unfortunately result in the deterioration of fluor-
escence properties, most likely through the introduction or
alteration of surface states [23, 24]. In 2002, Dubertret and
colleagues [25] introduced a micelle encapsulation process
using lipid-polymer amphiphiles to encapsulate single QDs.
Recently, we [26, 27] and others [28, 29] have expanded this
concept to the encapsulation of multiple nanospecies within a
single micelle core. Because nanospecies are encapsulated
within the hydrophobic core of the micelle, they may be used
as synthesized, with the hydrophilic polymer block providing
water solubility. Thus, no surface treatment or ligand exchange
is required, and QD-micelles retain their same pre-encapsula-
tion functional properties, while displaying increased bright-
ness and reduced blinking, since there are several QDs in each
micelle [27]. Micelle encapsulation can theoretically be used
to encapsulate any hydrophobic species smaller than the
micelle core and can also be used to co-encapsulate multiple
types of nanoparticles, resulting in composites such as mag-
netic QDs [26, 28, 29] or magnetic-gold nanoparticles [30].
Here, we expand the micelle encapsulation approach to
photo-switchable Mn-ZnSe QDs synthesized according to
standard organic methods [19], evaluating the size, shape, and
fluorescence properties of the resulting micelle nanocompo-
sites and comparing these results to those of commercially-
available ZnS—CdSe organic QDs. Additionally, we evaluate
the influence of the micelle coating on stability to photo-oxi-
dation, as the micelle coating may provide a method for
altering fluorescence properties of QDs synthesized via
organic methods. Finally, we demonstrate feasibility of micelle
encapsulated doped-QDs for application in STED microscopy.

2. Experimental

2.1. Materials

Zinc stearate (12.5-14%, ZnO), selenium powder (99.999%,
~200 mesh), tetramethylammonium hydroxide pentahydrate

(TMAH, 25% w/w in methanol), manganese chloride
MnCl,, 97%), and octadecylamine (ODA, 98%) were pur-
chased from Alfa Aesar. Stearic acid (SA, >98.5%), 1-octa-
decene (ODE, >95.0%), 3-Mercaptopropionic acid (MPA,
299%), and tributyl phosphine (TBP, 97%), acetone
(299.9%), and Poly (vinyl alcohol) (13 000-23 000 Dalton,
87-89% hydrolyzed, PVA) were purchased from Sigma-
Aldrich. Chloroform was purchased from Mallinchrodt Che-
micals. Poly(styrene-b-ethylene glycol) (PS-PEG) with a
molecular weight of 3800-b-6500 (Dalton) was purchased
from Polymer Source. Organic ZnS—CdSe QDs (Ae, =605
nm) in decane and carboxy-ZnS—CdSe QDs (1, =605 nm) in
pH 9 borate buffer were purchased from Invitrogen.

2.2. Preparation of the Mn-ZnSe QDs

Mn-doped ZnSe QDs were synthesized according to the
method of Peng [19, 21].

2.2.1. Synthesis of MnSt, precursor. Briefly, 1.42 g of SA
was dissolved in 10 mL of methanol in a 100 mL three-neck
flask and heated to 50-60 °C until the solution became clear.
The solution was then allowed to cool to room temperature.
Next, TMAH solution was prepared by adding 2.3 mL of
TMAH stock solution to 1.5 mL of methanol. This solution
was added dropwise to the SA solution until the white
precipitate disappeared. Then, 0.315g of MnCl, was
dissolved in 3.15 mL of methanol and added dropwise via
an addition funnel into the above solution under vigorous
stirring, causing a white precipitate to form and flocculate.
This precipitate was collected, washed with methanol six
times, and dried under vacuum.

2.2.2. Synthesis of Mn-ZnSe QDs. In a typical experiment,
TBP-Se stock solution was prepared inside a glove box by
adding 0.63 g of Se to 2.7mL of TBP. One and a half
milliliters of this solution was mixed with 1.3 g of ODA in a
25mL flask, removed from the glove box, immediately
protected with Ar, and heated to about 70 °C under Ar. Also,
ZnSt, stock solution was prepared by adding 2.5 g ZnSt,,
0.5 g stearic acid, and 12mL ODE to a 50 mL flask. The
solution was maintained at ~150°C and degassed with
argon.

