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Abstract. Fluorescence imaging is a promising technique for the detection of individual cell migration. Its sen-
sitivity is, however, limited by a high tissue autofluorescence and a poor visible light penetration depth. In order to
solve this problem, the fluorescence signal peak wavelength should lie in an absorption and diffusion free region
and should be distinguishable, either spectrally or temporally, from the autofluorescence background. We
present, here, the synthesis and characterization of low toxicity Zn—Cu—In—Se/ZnS core/shell quantum dots.
Their fluorescence emission wavelength peaks around 800 nm, where the absorption and scattering of tissues
are minimal. They are coated with a new ligand, which yields small, stable, and bright individual probes in the live
cell cytoplasm, even 48 h after the labeling. Furthermore, these near-infrared-emitting quantum dots have a long
fluorescence lifetime component (around 150 ns) compared to autofluorescence (<5 ns). Taking the advantage
of this property and coupling these probes to a time-gated detection, we demonstrate efficiently the discrimi-
nation between the signal and short lifetime fluorescence such as the autofluorescence. This technique is sup-
ported by a method we developed, to massively stain cells that preserves the quantum dot stability and
brightness for 48 h. © 2014 Society of Photo-Optical Instrumentation Engineers (SPIE) [DOI: 10.1117/1.JB0.19.5.051208]
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1 Introduction

Several in vivo cell tracking techniques based on the magnetic
resonance imaging or positron emission tomography' have been
developed but remain challenging for rare and individual cell
detection, mainly because of their low-spatial resolution. On
contrary, the fluorescence microscopy allows a cell scale detec-
tion, but is limited by a low sensitivity. Indeed, absorption and
scattering of visible light, as well as tissue autofluorescence
degrade image contrast. Time-gated detection has been devel-
oped for fluorescence lifetime imaging microscopy measure-
ments® and also allows the rejection of short lifetime signals
such as tissue autofluorescence.’®

In the last few years, quantum dots have been used as probes
for biological applications’® because they combine a high
resistance to photobleaching with interesting optical properties:
broad absorption cross section, tunable emission wavelength
(according to their size and composition) and high fluorescence
quantum yields (QY). For fluorescence imaging, there is indeed
an “optical therapeutic window” (from 700 to 900 nm), where
the absorption and scattering of major tissue chromophores are
minimum.”!'" In this range of wavelengths, in vivo fluorescence
imaging has been performed due to near-infrared-emitting quan-
tum dots (NIR QDs).!! Recently, NIR QDs based on I-III-VI
materials have emerged'>'* and exhibit a long fluorescence
lifetime (around 150 ns).'>™'” Moreover, unlike other semi-
conductor nanoparticles emitting in the IR (PbSe, CdTe),
they are made of low toxicity materials.'® Nevertheless, the

"Address all correspondence to: Vincent Loriette, E-mail: sophie.bouccara@
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current challenge in this range of wavelengths consists of syn-
thesizing probes with high fluorescence QY.'>!31°> Moreover,
for cell tracking applications, cells have to be loaded with
numerous probes, which have to be equally distributed between
the two daughter cells to preserve homogeneous population
labeling.

We present here a new synthesis of NIR QDs made of low
toxicity materials, emitting at 800 nm, and with fluorescence
QY up to 35% in hexane. Their emission wavelength allows
an excitation with a red-emitting laser, giving a better light
penetration depth in tissues. The quantum dots are coated with
a copolymeric ligand we recently developed,? which allows one
to obtain bright, stable, and homogeneously distributed probes
in the cell cytoplasm at least for 48 h. Furthermore, our NIR
QDs exhibit a long fluorescence lifetime (around 150 ns) com-
pared to tissue autofluorescence (<5 ns). Due to these unique
properties and a time-gated detection on a widefield microscope,
these QDs allow significant enhancement of the detection sen-
sitivity of individual cells by efficiently rejecting short fluores-
cence lifetime signals.

