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Abstract To effectively image living cells with quantum
dots (QDs), particularly for those cells containing high
content of native fluorophores, the two-photon excitation
(TPE) with a femto-second 800 nm laser was employed and
compared with the single-photon excitations (SPE) of
405 nm and 488 nm in BY-2 Tobacco (BY-2-T) and human
hepatocellular carcinoma (QGY) cells, respectively. The
405 nm SPE produced the bright photoluminescence (PL)
signals of cellular QDs but also induced a strong auto-
fluorescence(AF) from the native fluorophores like flavins
in cells. The AF occupied about 30% and 13% of the total
signals detected in QD imaging channel in the BY-2-T and
QGY cells, respectively. With the excitation of 488 nm
SPE, the PL signals were lower than those excited with the
405 nm SPE, although the AF signals were also reduced.
The 800 nm TPE generated the best PL images of

intracellular QDs with the highest signal ratio of PL to
AF, because the two-photon absorption cross section of
QDs is much higher than that of the native fluorophores. By
means of the TPE, the reliable cellular imaging with QDs,
even for the cells having the high AF background, can be
achieved.
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Introduction

Due to the unique photoluminescence (PL) properties, such
as higher PL quantum efficiency, tunable luminescence
wavelength with their size dependent only, wide continuum
absorption band, narrow luminescent band, and higher
photostability [1, 2], the water-soluble semiconductor
nanocrystals or so called quantum dots (QDs) have become
attractive fluorescence probes in biological staining and
cellular labeling [3–6]. Numerous works using QDs as the
imaging tool to detect the biological process have been
carried out with the encouraging results [7–12]. However
some problems limiting the imaging with QDs still remain.
One obstacle is the autofluorescence (AF) interference of
native fluorophores such as NADH, flavins and porphyrins.
These native fluorophores almost exist in any living system
with the emission wavelengths covering the whole visible
region (400–700 nm). AF is an unavoidable interference for
fluorescence detections in living systems, particularly for
those subjects containing high content of native fluoro-
phores. The serious interference of AF has been exhibited
in animal’s in vivo imaging as the high background signals
[13, 14]. To obtain reliable images in these cases, the higher
concentration QDs in living systems were needed to
produce higher PL signals overcoming the AF background
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[13, 14]. However the toxicity would increase with the
increased concentration of QDs, because the QDs are
semiconductor nanocrystals containing Cd and Te metals
[15, 16]. Therefore, the reduction of AF background in
biological system for obtaining specific PL images of QDs
is still a challenge.

In fact, the QDs have another advantage of extremely
high coefficients of two-photon absorption (TPA). The in
vivo images of QDs in mice have been successfully
achieved by TPE with a 800 nm femto-second (fs) laser
[17, 18], because the wavelength of 800 nm has the best
tissue penetration and TPA coefficients of biological
fluorophores are several orders of magnitude smaller than
that of QDs [19, 20]. With respect to the fast growing of the
biological imaging works with QDs [21], the fundamental
comparison data between SPE and TPE are of necessaries
and importance. In this work, the influences of AF on
cellular QD imaging were compared with TPE and SPE in
BY-2-T plant cells and QGY mammalian cells. The BY-2-T
cell is the representative cell containing high content of
native fluorophores, while the QGY cell contains a middle
level AF fluorophores. The results of the study show that
SPE produces QDs images with an unacceptable amount of
AF signals, whereas TPE generates QDs images with
significantly reduced AF, indicating that TPE is more
suitable than SPE to study intracellular QDs distribution
in biological systems with more specific signals. Herein,
the thiol-capped CdTe QDs, directly synthesized in aqueous
phase, were used, because these QDs are easy to prepare
and have been popularly used in researches of cell imaging
[22–26].

Materials and methods

Synthesis of CdTe QDs The thiol-capped CdTe QDs were
made in our lab by hydrothermal route, which is believed to
be a simple and efficient method [27, 28]. The detail of the
procedure could be found in our previous work [29].
Briefly, a typical procedure is as follows: with a molar ratio
of 2:1, sodium borohydride was used to react with tellurium
in water to prepare the sodium hydrogen telluride (NaHTe).
Fresh solutions of NaHTe were then diluted by N2-saturated
deionic water to 0.0467 M for further using. CdCl2
(1 mmol) and thioglycolic acid (1.2 mmol) were dissolved
in 50 mL of deionized water. Stepwise addition of NaOH
solution adjusted the precursors solution to pH=9. Then,
0.096 mL of oxygen-free solution containing fresh NaHTe,
cooled to 0oC, was added into 10 mL of the above prepared
precursor solution and stirred vigorously. Finally, the
solution with faint yellow color was put into a Teflon-lined
stainless steel autoclave with a volume of 15 mL. The auto-
clave was maintained at the reaction temperature (170 °C)

for 40 min and then cooled to the room temperature by
hydro-cooling process. The as-prepared CdTe QDs, dis-
persed in water, were precipitated from solution using
excess ethanol. Then, these solutions were centrifuged to
harvest QDs in the bottom of the centrifuging tube. The
obtained QD powders were dried in vacuum and brought
into a nitrogen-atmosphere box for subsequent use. A stock
solution of QDs (1 mg/ml) was made before experiments.
The PL quantum yield of obtained QDs is about 0.4 [29].