Then, 25 mL of ODE and 0.1 g of MnSt, were loaded
into a 100 mL three-neck flask, heated to 110 °C, and bubbled
under argon for 20 min. The temperature was increased to
280 °C and the argon source changed from bubbling to flow.
Once the reaction temperature reached 280°C, 3mL of
TBP-Se stock solution was swiftly injected. After 5 min, the
temperature was reduced to 260 °C and held for 60 min. The
temperature of the reaction was then increased to 290 °C,
4 mL of the heated ZnSt, stock solution was injected into the
reaction solution, and 0.6 g ODA in 0.6 mL ODE was heated
using a heat gun and injected into the reaction solution. After
15 min, the remainder of the ZnSt, stock solution was injected
into the reaction flask in 3 mL intervals every 15 min for a
total of three injections followed by ODE/ODA injection. The
reaction solution was next cooled to room temperature, and
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the nanocrystals were purified using chloroform and acetone.
Briefly, 1 mL of chloroform was added to 1 mL of reaction
solution, and heated using a heat-gun until the solution
became clear. Two milliliters of acetone was then added to the
solution to precipitate the QDs. The nanocrystals were
isolated by centrifugation at 4000 rpm for 3 min and dispersed
in 1 mL of chloroform for further use. This purification step
was repeated three times.

2.3. Synthesis of water-soluble QDs by ligand exchange

Both water-soluble ZnS—CdSe and Mn-ZnSe QDs were
produced from organic precursors in chloroform via ligand
exchange with 3-mercaptopropionic acid (MPA). Organic
ZnS—CdSe QDs in decane were first transferred to chloroform
using a methanol/isopropanol mixture (75/25 in volume) to
precipitate the QDs, which were then diluted to 0.1 uM for
further use. Twenty microliters of MPA were added to100 uL
of QDs (either Zn—CdSe or Mn-ZnSe in chloroform), and
after vortexing for 20 min, the flocculated MPA-capped QDs
were isolated by centrifugation. QDs were washed once with
chloroform, and then dispersed in 3 mL of water. NaHCO;
was then added to the solution until the QDs were completely
dissolved.

2.4. Synthesis of the QD-encapsulated micelles

Micelles encapsulating QD nanoparticles were created using
the interfacial instability process [31]. QDs and PS-PEG co-
polymer amphiphile (i.e., 50 uL. ZnS—-CdSe QDs and 10 uL
polymer; 200 uL. Mn—ZnSe QDs and 20 L polymer) were
mixed thoroughly in a 1.5 mL centrifuge tube. This mixture
was added to an aqueous solution of poly(vinyl alcohol)
(800 ul, 5mg mL_]), which served as a surfactant. After
vortexing for 3 min, the emulsion formed was transferred to
an open container (i.e., a 10 mL glass vial) to permit eva-
poration of the chloroform. The vial was rotated to spread
emulsion droplets on the wall and to enhance the rapid eva-
poration of chloroform. The milky emulsion droplets became
transparent after the removal of chloroform, indicating the
formation of micelles containing QDs.

2.5. Characterization of QDs and QD-micelles

Transmission electron microscopy (TEM) observations were
performed using an FEI Tecnai G2 Spirit TEM. To observe
micelles, samples were negatively stained with 1% phos-
photungstic acid before observation. Absorption spectra were
collected with a Thermo Electron Corporation Genesys 6
spectrophotometer. Fluorescence emission spectra were
measured using a PTI QuantaMaster™ 40. Quantum yield
was determined using commercial ZnS—CdSe QDs in decane
(Invitrogen) with known quantum yield (80%) as a reference
using a method adapted from Peng [19]. These particles have
an overlapping emission peak with that of the Mn—ZnSe QDs
and can be excited at the same wavelength. Dynamic fluor-
escence intensity was measured using an Olympus BX41
microscope (100x oil immersion objective) equipped with a
100 W mercury lamp (Chiu Technical Corporation).

Fluorescence emission was filtered through a long-pass filter
and collected by a Photometrics Evolve EMCCD camera.
Fluorescence intensity measurements over time were ana-
lyzed using MetaMorph Basic software (Olympus).

