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Abstract

Fluorescence quantum dots are widely used in immunofluorescence staining because of their intense and stable fluorescence. However,
the nonfluorescence state of the quantum dots is their disadvantage. Here, the nonfluorescence state of the dots labeled to cells and tissues
was suppressed. Cells and tissues where the receptor HER2 had been overexpressed were fixed and then labeled with anti-HER2 cross-
linked with the dots. The intensity of the dots increased with the illumination time. The majority of the single dots were in the nonflu-
orescence state at beginning of the illumination period and the number of fluorescence dots observed increased with the illumination
time. Living cells were also labeled with the anti-HER2-Qdots. Blinking and bleaching of the Qdots was effectively suppressed by adding
B-mercaptoethanol and glutathione. Therefore, the movement of the Qdots bound to cell membrane could be observed for long periods

of time.
© 2006 Elsevier Inc. All rights reserved.
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The fluorescence quantum dots (Qdots) are nanocrystals
of semiconductor materials, for example, CdSe and CdTe
[1-4]. The wavelength of the fluorescence of the Qdots
changes with the diameter of the crystals. Small sized crys-
tals (~2 nm in diameter of CdSe) emit blue fluorescence
and larger crystals (~4 nm) emit red fluorescence [1]. The
quantum yield of fluorescence emission is affected by the
environmental conditions [5]. To get higher quantum yield
of fluorescence, the Qdots were coated with the other semi-
conductor, for example, ZnS [5]. For use in biological
experiments, the Qdots were coated further with a polymer
which has reactive sites, amine or carboxyl groups, to con-
jugate with proteins, DNA and RNA [6]. After conjuga-
tion, the Qdots are imaged to determine the localization
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of target biological molecules and measure the number of
target molecules [7-9].

The fluorescence intensity of the Qdots is considerably
higher than that of organic dyes. They do not bleach for
long period of time even in the absence of anti-fading
reagents, which would destroy cell [8]. These advantages
of the Qdots have been widely used in the biological and
medical fields [3,10]. The disadvantage of the Qdots is that
they bind reversibly to a nonfluorescence state which
results in blinking and low fluorescence intensity [11-13].
To measure the number or intensity of the Qdots that have
bound to cells, the intensity of each Qdot must be stable.
To observe single Qdots labeled to proteins for long peri-
ods of time, the Qdots must emit fluorescence for long peri-
ods without blinking [13,14].

In this study, the nonfluorescence state (off-state) of the
antibody—Qdot complex bound to the cells was reduced in
order to improve the quantitative measurements and fluo-
rescence period of the Qdots. The period at fluorescence



8 S. Li-Shishido et al. | Biochemical and Biophysical Research Communications 351 (2006) 7-13

state (on-state) of the Qdots bound to fixed and embedded
cells increased with the time when that were illuminated by
laser. The reducing agents, f-mercaptoethanol or glutathi-
one, were inhibited the off-state.

Materials and methods

Qdot was conjugated to chimeric monoclonal antibody against HER2,
trastuzumab (Herceptin, Chugai Pharmaceutical Ltd.) with Qdots 605,
655, and 705, where the number indicates the wavelength at maximum
fluorescence. An antibody Conjugation Kit (Qdot corporation) was used
[7,15] according to the manufacturer’s instructions. The final concentra-
tion of trastuzumab-Qdots was determined by measuring the conjugate
absorbance.

The human breast cancer cell line KPL-4, which overexpresses HER2
and is sensitive to trastuzumab [16,17], was kindly provided by Dr. J.
Kurebayashi. KPL-4 cells were cultured in DMEM supplemented with 5%
fetal bovine serum. MDA-MB-231 cells having a low expression of HER2
were maintained in L-15 medium, respectively, with 10% fetal bovine
serum [16,18,19].