2 Materials and Methods
2.1 Synthesis of NIR QDs

The synthesis of Zn—Cu—In-Se/ZnS core/shell quantum dots is
inspired by Cassette et al.'* In our core synthesis, all precursors
(0.4 mmol of CuCl, 0.4 mmol of InCl;, 0.8 mmol of selenourea,
and 0.8 mmol of Zn acetate) are introduced in a three-necked
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flask with 10 mL of octadecene (ODE) and 4 mL of trioctyl-
phosphine (TOP), and briefly sonicated. Then, 4 mL of oleyl-
amine (OAm) and 2 mL of dodecanethiol are added. The
solution is stirred and degassed for 30 min under vacuum.
The flask is then filled with argon and the solution is heated
progressively up to 260°C in, typically, 10 min. Heating is
stopped immediately after the target temperature is reached
and the flask is cooled down to room temperature. The Zn—
Cu-In-Se cores are precipitated with ethanol and then dispersed
in 10 mL of hexane.

For the shell synthesis, 4 mL of as-prepared cores is dis-
persed in 4 mL of ODE and 1 mL of OAm into a new three-
necked flask. The mixture is degassed under vacuum at 40°C.
A solution of zinc ethylxanthate and zinc oleate (respectively,
0.13 mmol and 0.8 mmol) dissolved in ODE (2 mL), TOP
(3 mL), and dioctylamine (1 mL) is loaded into an injection
syringe. The flask is heated to 190°C and these ZnS precursors
are added dropwise in 1 h under argon atmosphere. At the end of
the injection, the reaction flask is cooled down to room tem-
perature. The resulting Zn—Cu—In—Se/ZnS QDs are finally pre-
cipitated with ethanol and redispersed in 10 mL of hexane.
Optical spectroscopy characterization is performed using a F900
Edinburgh spectrometer.

2.2 Solubilization in Water

The solubilization in water is performed due to a ligand
exchange. Four hundreds microliters of the Zn—Cu-In—Se/
ZnS QDs are precipitated with ethanol and resuspended in
100 uL of mercaptopropionic acid overnight at 60°C. The
QDs are dissolved in dimethylformamide (1 mL) and precipi-
tated using potassium zert-butoxide. QDs are resuspended in
basic water (sodium tetraborate 10 mM, pH 9.2) and mixed
with a solution of poly(dithiol-co-sulfobetaine) zwitterionic
ligands* for 12 h at 60°C. After the ligand exchange, the
QDs are purified as previously described by Giovanelli et al.
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using ultrafiltration and ultracentrifugation. The QDs are finally
resuspended in a 20 mM aqueous solution of NaCl.

2.3 Cell Labeling

QDs are diluted in Dulbecco’s modified Eagle medium enriched
with 10% fetal bovine serum and 1% penicillin—streptomycin
antibiotics, later referred to as complete medium. About
500,000 HeLa cells are suspended with 10 uM of QDs in
a final volume of 100 L in a 2-mm electroporation cuvette.
The cuvette is subjected to 0.15 kV for a 30-ms pulse using
a Gene Pulser (Biorad, Hercules) electroporator. The cells are
rinsed five times with warm complete medium, dispersed in
a nonfluorescent imaging medium (OptiMEM® with no phenol
red, Life technologies, Carlsbad, California) and deposited on a
microscope coverslip (25 mm in diameter). The cells are kept at
least for 1 h at 37°C under a 5% of CO, atmosphere before
imaging.

2.4 Optical Setup

The light source used for time-gated imaging (setup shown in
Fig. 1) is a picosecond pulsed laser diode (Picoquant PDL 800,
Berlin, Germany), emitting at 659 nm, with a 1 or 5 MHz rep-
etition rates injected in the epi-illumination path of a commercial
microscope body (Olympus BXS51WIF, Shinjuky, Japan). The
beam spot size and position on the sample are controlled by
an external telescope and periscope. We use a 60X water immer-
sion Olympus objective (NA = 1) and a 40X Olympus objective
(NA = 0.6). We use emission filters to discriminate between the
QDs fluorescence and the excitation signal. A relay achromatic
pair matches the image size to the intensifier and gate surface
(Picostar HRI, LaVision, Goettigen, Germany). The same relay
system is placed head to tail between the intensifier and the elec-
tron multiplying charge-coupled device (EMCCD) camera
(Roper QuantEM 512 C, Photometrics, Tucson, Arizona) to pre-
serve the nominal microscope magnification factor. The laser