Cell culture The human hepatocellular carcinoma (QGY)
cells procured from the Cell Bank of Shanghai Science
Academy were seeded onto a glass cover slip placed in a
culture dish containing DMEM-H medium with 10% calf
serum, 100 units/ml penicillin, 100 μg/ml streptomycin and
100 μg/ml neomycin. The cells were then cultured in a
fully humidified incubator at 37 °C with 5% CO2. When
the cells adhered to the cover slip and reached 80%
confluence with normal morphology, the cell samples were
ready for experiments. The AF signals of QGY cells were
measured in a moderate level, much weaker than that of
plant cells.

The tobacco BY-2-T cells were obtained from the
Physiology Department, Fudan University, China. Cells
were cultured in an ordinary way as described in the
literature [30]. As the plant cells, BY-2-T cells contain the
high content of native fluorophores resulting in a high AF
background.

The cells adhered on the cover slips in culture dishes
were added with QDs to achieve a final QD concentration
of 100 μg/mL. These cells were then incubated at 37 °C in
an incubator for 2 h. After incubation, cells on the cover
slips were washed with PBS (phosphate-buffered saline)
three times to remove the unbound QDs, and were then
sealed on a glass slide for microscopic measurement. With
these QD concentration and incubation time, no detectable
damage to cells was observed.

Imaging and spectrum measurements with SPE and
TPE The PL images of cellular QDs or AF images of cells
were acquired with a laser scanning confocal microscope
(LSCM) (Olympus. FV300, IX71) equipped with a photo-
multiplier tube (PMT) and a band-pass filter of 580–
640 nm in a detection channel. Differential interference
contrast (DIC) images were recorded simultaneously in a
transmission channel to exhibit the cell morphology. A
water immersion objective (60×) and a matched pinhole
were used in experiments. Three beams of lasers were
coupled into the LSCM to produce fluorescence images:
405 nm (Coherent, Radius 405–25) and 488 nm (Melles
Griot, Argon ion) for SPE and 800 nm femto-second (fs)
Ti:Sapphire laser (Coherent, Mira 900-B) for TPE. The
excitation light powers on the cell was controlled as 0.1–
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0.2 mW for 405 and 488 nm lasers, and about 5 mW for
800 nm fs laser. With the z-scan function, the 3-D images
can be obtained in this system.

Based on the obtained PL or autofluorescence images,
some parts of individual cells were chosen to measure
micro-region fluorescence spectra using the laser point-stay
mode of the LSCM system. This mode allows the laser to
stop scanning and continuously irradiate the selected spot
for acquiring the spectral measurements. The spectra were
measured using a spectrometer (Acton, Spectropro 2150i)
equipped with a liquid-nitrogen-–cooled CCD (Princeton,
Spec-10:100B LN). The fluorescence output from the side
exit of the microscopic system was directly focused onto
the entrance slit of the spectrometer [31]. However, due to
the limitation of the dichroic mirror in the system, the
micro-region spectral measurement can be carried out for
405 nm and 800 nm lasers but not for 488 nm.

Results and discussion

Figure 1 shows the PL images (left column) in detection
channel of 580–640 nm and differential interference
contrast (DIC) images (right column) of QD-loaded or
control BY-2-T cells under SPE and TPE, respectively.
With 405 nm SPE (Fig. 1a), the main image shows the
cellular QDs in an x-y plane and the right profile exhibits
the distribution of cellular QDs in the y-z plane along the
marked line in the main image, which was obtained with
the Z-scan function of the microscope. The three dimen-
sional micrograph indicates that the QDs distributed in
these BY-2-T cells after incubation. The wavelength of
405 nm is in the highest absorption band of the thiol-
capped CdTe QDs in the visible region [32], which favors
the detection of cellular QDs. However, the excitation of
405 nm also induces the AF of native fluorophores in cells.
Fig. 1b) gives the AF image of the control BY-2-T cells in
the same detection channel under 405 nm SPE, showing
that AF almost existed in the whole cell though the
distribution was not so uniform. Thus, the AF signals
would overlap with the cellular QD signals in the detection
channel, disturbing the reliability of the measured QD
distribution in cells. The PL image in Fig. 1a) must contain
some AF contributions from the native fluorophores. To