2.6. Photo-oxidization and photo-modulation measurements

To perform photo-oxidation and photo-modulation measure-
ments, 15 ul of QD solution was dried on a cover slip, which
was then mounted on a glass slide using 3-5 ul of glycerol or
ultra-pure distilled water (18.2 M2 cm). If QDs on the slide
were too dense for measurement, lower concentrations slides
were attempted. Photo-oxidation measurements were per-
formed on multiple QDs in a defined area (figure S1, available
at stacks.iop.org/mano/25/195601/mmedia), with representa-
tive data shown. Photo-oxidization data was acquired using
an Olympus IX71 inverted microscope with a 60x
oil objective (Plan Apo N). The microscope is equipped
with a PriorProScan xy stage and a Prior NanoScanZ
piezo stage for focusing. Fluorescence was imaged using
an Andor EMCCD camera (DV887DCS-BV with 14bit
ADC). Between the microscope and the CCD camera, addi-
tional optics were inserted including a deformable mirror
(Mirao 52E, Imagine Optics) for PSF correction and two
lenses for an extra 3x magnification so that the 16 micron
CCD pixel size corresponds to 89 nm at the sample. The
sources of light used for the tests were a 405nm LED
(Thorlabs M405L2) and a 488 nm Laser (Spectra-Physics
488 nm Cyan Laser System). The LED light was set to
119 uW for continuous exposure and the laser source was set
to 20mW. In the non-continuous tests, the sample was
exposed to 100 ms of light exposure on each step. Each step
of the test was repeated at a range of z levels to track the
location of the QDs during movement.

To measure the modulation of Mn—ZnSe QDs, the QDs
were excited with widefield excitation from the 405 nm LED
and imaged on the Andor Camera as above. The excitation
intensity was less than 1 W cm™. To modulate the QDs, the
slide was additionally excited with a focused spot from a
660 nm laser (100 mW, OBIS 660 LX, Coherent), which
served as the modulation beam. The modulation spot was
created by slightly under-filling the back aperture of the
microscope objective and was focused onto the image plane.
The spot diameter was 1.0 ym full width at half maximum.
The intensity of the modulation beam at the sample could be
varied up to 12.5 MW cm 2.

Data from these experiments was analyzed using ImageJ
software. The software recognizes fluorescent spots (i.e.,
QDs) in each frame and can track QD movement to a new
position. The mean value of emission intensity of each QD
was measured; values are normalized to their initial intensity.
For each test, measurements were performed on several QDs,
and in cases demonstrating the same pattern, the series with
highest intensity (hence the least noise) was chosen for
comparison.
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Figure 1. Schematic of the ligand exchange process (top) and micelle-templated assembly of ZnS—CdSe QDs and Mn-ZnSe QDs (bottom).

Figure 2. (a) Mn-doped ZnSe QDs. Particles adopt a tetrapod appearance (b), (c), which can include arm branching (d).

3. Results and discussion

3.1. QD synthesis

To compare the efficacy of micelle encapsulation to standard
water-solubilization methods, ZnS—CdSe and Mn-ZnSe QDs
were prepared using either ligand exchange or micelle
encapsulation (figure 1). In both cases, organic QDs were

used as precursors. For the ligand exchange approach, the
original organic layer (i.e., either trioctylphosphine oxide,
TOPO, or ODA for ZnS—CdSe and Mn—-ZnSe, respectively)
was replaced with hydrophilic carboxyl groups using mer-
captopropionic acid as the ligand exchange reagent [21].
Similarly, micelle particles were obtained via the interfacial
instability route [31] by evaporating chloroform solvent in the
presence of particles and amphiphile in an aqueous emulsion.
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Figure 3. TEM images of the particles. (a)—(d) ZnS—CdSe QDs. (a) Organic QDs, (b) commercial, water-soluble QDs, (c) water-soluble QDs
generated through ligand exchange, (d) two examples of micelles formed from organic QDs; (e)-(g) Mn—ZnSe QDs. (e) organic QDs, (f)
water-soluble QDs generated through ligand exchange, (g) micelles. Inset shows the micelle indicated by the black arrow at 2X increased

magnification. Scale bar=100 nm for all images except inset.