Laser diode

Size matching lens

EMCCD

<)’

%

Gate Screen

Intensifier

Fig. 1 Optical setup. The sample is illuminated by a pulsed laser diode with a 1 or 5 MHz repetion rate
and emitting at 659 nm. The laser and the intensifier are synchronized by two phase-locked function

generators.

Journal of Biomedical Optics

051208-2

May 2014 « Vol. 19(5)



Bouccara et al.: Time-gated cell imaging using long lifetime near-infrared-emitting quantum dots. ..

diode and the intensifier are synchronized by two phase-locked
function generators (Agilent 33120A and Agilent 33220A).

2.5 Photoluminescence Intensity Decay
Measurements

The system described above can be used to carry out photolu-
minescence (PL) intensity decay measurements. The intensifier
is used in a mode in which the gate is driven by a waveform
synthesizer. This mode is suited to perform time-gated detection
as well as fluorescence intensity decay measurements. PL inten-
sity decays are measured by acquiring a sequence of images,
while phase shifting a 200-ns width gate trigger signal with
respect to the laser trigger, as illustrated in Fig. 2. This introdu-
ces a controllable time delay, 7, between the laser excitation and
the beginning of the detection gate. Thus, for each gate position,
an image is acquired. A common region of interest (ROI) for all
images is selected and for each image, the average intensity of
the ROI pixels is measured. The image offset, induced by the
camera or by the external light sources, is eliminated by record-
ing a sequence without laser excitation and substracting the
average of the pixel intensity of the same ROI from the original
sequence. The results are then normalized to the measure
obtained after the laser pulse. For fluorescence decay measure-
ments, we typically use radio frequency gain at 30% and Micro
Channel Plate gain at 700 V and an input driving peak to peak
voltage of 2 V.

3 Results and Discussion

3.1 NIR QDs as Stable Probes for Cell Imaging
3.1.1 Spectroscopic characterization of NIR QDs

We have developed and optimized the synthesis of NIR emitting
Zn—Cu—In-Se/ZnS core/shell QDs. Compared to the previously
reported Cu—In—Se/ZnS QDs,'*** we note that the incorporation
of zinc during the core synthesis improves their fluorescence
QY, and provided us with brighter core/shell QDs, as already
noted with Zn—-Cu—In-S QDs.'*?*? This has been putatively
attributed to defect passivation and filling of vacancy sites by
Zn atoms inside the QD cores. The QD size is estimated at
typically 3 nm by electron microscopy and x-ray diffraction
(data not shown). The initially hydrophobic QDs are solubilized

Laser pulse

PL intensity

Delay
T

Fig. 2 Principle of photoluminescence intensity decay measure-

ments. For each gate position, an image is acquired and the intensity
of a region of interest is measured.
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in water as described in Sec. 2. These ligands provide suitable
long-term colloidal and intracellular stability for our NIR QDs
as will be demonstrated below.

Figure 3 presents the emission spectra of our NIR QDs in
hexane and water, as well as the PL intensity decays. The emis-
sion (with an FWHM of around 130 nm) is centered around
800 nm, which corresponds to the “optical therapeutic window”
for in vivo fluorescence imaging, in which the tissue penetration
is maximal.”!® Fluorescence QY measurements gave typical
values of 35% for QDs in hexane and 20% for QDs in aqueous
solution after ligand exchange. We have observed that the emis-
sion is slightly blue shifted after ligand exchange, which could
be attributed to a slight etching of the QD surface, or to better
PL QY preservation of bluer-emitting QDs during the ligand
exchange.