Fig. 1 PL (left column) and DIC (right column) micrographs of BY-2-
T cells. a: QD-loaded cells with SPE of 405 nm. The main image
shows the cellular QDs in an x-y plane and the right profile exhibits
the distributions of cellular QDs in the y-z plane along the marked
green line in the main image. The depth of Z-scan in the right profile
is 15 μm; b: Control cells with SPE at 405 nm; c: QD-loaded cells
with 488 nm SPE; d: Control cells with 488 nm SPE; e: QD-loaded
cells with TPE of 800 nm; f: Control cells with TPE of 800 nm

b
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evaluate the extent of the AF affection on specific QDs
signals, the micro-spectra in selected parts of the QD-
loaded and control cells as that in Fig. 1a, b were measured
with SPE of 405 nm, respectively. The typical spectra are
shown in Fig. 2. The pronounced AF spectrum of the
control BY-2-T cell peaked at 510 nm, demonstrating that
BY-2-T cells contain a high content native fluorophores and
implying that the main contribution of AF came from the
flavoproteins such as lipoamide dehydrogenase (LipDH)
[20]. This AF spectrum largely overlaps with the PL
spectrum of cellular QDs (Fig. 2a). Although the AF peak
is at 510 nm, the broad AF band extends to the detection
channel of 580–640 nm, which is employed for acquiring
the PL signals of cellular QDs with the peak of 585 nm. As
estimated from the Fig. 2a), the total intensity acquired in
detection channel (580–640 nm) contained about 30% AF
signal, resulting in a poor ratio of two between the PL and
AF in imaging acquirements.

The flavoprotein family usually has two absorption
bands of 390 nm and 450 nm [33]. The 405 nm wavelength
is close to the absorption peak of the flavoprotein making
them emitting strong AF. Since the 488 nm does not match
well with the absorption peaks of flavoproteins, the PL
images of cellular QDs generated with the 488 nm laser in
the BY-2-T cells have a dramatically reduced AF back-
ground (Fig. 1d). However, the PL signals of cellular QDs
by the 488 nm SPE are also weak because of the weak
absorption of QDs at 488 nm, that. they are not good
enough for imaging acquirements.

These QDs not only have the high single-photon
absorption cross sections (10−15 cm2) but also have very
high TPA cross sections (σ2p) of 3,000 GM (10−50 cm4

s/photon), while the σ2p of native fluorophores was as small
as in 1 GM level [19, 20]. The TPE is thus expected to
significantly reduce AF of native fluorophores. As shown
in the Fig. 1f), the AF signals with TPE in the control BY-
2-T cells are negligible, while the PL signals in the QD-
loaded BY-2-T cells are strong by TPE (Fig. 1e). The
typical micro-region spectra in the QD-loaded and control
cells with TPE are depicted in Fig. 2b). Despite the high
content of native fluorophores the AF was effectively
reduced by TPE. In the PL detection channel (580-
640 nm), the ratio of signal (PL) to noise (AF) was
increased to eleven as estimated from the Fig. 2b),
demonstrating the advantage of TPE in QD imaging
acquisition. The special design in this experiment is
that, the micro-region spectra were measured at the
same part of the cell with initial SPE followed by TPE
in both control and QD-loaded cells, respectively, so
that the spectral data in Fig. 2a, b can be quantitatively
compared. The remarkable difference between Fig. 2a, b
concludes that TPE can significantly reduce the AF
signals.

Parallel measurements were conducted in QGY cells. As
shown in Fig. 3b, the AF of the control QGY cell under
405 nm SPE was still prominent in the cytoplasm but was
weaker than that of BY-2-T cells, reflecting that the native
fluorophores in QGY cells are not as abundant as that in
BY-2-T cells. With 405 nm SPE, the PL image of QD-
loaded cells acquired in detection channel is showed in
Fig. 3a, but this image still contains the AF contribution
like that in Fig. 3b, though in this case the QDs with the PL
peak of 630 nm was used to avoid as much as possible the
overlap with AF signals around 500–550 nm. The spectral
measurement (Fig. 4a) shows that the AF peak of the
control QGY cell locates at 520 nm with a decreased
intensity comparing with that of BY-2-T cells, reflecting
that the AF probably comes from the flavin. The PL signals
of cellular QDs is obviously higher than that of AF as seen
in Fig. 4a, but in imaging detection channel (580–640 nm)
the AF still caused a considerable interference. With the

Fig. 2 Emission spectra from a QD-loaded BY-2-T cell and a control
BY-2-T cell in micro-region with SPE of 405 nm (a) and TPE of
800 nm (b)
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data of Fig. 4a, the AF occupies 13% of the total signals in
PL detection channel.