A suspension of KPL-4 cells was transplanted subcutaneously to the
dorsal skin of female Balb/c nu/nu mice at ~5 weeks of age (Charles River).
Several weeks after tumor inoculation, mice bearing a tumor with a volume
of 100-200 mm? were selected. The mice were sacrificed with an overdose of
CO,. The tumors were removed and divided. All operations on animals were
in accordance with the institutional animal use and care regulations.

For the immuno histochemical analysis, cells on a coverslip were fixed
at 10% neutral-buffered formalin for 10 min [8]. Fixed cells were exten-
sively washed three times with PBS solution. To minimize the nonspecific
binding of trastuzumab-Q dot complexes to the cells, the cells were treated
with the blocking solution containing NH4Cl, glycine, FBS or BSA. The
best treatment for blocking was incubating the cells in PBS solution
containing 50 mM NHy4CI for 10 min and then in 10% FBS for 30 min
after a through washing with NH,Cl.

The trastuzumab—Qdot complexes or polyclonal anti-HER?2 cells from
rabbit were reacted with the cells that had been blocked. The anti-HER2
cells were further reacted with anti-rabbit IgG conjugated with Qdots.

Tumors were fixed in 10% neutral-buffered formalin overnight [8] and
then transferred into ethanol before processing and paraffin embedding.
The tissue after removing paraffin was then treated with the PBS solution
containing trastuzumab-Qdots. The fixed cells and tissue were embedded
into Permafluor™ (Thermo Shandon).

Qdots were observed under microscopes (IX71 or BX51, Olympus)
[20,21], equipped with green laser (532 nm), long pass filter (>580 nm).
Fixed cells were observed at a power density of 11 (Fig. 1), or 31 W/mm?
(Figs. 2-4). The x- and y-positions of the fluorescent spot were calculated
by fitting the data to a 2D-Gaussian curve [21].

Results

The trastuzumab—Qdots bound well to KPL-4 cells but
not to the MDA-MB-231 cells which expressed HER2 at
low levels [19] (Fig. 1A and B). Most of the Qdots bound
to the cell membrane (Fig. 1A). The intensity of the Qdots
bound to the cells was measured in order to estimate the
number of the bound Qdots. The Qdots without trast-
uzumab labeling did not bind to KPL-4 and MDA-MB-
231 cells (Fig. 1C). The intensity of the Qdots bound to
KPL-4 was approximately 10 times higher than those
bound to MDA-MB-231 cells. This result was consistent
with the expression of HER?2 in these cells [19].

The trastuzumab—Qdots were bound to a tumor trans-
planted in a nude mouse. The trastuzumab-Qdots bound
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Fig. 1. Antibody—Quantum dot complex bound to cells and the tumor.
Qdot705 (30 nM) labeled with trastuzumab bound to fixed KPL-4 cells
(A) and MDA-MB-231 cells (B). (C) Fluorescence intensity of Qdots
measured in several different cells. Open and closed bars indicate the
intensity of KPL-4 and MDA-MB-231 cells, respectively. The two bars on
the left-hand side show Qdots that have not bound trastuzumab after they
had been mixed with the cells. Bars in the center and on the right show
results in the presence of trastuzumab. (D) Sections of a tumor in a mouse,
S um thickness, were stained using Qdot-705 (10 nM) and labeled with
trastuzumab. (E) The section was reacted with rabbit anti-HER?2 and then
with Qdot-705 (10 nM) labeled with anti-rabbit IgG. Scale bars = 10 pm
(A, B, D, and E). Images were taken at an exposure time of 0.2 s at laser
power of 11 W/mm?>.

mainly to the region near the KPL-4 cell membrane
(Fig. 1D). The tumor also reacted with the polyclonal
anti-HER?2 cells from rabbits and then with anti-rabbit
IgG labeled with the Qdots (Fig. 1E). The rabbit-IgG-
Qdots bound to the cell membrane in similar areas where
the trastuzumab-Qdots bound using direct staining meth-
ods (Fig. 1D and E). These results indicate that the fixed
cells and tumor cells could be successively stained with
antibodies labeled with the Qdots.