PL decays are multiexponential with a slow component,
typically from 150 to 200 ns, compared to II-VI QDs, which
usually decay in <20 ns.**® This slow component is dominant.
It can be related to a donor—acceptor transition and defect
recombination. In fact, the localization of the exciton electron
on Cu atoms strongly reduces the exciton overlap in these
QD:s and yields longer excitonic lifetimes.'® This type of recom-
bination also explains the broad emission spectra compared to
II-VI QDs.'® A shorter component between 10 and 60 ns is

o
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Normalized PL intensity
o
N
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T T T T T T 1
600 650 700 750 800 850 900 950
Wavelength (nm)
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e
=

0.01

Normalized PL intensity

Fig. 3 (a) Normalized photoluminescence spectra. (b) Normalized
photoluminescence intensity decays of near-infrared-emitting quan-
tum dots (NIR QDs) in hexane (black) and water (gray).
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Fig. 4 Fluorescence microscopy images of Hela cells electroporated with NIR QDs at different times
after the electroporation: 5, 24, and 48 h (scale bar: 16 um).

mainly due to intrinsic recombination of initially populated core
states or surface states.'®

3.1.2 Labeling of live cells and NIR QDs stability

As we aim to track cells over a few days, they need to be stained
with a very high concentration of probes. Indeed, the cell
division leads to a QDs dilution between two daughter cells.
For this reason, we choose electroporation within the several
techniques?’ because it allows one to obtain cells which are
massively loaded with QDs in their cytoplasm.

Moreover, cell tracking experiments require highly stable
intracellular probes. QDs have to remain individual and freely
diffusing in order to be equally distributed in two daughter
cells. Muro et al.?® observed that the cytoplasmic aggregation
kinetics depend strongly on the nanoparticle surface chemistry.
Consequently, we have chosen to coat our quantum dots with
a multidentate ligand which allows a high stability in cells
for visible emitting quantum dots during several days.”
Figure 4 shows images of living HeLa cells electroporated
with NIR QDs, obtained at different times after the electro-
poration (5, 24, and 48 h). In order to visually compensate
for the diminution of the fluorescence signal induced by QD
dilution after each cell division, the intensity level of the middle
image (24 h) was doubled and the level of the last image (48 h)
was quadrupled according to the number of cell divisions. The
original images exhibit average levels compatible with one and
two division stages and no leaking of QDs. The images in Fig. 4
show that NIR QDs coated with this surface chemistry stay
bright and homogeneously distributed in the cell cytoplasm
for several days. Moreover, while initial free-floating cells are
round (Fig. 4, 5 h), they become adherent on the coverslip the
day after the electroporation (Fig. 4, 24 h). This, together with
their preserved mitotic activity, is coherent with an expected low
level of toxicity.”

As we intend to couple these probes to a time-gated detec-
tion, we have to verify that they keep their long fluorescence
lifetime in different media and in the cell cytoplasm with
time. We have measured the fluorescence intensity decays on
three different samples in order to observe the influence of
the QDs surrounding medium on their fluorescence lifetime.
The lifetime measurements have been performed as described
above in Sec. 2.5. Figure 5(a) shows fluorescence intensity
decays obtained for three NIR QD samples: in hexane, in
water (after ligand exchange), and in the cytoplasm of living
cells. We performed the same experiment to measure fluores-
cence decays in the cell cytoplasm at different times after the
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electroporation (5, 24, and 48 h). We have fitted the fluorescence
decay curves by a multiexponential curve with two major
components and presented the different parameters in Table 1.
The corresponding values of each parameter 7; and 7, are equat-
able from one curve to the other, taking into account the stan-
dard deviations.

The decay kinetics remain unchanged not only in different
media [Fig. 5(a)] but also in the cell cytoplasm even after
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—®— QDs in water
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Fig. 5 (a) Normalized fluorescence intensity decay measurements of
NIR QDs in different media (hexane, water, and cell cytoplasm).
(b) Normalized fluorescence intensity decay of NIR QDs in the cell
cytoplasm at different times after the electroporation (5, 24, and 48 h).
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Table 1 Numerical values of 7y and 7, used to fit our fluorescence
decay curves in Fig. 5 and their respective weights, a; and a,.