3.2. QD size and morphology

Interestingly, the morphology of Mn—ZnSe QDs differs from
that of traditional core/shell particles (figures 2, 3(e) versus
figure 3(a)), which display a spherical or elongated oblong
appearance. Mn-doped ZnSe QDs demonstrate a tetrapod
shape, which has been reported previously for other semi-
conductor QD materials [32-35], but, to our knowledge, not
for Mn—ZnSe QDs. This is in contrast to previous reports that
indicated the formation of spherical QDs using a similar
synthesis procedure [19, 21]. Nanostructure formation gen-
erally proceeds in two steps: nucleation and growth, which
can occur simultaneously in the same solution. Several factors
influence the rates of these processes, including ratio of
transition metal (e.g., Mn, Zn) to chalcogen (e.g., S, Se, Te),
synthesis temperature, and the presence of impurities,
including capping ligands, in solution. For tetrapods to form,
anisotropic growth must occur. Usually, this results from the
growth of one material phase (e.g., wurtzite) favored under
certain synthesis conditions on a nucleated particle of a dif-
ferent material phase (e.g., zinc-blende) that was formed
under different synthesis conditions. For example, CdTe tet-
rapods are initially nucleated with a zinc-blende structure
containing four facets upon which growth of a nearly-lattice
matched wurtzite structure can occur, yielding four arms, and
therefore, tetrapod formation [32]. It is likely that Mn—ZnSe
tetrapod synthesis begins with MnSe nucleation in the zinc-
blende phase, as reported previously for spherical Mn—ZnSe
nanoparticles [19], followed by growth of ZnSe arms in the
wurtzite phase. Anisotropic growth is influenced by many
factors, including the reactant ratio. Increasing the transition
metal to chalcogen ratio favors growth over nucleation,

enhancing anisotropic growth and tetrapod arm length [32]. In
addition, selection of capping ligand is a strong influence on
anisotropic growth, often favoring growth in a specific crystal
plane, as shown by oleylamine-induced enhancement of
growth in the [0001] direction in CdTe tetrapods [34] and the
roles of phosphonic acid and hexadecylamine in the synthesis
of CdTe [32] and CdS [35] tetrapods, respectively. In this
work, a higher concentration of the additional zinc monomer
was employed compared to the initially reported synthesis
procedure [19]. This resulted in a higher Zn:Se ratio, which is
most likely responsible for the observed Mn—ZnSe tetrapod
structure; although, the higher concentration of ODA
employed could also play a role. Also, some tetrapods show
branched arms (figure 2(d)), as has been reported previously
for other structures [33]. Generally, arms will continue linear
growth if the material remains in the wurtzite phase; however,
if zinc blende layers or stacking faults are present near the end
of arms, a dendritic structure will emerge from the initial
arms [32].

The average diameter of commercial, ZnS—CdSe QDs
was determined to be ~8 nm, as indicated by TEM observa-
tions (figures 3(b), (c)), and ~6nm for Mn—ZnSe QDs
(figures 3(e), (f)), consistent with previous reports [19]. It
should be noted that organic ZnS—CdSe QDs displayed an
elongated morphology (figure 3(a)), but became spherical
after the ligand exchange (figure 3(c)). This might be caused
by intraparticle ripening, which has been reported previously
for these nanocrystals [36] and gold nanoparticles [37, 38].
Both types of particles (e.g., ZnS—-CdSe QDs and Mn—-ZnSe
QDs) were incorporated into micelles, and several QDs were
evident in each micelle (figures 3(d), (g)). Micelle size was
~40 nm for ZnS—CdSe particles (figure 3(d)) and ~30-50 nm
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Figure 5. Fluorescence intensity for single QDs and QD micelles. (a) Mn—ZnSe-based particles. From top to bottom: organic QDs, water-
soluble QDs made by ligand exchange, and micelles. (b) ZnS—CdSe-based particles. From top to bottom: organic QDs, commercial water-
soluble QDs, water-soluble QDs made by ligand exchange, and micelles.

for Mn—ZnSe particles (figure 3(g)). Compared to micelles
encapsulating ZnS—CdSe QDs, those encapsulating Mn—ZnSe
display an irregular shape, most likely resulting from the
irregular shape of the tetrapod encapsulants. It is interesting to
note that despite this irregularity, encapsulation is still pos-
sible. This result is consistent with reports of encapsulation of
rod shaped-QDs in similar micelles [26, 28].

