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One-photon (1P) microscopy of individual quantum dots
(QDs) has become routine.1�3 In contrast, two-photon

(2P) microscopy of individual QDs has not had the same success
despite the many advantages that 2P microscopy offers: reduced
scattering, deep sample penetration, and intrinsic confocality
when excited with point excitation.4 2P microscopy of ensembles
of QDs in aqueous samples has been achieved by Larson et al. in
2003.5 They showed QDs had large absorption cross sections
under 2P scan excitation. Nevertheless, individual 2P QD-micro-
scopy has been possible only in artificial environments, such as
air-dried samples of QDs,6 or at cryogenic temperatures.7 2P
microscopy of individual organic-based fluorophores has also
been problematic since most fluorophores have very small 2P
absorption cross sections, as well as poor photostability.8,9

Here we report the application of 2P microscopy to individual
QDs in a biological setting with nanometer spatial accuracy in
three dimensions, both in solution and in live and fixed cells.
We call our technique two-photon fluorescence imaging with
one nanometer accuracy (2P FIONA), in analogy with the one-
photon technique.10 With 2P excitation, we are able to achieve
three-dimensional (3D) nanometer spatial accuracy, as opposed
to the two-dimension FIONA previously achieved with one
photon microscopy.10 We also introduce a fast imaging method

using a holographic matrix in excitation and EMCCD in detec-
tion that achieves an 80-fold improvement in speed and reduces
spherical aberrations.

We first imaged immobilized single QDs in an aqueous buffer
via a widefield 2P microscope (Figure 1, “widefield” path, and
Figure 2a). Ordinarily, a scanning system is used in 2P micro-
scopy of regular organic fluorophores. However, widefield mi-
croscopy is possible with QDs because their 2P excitation is
extremely efficient. The log emission intensity versus log excita-
tion power plot indicates the I2 dependence of 2P excitation
(Figure 2b). At a 2P excitation flux ofg250 kW/cm2, saturation
begins to take place, accompanied by significant photobleaching.
The photobleaching occurs at the power about 20 times lower
than the 2P excitation levels reported for organic dyes.4,5 Fur-
thermore, the addition of small thiols into the buffer, as has been
observed for 1P excitation,11 is very helpful. Dithiothreitol
(DTT, MW = 154, 1�100 mM) or β-mercaptoethanol (BME,
MW = 78, 1�10%) results in nearly complete (>90%) suppres-
sion of blinking (Figure 2c). Without reductants present, the
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ABSTRACT:We report the first two-photon (2P) microscopy
of individual quantum dots (QDs) in an aqueous environment
with both widefield and point-scan excitations at nanometer
accuracy. Thiol-containing reductants suppress QD blinking
and enable measurement of the 36 nm step size of individual
Myosin V motors in vitro. We localize QDs with an accuracy of
2�3 nm in all three dimensions by using a 9 � 9 matrix
excitation hologram and an array detector, which also increases
the 3D scan imaging rate by 80-fold. With this 3D microscopy
we validate the LamB receptor distribution on E. coli and the
endocytosis of EGF-receptors in breast cancer cells.
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QDs tend to blink extensively. However, the blinking does prove
that they are single QDs (see Supplementary Movie 1, Support-
ing Information). Larger molecular weight reductants (e.g., gluta-
thione, MW = 307) did not have this effect. Figure 2d shows the
effect of DTTon the averaged emission intensity of >100 individual
QDs, where an increase in DTT concentration clearly results in
an increase in average emission intensity due to suppression of
blinking and elimination of nonemitting “off” states. The QDs

could also be conveniently used for multicolor detection with a
single 2P excitation, just as is true with 1P excitation. The
excitation spectra, ranging from 760 to 1000 nm of three different
QDs samples with peak emissions at 525, 585, and 655 nm,
displayed highly efficient excitation from 760 to 900 nm (Figure
S1, Supporting Information).

With blinking suppressed,QDs under 2Pwidefield excitation have
continuous emission and can be used for tracking of biomolecular

Figure 1. Configuration of the 2Pmicroscope. (a)Widefield and single- andmultipoint scan. In the sample chamber a 3� 3matrix, instead of the actual
9� 9matrix is illustrated for clarity. The holograph splitter is conjugated via two 4f lenses to the back focal plane of the objective. (b) Image of excitation
hologram matrix. Taken with 1 μM Qdot 605, laser at 785 nm. (c) 2D intensity plot of the hologram matrix in (b): SD = 13.6%.