The change in fluorescence intensity of the antibody-
Qdots was measured after illuminating the sections for long
periods by a laser to test the stability of fluorescence emis-
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Fig. 2. Change in Qdot intensity when illuminated by a green laser. KPL-4 cells were labeled with trastuzumab-Qdot-705 (10 nM). Qdots were illuminated
by the green laser at a laser power of 74 W/mm?. (A) Images were taken at an exposure time of 0.05 s at illumination periods of 0, 20, and 60 min. Scale bar
indicates 10 pm. (B) Intensity in several regions were measured. (C) Trastuzumab-Qdots-705 (0.1 nM) were spread on a coverslip. Images were taken at
exposures time of 1 s at illumination periods of 0, 40, and 60 min using a laser power of 74 W/mm?. Scale bar = 10 um. (D) Intensity at several regions was
measured at an exposure time of 1 s. (E) The average of hundreds of intensities from Qdots-605 (red symbols), 655 (blue), and 705 (green).
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Fig. 3. The on- and off-dwell times in the presence of reducing agents.
Qdot-655 (0.1 nM) in PBS solution containing BME (0, 1.4, 14, and
140 mM, (A)) and glutathione (0, 1, 10, and 100 mM, (B)) were spread on
coverslips. Images were taken at exposure time of 1 s for 30 min at a laser
power of 74 W/mm?2. (C,D) Images in the absence (C) and presence (D) of
14 mM BME were taken at beginning of the illumination period at
exposure times of 20ms and a laser power of 74 W/mm?® (E,F)
Fluorescence of the on- and off- dwell times was measured from the
results shown in (C) and (D). The total dwell time was calculated from the
probability.

sion. The power of green laser was increased by ~ 7 times
to accelerate the intensity change. The intensity increased
prominently 20 min into the illumination period
(Fig. 2A). Sixty minutes into the illumination period, the
intensity had returned to its original levels. The intensities
at many regions in cells could be quantitatively analyzed
relative to the initial intensity (Fig. 2B). In contrast, the
fluorescence intensity of an organic fluorescence molecule,
Cy3, conjugated to trastuzumab decreased exponentially
with the illumination time (data not shown). The time con-
stant was only 20 s.

To find the reason for this enhancement of intensity, the
intensity of single Qdots embedded into Permafluor™ with-
out being attached to cells was analyzed. Sequential images
were taken every 1 s (Fig. 2C). The number of fluorescence
Qdots appeared to increase, while the intensity of the
bright Qdots changed little (Fig. 2C). Fig. 2D shows the in-
tensity change in relation to the illumination time. The
intensity of most Qdots increased firstly and decreased with
time. During the periods where the Qdots exhibited their
highest intensity, i.e., 2043 min after the start of the illu-
mination period (Fig. 2D), Qdots blinked from zero to
maximum intensity. Assemble averages of the intensity of
Qdot-705 showed that the intensity increased at the begin-
ning and then gradually decreased to the end (Fig. 2E). The
other Qdots, 605 and 705, showed similar intensity profiles
to the Qdot-655 but had different time constants.

Fluorescence imaging is also used for position measure-
ments of proteins [21,22]. To observe the position of Qdots
bound to living cells, we determined the most suitable con-
ditions that allowed Qdots to bind for long periods of time
with high spatial and temporal precision [21]. The reducing
reagent, DTT and B-mercaptoethanol (BME), are known
to suppress the blinking but its effects on the bleaching time
have not been determined [13]. We investigated the effect of
BME and glutathione on both the bleaching and blinking.
The intensity increased several fold in the presence of the
reducing agents comparing to that in the absence
(Fig. 3A and B). The intensity decreased with the time illu-
minated by the laser. The intensity in the presence of 1 and
100 mM glutathione, 1.4 and 14 mM BME suppressed the
reduction of intensity for long time (30 min). In the pres-
ence of 10 mM glutathione and 140 mM BME, the intensi-
ty was reduced only at the beginning (<20 min) and not
thereafter.