3.3. QD optical properties

To evaluate the effect of micellarization on QD optical
properties, micelle-encapsulated Mn-ZnSe QDs (micelle)
were compared to particles in the organic phase (organic) and

to particles produced via ligand exchange with MPA (water-
soluble-LE) (figure 4(a)). Mn—ZnSe micelle particles dis-
played similar spectral properties to organic and ligand
exchange QDs, including both absorption and emission
spectra. The quantum yield of micelle-encapsulated Mn—ZnSe
QDs was 26%, lower than that of the original organic QDs
(40.7%) and QDs produced via ligand exchange with
MPA (42.1%).

For comparison, commercial organic CdSe—ZnS QDs
were also modified using ligand exchange with MPA and
micelle encapsulation to render them water-soluble (organic,
water-soluble-LE, and micelle, respectively) and compared to
commercially-available water-soluble QDs (water-soluble-C)
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(figure 4(b)). In all cases, virtually no difference between the
spectra was seen, indicating that the ligand exchange and
micellarization processes do not dramatically change QD
absorbance and emission wavelengths. The quantum yield of
the micelle-encapsulated CdSe-ZnS QDs was 26.4%,
equivalent to that obtained for QDs produced via ligand-
exchange QDs (25.3%), but lower than that of the original,
organic QDs dissolved in chloroform (48.7%) and commer-
cially-available water-soluble QDs (86%).

The loss of quantum yield observed upon micellarization
of commercial ZnS—CdSe QDs most likely results from dis-
ruption of the surface ligands, which may change the blinking
statistics as a result of changes in the local environment and/
or surface traps. A similar loss was observed with the MPA
ligand exchange method, consistent with this hypothesis.
However, the fluorescence signal of Mn—ZnSe QDs is not
believed to originate from trapped or surface states [21], and
no loss of quantum yield is observed upon MPA ligand
exchange, supporting this theory. Thus, it is likely that the
diminution of quantum yield upon micelle encapsulation
results from another cause, such as increased particle proxi-
mity, which may enhance particle—particle interactions and
non-radiative energy transfer, or from the environmental
conditions encountered during the micellarization process.
However, as many QDs are incorporated in each micelle,
micelle QDs still show much higher brightness than single
QDs, as described below.

To evaluate fluorescence dynamics, single particle
fluorescence intensity of micelle Mn—ZnSe QDs was com-
pared to that of organic and water-soluble QDs produced via
ligand exchange (figure 5(a)) as a function of time. For single
QDs in both the organic and ligand exchange samples,
fluorescence intensity fluctuated between ~0—-600 au (average
intensity =249+ 115 and 218+82 for organic and ligand
exchange samples, respectively) with several instances that
approached a value of zero, indicating blinking. However, the
total fluorescence intensity of micelle particles always
remained above zero (ranging between ~600-1400 au) and

was ~4X that of individual
intensity =979 + 130).

Similar results were observed for commercially-available
ZnS—CdSe micelles encapsulated in micelles when compared
to their organic QD precursors and water-soluble QDs pro-
duced via ligand exchange and water-soluble QDs sold
commercially (figure 5(b)). Single QDs demonstrated varia-
tions in fluorescence intensity that resulted in multiple evi-
dences of blinking (fluorescence intensity ranging from
~0-6700, ~0-6000, and ~0-12 000 au for organic, ligand
exchange, and commercial QDs, respectively), whereas
micelle QDs demonstrate an ~4-13X increase in brightness
(42382+5494 au versus 37862137, 3230+1750, and
8714 +3043 au for organic, ligand exchange and commercial
QDs, respectively) with no evidence of blinking (intensity
ranging from ~26 000-57 000 au). The large difference in
fluorescence intensity between the two types of samples
examined, i.e., ZnS—-CdSe and Mn—ZnSe, results from dif-
ferences in exciton fluorescence lifetime (a few ns for
ZnS—CdSe QDs [39] and ~90 us for Mn—ZnSe QDs [40], and
the filter set employed, which was optimized for
ZnS—CdSe QDs.