Figure 2. Two-photon excitation response of quantum dots. (a) An image of 2P excited individual QD525. Scale bar is 500 nm.QDs were conjugated to
streptavidin and tethered to a BSA�biotin coated surface. Imaging buffer (DPBS, pH7.5) was supplemented with 50 mM DTT. (b) The log average
emission intensity of individual QDs plotted versus log excitation power. Slope of linear fit is 1.93, indicating QDs have a predominant quadratic
dependence of fluorescence on laser power, in agreement with quadratic power law dependence of two-photon excitation. At higher two-photon
excitation power QDs emission is saturated and fast photobleaching occurs. (c) Blinking is near completely eliminated by adding in 50 mM DTT.
(d) DTT enhances the QD emission more as its concentration increases.
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motion at nanometer accuracy. We have analyzed a molecular
motor, a dimerized myosin V, by placing a QD (655 nm) on the
C-terminus (Figure 3a) and exciting it with either 1P or 2P
widefield excitation. We expected the step size to be ∼36 nm
based on previous results from optical trapping12 and 1P-FIONA
data.10 At 30 ms exposure time, under 2P widefield excitation at
200 kW/cm2, we detected∼25000 photons and achieved 0.9 nm
accuracy; under 1P widefield excitation at 0.4 kW/cm2, we
detected∼20000 photons and achieved 1.1 nm. Figure 3b shows
myosin V walking with 2 μM ATP, integrated every 50 ms, and
excited with either 1P or 2P excitation.With 1P, wemeasured the
step size of the motor to be 35.4( 7.0 nm; with 2P, we measured
35.8( 6.3 nm. These results are in excellent agreement with each
other and consistent with the expected value. The motor protein
stepping rate is evidently not affected by the strong IR power
used in 2P excitation, indicating that the laser field does not harm
the ATPase activity of myosin V. We also note that total internal
reflection (TIR) or near-TIR13,14 was not required here because
of the exceptional brightness and signal-to-noise of the QDs.
Nevertheless, single QDs could be excited and imaged with
2P-TIR (Figures S2 and S4, Supporting Information), confirming
the high absorption cross section of QDs under 2P.

Widefield illumination, however, does not give z-axis discri-
mination. To achieve this, we used either single-point or multi-
ple-point scanning excitation where the beam(s) was focused to a
(near) diffraction-limited focal spot(s). By adding in a holo-
graphic beam splitter (Holo/Or Ltd., Israel) into the beam path,
we split the beam and generated a 9� 9 matrix of 80 diffraction-
limited focal spots for excitation (See “Scan” excitation path in
Figure 1; the central spot is missing, yielding 81� 1 = 80 spots).
The single- or multiple-point was raster scanned in the usual
fashion—by a pair of motorized mirrors in x and y directions and
by a piezo-stage mounted under the objective in the z axis. We
found this considerably simplified the optics compared with the
moving mirrors15,16 or rotational microlenses17 used previously.
Our system could also be easily integrated into current single-
point scan microscopes, and its imaging area coverage was
conveniently adjustable by changing the conjugation lenses

magnification. At the sample, the 80 spots were separated 1.5 μm
apart with the 100� objective and quite uniform in terms of
power distribution (standard deviation is 6%), leading to very
small localization accuracy errors. (See Supporting Information.)
In most experiments, we scanned at 100 nm steps in all three
dimensions. Moreover, to acquire the simultaneous emission
excited by the multiple focal spots, we used an array detector, i.e.,
an EMCCD camera. The effective pixel size of the EMCCD after
magnification was also 100 nm. This holographic matrix (HM)
scan technique leads to an 80-fold improvement over single-point
scan imaging speed (assuming, of course, that you are imaging
the area covered by the matrix). Furthermore, given the bright-
ness of QDs under 2P excitation, the imaging time is also
relatively fast. In our cell imaging experiments (see below), for
example, a 3D scan requires only 1�3 s or even subsecond
depending on the scan step dwell time, while the traditional
single-point 2P scan microscope based on organic fluorophores
often takes tens of minutes. For example, we applied 3D scanning
microscopy to live E. coli cells, of which the LamB receptors
(binding targets of bacteriophage λ) were labeled with QD605
(Figure 4a).18,19 E.coli cells’ viability was not perturbed by the 2P
excitation as evidenced by the division of some cells after
imaging. The image revealed spatial helices or bands of the
receptors on the E. coli membrane. The breast cancer cell, another
example of the multipoint scanning (Figure 4c), is discussed below.