Similar to that in the BY-2-T cells, when 488 nm SPE
was used in the QGY cells the AF signals were reduced
with also decreasing the PL of QDs, so that the images with
weak signals became blurred (Fig. 3c, d).

Interestingly, no AF signals but PL of cellular QDs
were seen when the 800 nm TPE was used in the QGY
cells (Fig. 3e, f), largely improving the quality of QD PL
images. The emission spectra from the control and QD-
loaded cells confirm that AF signals are almost vanished
under 800 nm TPE while PL signals are very strong
(Fig. 4b), indicating that the use of 800 nm TPE for
imaging PL of the thiol-capped QDs in living cells is a
reliable method.

Fig. 3 PL (left column) and DIC (right column) micrographs of QGY
cells. a: QD-loaded cells with SPE of 405 nm. The main image shows
the cellular QDs in an x-y plane and the right profile exhibits the
distributions of cellular QDs in the y-z plane along the marked green
line in the main image. The depth of Z-scan in the right profile is
12 μm; b: Control cells with SPE at 405 nm; c: QD-loaded cells with
488 nm SPE; d: Control cells with 488 nm SPE; e: QD-loaded cells
with TPE of 800 nm; f: Control cells with TPE of 800 nm

Fig. 4 Emission spectra from a QD-loaded QGY cell and a control QGY
cell in micro-region with SPE of 405 nm (a) and TPE of 800 nm (b)

R
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Fluorescence microscopic techniques can be used to
study the cellular processes such as molecular dynamics,
signal transduction and intracellular network, if ideal
fluorescent probes and appropriate detection systems are
applied. QDs with their photostable property and high PL
quantum yield, have now become a powerful candidate of
fluorescent probes for cellular imaging. The results
obtained from the present study demonstrate that 405 nm
SPE can detect intracellular PL of QDs, but with 10–30%
non-specific signals from AF of cells, thus making it
difficult to acquire the QD PL images with a high quality.
The use of 800 nm TPE can largely reduce the AF signals
without losing the PL signals of QDs to be detected,
indicating that the imaging systems with 800 nm TPE
should be ideal for studying the distribution of QDs and
QD-targeted molecules in biological systems.

For SPE, the 488 nm was found to cause less AF
influence in both BY-2-T and QGY cells than 405 nm do, at
the price of relatively low PL signals. Increasing the
excitation power of 488 nm can certainly increase the PL
signals but not improve the PL to AF ratio as well as the
extent of AF interference in obtained images. On the other
hand, the cellular damaging may happen with the increased
laser power for SPE, as some kinds cellular molecules have
light absorptions in the visible region. The Fig. 5 shows the
damaging effect in QGY cells when increased powers of
405 nm, 488 nm for SPE or 800 nm for TPE were used,
respectively. After 5 min 405 nm (2 mW) microscopic
excitation with the point stay model, the cells already were

burned to bleb as its morphology change can be clearly
seen in both cases of QD-loaded cells and control cells. The
488 nm effect is relatively low, but 10 min excitation with
the power of 2 mw also harmed cells seriously as shown in
Fig. 5. The continuous excitation of 800 nm fs laser with
the power of 20 mW on the QGY cell for 10 min did not
show any sign of damage to the QD-loaded cells or control
cells (Fig. 5). This may be because 800 nm is known as the
optical window wavelength where few chromophores in
biological systems have absorption at this wavelength, thus
inducing the least damaging effect. This would add
additional advantage of using the 800 nm fs laser in
biological applications.

Conclusion

The 800 nm TPE can acquire reliable PL images of
cellular QDs by effectively suppressing the AF from
native fluorophores in living cells, no matter in
mammalian cells or in Tobacco cells with the high
content flavoprotein. While with SPE, the AF influence
seems unavoidable, producing artificial component in
obtained QD images to some extents depending on the
fluorophore content in cells. Our results suggest that
800 nm TPE is a feasible and suitable approach for
cellular imaging with QDs. In addition, the 800 nm fs
laser may produce the least damaging effect on cells
when appropriate power is used.

Fig. 5 The damaging effects of
different lasers on QGY cells.
A: control cells (without QDs);
B: QD-loaded cells (cells have
been incubated with 100 μg/mL
for 2 hours). The irradiation
powers: 2 mW for 405 nm,
laser, 2 mW for 488 nm and
20 mW for 800 nm laser. Left
columns of both images (A) and
(B) show the cell morphologies
before laser irradiations; Right
column of both images (A) and
(B) shows the cell morphologies
after irradiations. The circles in
the left columns of both images
(A) and (B) indicate the spots of
laser irradiations
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