Sample a 77 (ns) as 75 (ns)

QDs in hexane 0.05 28+1.8 0.95 138+2

QDs in water 005 25+18 095 134+2.7
QD:s in cell cytoplasm  0.15  60+25 0.85 177+78
5h 0.2 39+10 0.8 142 + 35
24 h 0.15 60+ 25 0.85 177 +78
48 h 0.05 31+11 0.95 197 £ 37

3 days [Fig. 5(b)], reflecting the long-term stability of QDs in
the cytoplasmic medium, and confirming the possibility to use
them to label cells for tracking applications.

3.2 NIR QDs Coupled to Time-Gated Detection for
Short Lifetime Autofluorescence Rejection

3.2.1  Proof of principle

We demonstrate the increase of sensitivity by combining time-
gated fluorescence detection with cells labeled with our long PL
lifetime NIR QDs. To this end, we have imaged simultaneously
cells electroporated with NIR QDs and cells electroporated with
NIR fluorescent beads (beads coated with NIR organic fluoro-
phores, F8783, Invitrogen, Life technologies, Carlsbad,
California) with a very short fluorescence lifteime (z < 5 ns).
The cells have been rinsed, mixed together, and deposited on
the same coverslip. As described in Sec. 2, we have illuminated
the cells with the pulsed laser source at 1 MHz and imaged them
through 200-ns gate. For this study, we did not investigate the
influence of these two parameters that have been fixed arbitrar-
ily. Each image has been acquired using a different delay =,
between the laser pulse excitation and the opening of the
gate. We have varied this delay between O and 200 ns with
2.7 ns steps. The camera exposure duration was fixed to
150 ms. Figure 6 shows examples of time-gated images of
two cells taken at delay O, 11, 30, and 50 ns. The left cell
was stained with NIR QDs and the right one with fluorescent
beads. The progressive disappearance of the cell stained with
the fluorescent beads (right) clearly illustrates the rejection of
the short lifetime signal as the delay increases. Figure 7 is a
plot of the fluorescence intensity decay of the two cells
shown in Fig. 6. The signal was averaged over the central 10 X
10 pixels area of each cell. At zero delay, the ratio between the
fluorescent beads signal and the QD signal is 2.5. At a delay of
27 £ 2.7 ns, the fluorescent beads signal goes below the noise
level. This is thus the optimal delay for opening the gate. We

Cell electroporated with NIR QDs
Cell electroporated with organic beads

-
!
L—

o
N
Il

0.01 4

Normalized fluorescence intensity

T T 1
0 50 100 150 200
Time (ns)

Fig. 7 Fluorescence intensity decay measurements of NIR QDs and
fluorescent beads in cells.

characterized the efficiency of the gated detection by defining
a parameter R(z) which corresponds to the ratio of the signal
from NIR QDs on the background noise and the spurious fluo-
rescence signal corresponding to short lifetime signal. It can be
written as

Sop(0) exp (T;—;)
7) = ,
N + Sﬂuo (0) exp (ﬁ)

6]

where Sop(0) and Sp,,(0) are, respectively, the signal from
the quantum dots and fluorescent beads at zero delay, N is
the background noise level, and 7 is the gate delay. N depends
on the gate width but not on the delay. 7gp and zgy, are the fluo-
rescence lifetimes of QDs and short lifetime fluorophores,
respectively. As long as the denominator in Eq. (1) is dominated
by the spurious fluorescence, the R(z) ratio increases as
exp[e(1/7a4 — 1/7gp)]. If, on the contrary, the background
noise is dominant, the R(z) ratio decreases as exp(—7/7qp);
This behavior is illustrated in Fig. 8, where we plotted R mea-
sured on the images presented in Fig. 6, as a function of the
delay. The solid gray curve is a fit of the data with the function
of Eq. (1). The fit allowed us to estimate the fluorescence life-
times: we found 7p,, = 2.7 £0.3 ns and 7op = 120 & 30 ns
and a maximum R(7) ratio obtained at = 28 ns. The R(7) ratio
increases by two orders of magnitude: at R(z = 0 ns) = 0.44
and R(r = 28 ns) = 40.