We are also able to produce three-dimensional FIONA,
instead of the usual two-dimensional x�y FIONA. In part, this
is because of the inherent confocality of scanning 2P excitation.
In 2D FIONA, one takes a diffraction-limited spot in one image
and fits it with a 2D Gaussian in the x�y plane. The accuracy of
locating the center is determined by the equation derived by
Thompson et al.,20 approximately equal to the width of the
Gaussian distribution divided by the square-root of the number
of photons.10,20 This yields nanometer accuracy in x and y. To get
nanometer accuracy in the z dimension, we took a series of x�y
scan images along z; z localization can then be determined by
fitting x�z or y�z PSFs (which should yield the same value)
(Figure S3, Supporting Information). Alternatively, a three-
dimensional PSF can be constructed and the x, y, and z positions
can be resolved, as well as localization accuracies (Figure 4b).
We scanned every 100 nm in z so the effective pixelation in z was
100 nm, the same as in x and y. (For a more detailed description
of 3D FIONA, see Methods and Figure S3 in the Supporting
Information.)

As an example, we analyzed single QDs in a basal breast cancer
cell line (MDA-MB-468) imaged with 2P in 3D with the
holographic approach. The QDs are attached to the epidermal
growth factor (EGF) and bound to ErbB1, its EGF-receptor
(EGFR), which resides mostly at the plasma membrane of
resting cells and is involved in cell proliferation. EGFR is a major
drug target of for the treatment of various types of breast cancer.
Mutations in EGFR have been found to be involved in unlicensed
growth of malignant tumor cells.21�23 If activated by EGF
treatment at 37 �C for 10�30 min, EGFRs are activated, followed
by receptor endocytosis showing up under different z-slices.24

We first treated the breast cancer cells with 4 nM QD605-EGF
conjugates to trigger EGFR activation and internalization. Then
we fixed the cells and mounted them with CyGEL. 1P imaged via
TIR showed large autofluorescence (S/N = 1), which was
significantly reduced by 2P scanning (S/N = 5) (Figure S4,
Supporting Information), in which individual QD-labeled EGFRs
were clearly resolved (Figure 4c and Figure S4 in the Supporting

Figure 3. 2P widefield excitation resolves Myosin V step sizes at
nanometer accuracy. (a) Labeling of dimeric myosin V construct. (b)
Displacements of myosin V motors resolved at 50 ms temporal and one
nanometer spatial resolutions under 1P (orange dots, green lines) and
2P (red dots, blue lines) excitation. Step sizes are determined by
Student’s t test, and the step size distribution is fit to a Gaussian fit to
give 35.4 ( 7.0 and 35.8 ( 6.3 nm for 1P and 2P widefield imaging,
respectively.
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Information). (It is therefore unlikely that a scanning-disk 1P-
confocal microscope would reduce the autofluorescence enough
to achieve the high signal-to-noise measured here with 2P micro-
scopy.) A 3D image of an EGF-QD605 labeled breast cancer cell
could be obtained within seconds (1�3 s) for holographic
imaging, or even subsecond, depending on the residence time
on each pixel (A 3Dmovie is available as Supplementary Movie 2
in the Supporting Information.) In contrast, regular single-point
scanning took one to a few minutes. The plotted data point in
Figure 4c shows the 3D position of a QD-labeled EGFR endosome
in a representative breast cancer cell, localized at 2.5, 1.8, and
3.1 nm accuracies in x, y, and z, respectively. The z accuracy is
slightly lower than x/y accuracies, which is expected because the
PSF is slightly larger in the z dimension compared to the x�y
dimension. Nevertheless, this indicates that we can achieve <3 nm
accuracy in all three dimensions. As expected, the localization
showed that receptors were internalized post-EGF treatment. For
EGFR dimer or oligomers, as they are smaller than the diffraction
limit, we localize the center of the EGFR aggregation either on
membrane or in cytoplasm. Stoichiometry and spatial organization
of EGFRs in one aggregation require a super-resolution method to
resolve, which will be discussed in a future publication.

In conclusion, we report two-photon excitation of individual
QDs at room temperature in biological environments both in
vitro and in vivo and present a holographic type of scanning
technique that improves the imaging rate by 80-fold. 3D nano-
meter localization accuracy can be obtained from the holographic
scan data. The 2P-QD imaging system can easily integrate into
conventional scan microscopy due to its simplicity and modularity.
The technique opens a way to look inside the live or fixed cells and
tissues at single molecule level and nanometer resolution.
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