The elimination of blinking behavior is the result of
encapsulating multiple QDs within the same micelle core, and
thus although individual QDs may lose fluorescence as a
result of blinking, the ensemble continues to emit a con-
tinuous signal [27]. Increased brightness also results from the
aggregation of multiple QDs within a micelle. It should be
noted that the micelles reported here are ~40 nm in diameter
(figure 3) versus 10-20 nm for commercially-available QDs,
and micelle sizes can range from ~10-100 nm in diameter
[25, 29]. Thus, this increase in fluorescence comes at the
expense of only a marginal increase in nanoparticle size.
These enhanced optical properties (i.e., reduced blinking and
increased brightness) should significantly improve signal-to-
noise ratio in tracking studies.

QDs (average
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function of 660 nm laser intensity. The emission is brighter at the focus of the modulating laser because the quantum dots fluoresce brighter
when they are first excited. (d) Thin layer films of Mn—ZnSe QDs are excited with a 405 nm LED and modulated with a 660 nm laser (i)
0 MW cm ™2 modulation intensity, (ii) 0.625 MW cm ™2 modulation intensity, (iii) 6.25 MW cm ™2 modulation intensity. (e) Five cycles of

modulation of Mn—ZnSe QDs micelles. The micelles are excited with a 365 nm LED, and modulated with a 660 nm laser as described in the
methods. The modulation depth is 0.55+0.02 and does not diminish over the course of the measurement.
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3.4. QD stability to photo-oxidation

An important consideration for QD use in many super-reso-
lution imaging methods is resistance to photo-bleaching,
which permits signal to be collected for longer periods of
time, increasing image resolution. Resistance to photo-oxi-
dation is also an important consideration in reducing nano-
particle toxicity, as constituent atoms ejected during the
oxidation process (e.g., Cd** for ZnS—-CdSe QDs) can pro-
duce considerable toxicity in biological applications [41]. To
examine the effect of micelle encapsulation on resistance to
photo-oxidation, micelle Mn—-ZnSe QDs were compared to
organic and aqueous QDs produced via ligand exchange
(figure 6(a)). QDs were excited continuously using a 405 nm
LED with a power of 119 yW. Organic QDs demonstrated
best overall performance, maintaining 60—70% of their initial
intensity value over the time period investigated (~17 min),
whereas water-soluble QDs produced via ligand exchange
demonstrated the worst performance, losing 50% of their
initial fluorescence intensity value (i.e., Iso) in the first
1-2 min of exposure. In contrast, although micelle encapsu-
lated QDs demonstrated an Is, of ~2 min, there was very little
additional loss of fluorescence over time. Thus, micelle
encapsulation significantly improved resistance to photo-
oxidation compared to QDs produced via the ligand exchange
method, while yielding a water-soluble product suitable for
biological imaging applications.

In addition, the resistance to photo-oxidation of
ZnS—CdSe QDs in micelles was examined and compared to
that of QDs in the organic phase, rendered water-soluble
through ligand exchange, and aqueous QDs sold commer-
cially (figure 6(b)). The fluorescence intensity of organic
QDs, QDs rendered water-soluble through MPA ligand
exchange, and commercially-available water-soluble QDs
rapidly declined, with Isy values of <2min. Micelle QDs
demonstrated the best overall resistance to photo-bleaching,
with no significant loss of fluorescence over the time period
investigated (~17 min), although an Isy of ~30min was
measured in subsequent testing (figure S2, available at stacks.
iop.org/nano/25/195601/mmedia). Resistance to photo-oxi-
dation was dependent on the power and wavelength of inci-
dent light. For example, excitation with a 20 mW 488 nm
laser source yielded Isy values of ~35min for micelle
encapsulated ZnS—CdSe QDs and ~8 min for commercially-
available aqueous ZnS—CdSe QDs. In both cases, the QD
photo-oxidation rate was also dependent on the light exposure
rate. QDs not continuously exposed were significantly more
resistant to photo-oxidation (data not shown).

3.5. QD photo-modulation

The fluorescence emission mechanism of doped-QDs has
been previously reported, with significant differences from
that of traditional core/shell QDs [21]. In doped-QDs, as in
core/shell materials, an exciton, consisting of a hole in the
valence band and an electron in the ZnSe conduction band, is
generated through the absorption of a photon (figure 7(a)).
However, unlike core/shell materials, the exciton rapidly

transfers its energy to the dopant energy levels of the Mn>*
jons (*T;). At this point there are several possible outcomes.
In the absence of additional energy input, the electrons will
most likely decay radiatively to the °A, state and then return
to the ground state, releasing photons. However, if additional
energy is added, the electrons can be pumped into higher
energy states through excited-state absorption, from which
they make radiation-less transitions to the ground state,
effectively quenching fluorescence [42].