In order to quantify the time-gated detection efficiency, we
define a fluorescence rejection factor as the ratio between the
QD signal and the spurious fluorescence signal, normalized by
the same ratio without time-gated detection. It can be written as

Fig. 6 Images of Hela cells labeled with NIR QDs (cell on the left) or beads containing NIR fluorescent
organic dyes (cell on the right) at different delays ¢ after the laser pulse. (scale bar: 10 um).
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Fig. 8 Ratio R for our data (dots) and best (gray curve) fit using Eq. (1)
as the fitting function.
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with A the gate width. Using the estimated values of the life-
times, we obtain G(z = 28 ns) = 3.4 x 10*. The high value
of the rejection factor is obtained due to the long fluorescence
lifetime of NIR QDs in the cell cytoplasm. The optimal gate
delay is fixed by spurious fluorescence level and lifetime and
by the background noise level. It depends only weakly on the
QDs’ lifetime and can be optimized independently on the QD
characteristics.

3.2.2 Ex vivo experiment

We have deposited HeLa cells previously electroporated with
NIR QDs on a thin slice of ex vivo tissue of beef muscle.
This corresponds to a situation where the QDs’ signal is super-
imposed to the autofluoresence one, compared to the previous
experiments where both the signals were spatially decorrelated.
We have illuminated the sample with the pulsed laser source at
5 MHz and imaged it through a 160 ns gate width. All images
have been acquired with an exposure time of 100 ms and each
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Fig. 9 Average intensity at the cell location (black squares), average

intensity of the autofluorescence (gray circles), and ratio R (dark gray
triangles).
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Fig. 10 Images of NIR QDs stained cell for different positions of the
gate detection (scale bar: 10 um).

image corresponds to an open gate position relative to the laser
pulse at the zero delay 7 = 0.

Figure 9 is a plot of the average intensity at the cell location
(NIR QDs and tissue autofluorescence and noise) (black curve),
the average intensity next to the cell location (tissue autofluor-
escence and noise) (gray curve) and the ratio R(z) as defined in
the previous section.

For 7 < 0 ns, which corresponds to a gate that is open when
the laser pulse illuminates the sample, the autofluorescence
signal dominates the NIR QDs one. Thus, both the signals
are nearly constant and we mainly detect signal from tissue
autofluorescence. For positive values of 7, since autofluores-
cence has a short fluorescence lifetime (<5 ns), its contribution
falls rapidly. At 7 = 17.7 ns, when the autofluorescence signal
falls below the noise level, R reaches its highest value:
R(z =17.7) = 15.4. This maximum represents an increase
by more than an order of magnitude compared to zero delay
[R(z = 0) = 0.6], demonstrating the important benefit of our
system. Then, R decreases following the QDs’ fluorescence
decay.

Figure 10 shows images of the sample for two different
time delays. On the left image, the gate opens before the
laser impulsion, and both fluorescence from the cell and
fluorescence from the tissue (autofluorescence) contribute to
the signal. On the right image, the gate opens with a delay
7 = 17.7 ns after the laser pulse.

This experiment demonstrates that autofluorescence rejec-
tion through time-gated detection of long lifetime NIR-QDs
exhibits performances and gain in sensitivity when a single
cell is embeded within a strongly autofluorescent environment.

4 Summary

We have synthesized and characterized new biocompatible
NIR QDs for in vivo fluorescence imaging. These probes remain
stable, bright, and homogeneously distributed in the cell cyto-
plasm. They also keep their long fluorescence decay in different
media, including in the cell cytoplasm of living cells, at least for
48 h. Due to these properties, we demonstrated that we could
couple these probes to a widefield time-gated imaging and effi-
ciently discriminate between NIR QDs emission and spurious
short lifetime signals, such as autofluorescence in an ex vivo
sample. This combination of probes and widefield time-gated
detections could be functional for in vivo cell tracking, where
the autofluorescence is the main limitation.
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