Mn—ZnSe QDs can generally be excited at wavelengths
shorter than 450 nm, yielding an emission peak centered at
580-600 nm (e.g., figure 4(a)). By adding an additional
excitation source at a longer wavelength (650-800 nm),
fluorescence emission can be suppressed [16], and therefore
modulated. The ability of the investigator to control fluores-
cence signal potentially permits doped QDs to be employed
in super-resolution imaging techniques, including STED
microscopy [11] and structured illumination microscopy
[43].

There is some question as to whether micellarization
could influence this process. In micelles, QDs are packed
closely together, increasing the opportunity for interactions
resulting from proximity. To evaluate this possibility, photo-
modulation of unencapsulated Mn—-ZnSe QDs was compared
to that of QDs encapsulated in micelles (figure 7(b)). In this
experiment, QD clusters were excited by a 119 uW 405 nm
LED, while a 100 mW 660 nm laser was employed as the
modulation beam. When the 660nm laser was off, QD
emission was clearly evidenced in the excitation spot
(figure 7(b), white arrows). However, when the 660 nm laser
was applied, emission at the laser spot was suppressed,
demonstrating the potential for investigator control of QD
fluorescence emission. Results were similar whether particles
were examined in a thick film (figure 7(b)), as might be
expected in super-resolution imaging, or in thin films
(figure 7(d)). This response also demonstrated reversibility
and little change in modulation depth; even for particles that
were several months old (figure 7(e)). The modulation depth
of both materials was further investigated and found to be
76% and 79% for micelle encapsulated and doped QDs,
respectively (figure 7(c)). From three separate measurements
of the modulation depth versus intensity, the modulation
depth was found to be 0.72 +0.05 for intensities greater than
1.25 MW cm™2. (Modulation is a function of the modulating
laser intensity and does not exceed 80% because the layer of
QDs in the sample is thicker than the focal volume, so not all
QDs in the region are modulated.) The modulation results,
figures 7(b) and (e), are taken from a sequence of images in
which the modulation laser is alternately turned off then on.
QDs that are modulated in this way fluoresce brighter than
QDs that are not modulated and continuously fluoresce. QDs
are known to fluoresce brighter upon first excitation as a result
of either photo-brightening or photo-bleaching. The modula-
tion depth is constant and does not increase or decrease as the
modulation laser is cycled on and off, although the absolute
brightness of the modulated particles in both the ‘on’ state and
‘off’ state is enhanced, most likely as a result of photo-
brightening [44]. Thus, micelle encapsulated QDs
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demonstrate nearly equivalent modulation depth to unencap-
sulated QDs, suggesting their potential application in super-
resolution imaging applications.

4. Conclusion

Here, we demonstrate the influence of micelle encapsulation,
an emerging water solubilization method, on two types of
QDs: Mn—ZnSe QDs and core/shell ZnS—-CdSe QDs with
potential applications in super-resolution imaging. Interest-
ingly, the Mn—ZnSe QDs employed demonstrated a pre-
viously unreported tetrapod shape, yet were still capable of
being encapsulated via the micelle approach. Micelle encap-
sulation was shown to have little influence on QD absorbance
or emission wavelength. However, micelle QDs displayed a
4-13X increase in brightness compared to organic QDs and
QDs produced via ligand exchange as a result of the micelle
aggregation effect [27]. Additionally, micelle QDs demon-
strated no observable blinking behavior, an important con-
sideration for single particle tracking experiments.
Micellarization was also shown to enhance resistance to
photo-oxidation compared to other water solubilization
methods, while not interfering with modulation depth.
Additionally, micellarization is compatible with a wide range
of QDs, including giant CdSe/CdS QDs, which have also
been demonstrated for us in STED [18]. The potential for
increased photon collection over a longer time period with
QD micellarization should enhance image resolution com-
pared to that obtained with QDs produced via ligand
exchange. The combination of increased resistance to photo-
oxidation and increased brightness makes micelle QDs
attractive  candidates  for  super-resolution  imaging
applications.
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