To analyze the blinking of the fluorescence intensity, the
temporal resolution of the imaging was improved to be
20 ms (Fig. 3C and D). In the absence of the reducing
agent, the Qdots blinked frequently and showed long dwell
times in the off-state. In the presence of BME, the Qdots
emitted the fluorescence continuously for long periods of
time without spending long periods in the off-state. To
evaluate the suppression of blinking, the dwell times of
on and off-states were analyzed [13]. The probability of
Qdots being in the state of long on-dwell time in the pres-
ence of BME is much higher than that in the absence of
BME. For example, the probabilities of Qdots having on-
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Fig. 4. Blinking of Qdots bound to living cells. Qdots-655 (0.5 nM) labeled with trastuzumab were bound to living KPL-4 cells. (A) There are a bright field
(left) and fluorescence (right) images of the cells. Dotted lines indicate the edge of the cells. Scale bar = 10 pm. The blinking of Qdots in the absence (B)
and presence (C) of 14 mM BME is shown at an exposure time of 20 ms. (D) Fluorescence images of Qdots were taken under a total internal reflection
microscope at an exposure time of 20 ms and laser power of ~70 W/mm?. Scale bar = 5 um. (E) The Qdots bound to cells were taken at a higher
magnification. To trace the movement of Qdtos, 2500 images were collected over a 50 s period and then superimposed. Colored lines indicate the traces of
single Qdots. (F) Traces indicate movements of Qdots that occurred on the cell membrane for a 50 s period.
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dwell times of 5 s are approximately 2.3% in the presence of
BME which are considerably higher than 0.10% in the
absence of BME. The off-dwell time is also higher in the
absence of BME. Long on-dwell times and short off-dwell
times observed in the presence of BME indicate that the
Qdots stay in the on-state for most of the time.

The imaging of proteins in living cells is an important
application of Qdots. The trastuzumab-Qdot complexes
were mixed with living cells to detect the movement of
membrane receptor, HER2, in the presence of BME. The
movement of the Qdots was measured within the first
30 min when the activity of the cells was not altered.

The trastuzumab-Qdot complexes bound to the mem-
brane of the cells (Fig. 4A). Qdots in the absence of
BME often exhibited blinking (Fig. 4B). Most on-dwell
times were less than 1 s. The long off-dwell times were com-
mon. In the presence of 14 mM BME, the on-dwell times
became longer than 1s for many of the Qdots (Fig. 4C).
The off-dwell time was very short <0.2 s (Fig. 4C).

The position of the Qdots bound to cell membrane was
measured by fitting the data of the fluorescence of the spots
to two-dimensional Gaussian with one nanometer preci-
sion [21,23]. Fig. 4D shows the initial image of the Qdots
bound to the cell membrane. All images have been super-
imposed as shown in Fig. 4E. The center of the fluorescence
spots was measured continuously for 50 s without losing
the data by off-dwell (colored traces in Fig. 4E). Traces
on an expanded time scale show the detailed movement
of the Qdots (Fig. 4F). Most of the Qdots moved a distance
of 3 um in 50 s which is considerably shorter than that of
free diffusion of trastuzumab-Qdots (~30 um assuming
the diameter of 30 nm). The some of movements of the
Qdots were random (Fig. 4F(i and ii)). Some of the Qdots
moved within a narrow area (iii). Other Qdots moved with-
in small area and then hoped to the next area (iv).

Discussion

The intensity of the Qdots bound to KPL-4 cells was
approximately 10 times higher than that to MDA-MB-
231 cells. This result is consistent with the expression
HER2 in these cells [16,18,19]. The advantage of Qdot
immunofluorescence staining is that quantitative analysis
of bound Qdots to cells is possible. Another advantage is
the higher sensitivity as even single Qdots can be imaged
(Figs. 2C and 4D) [13,14,21]. The trastuzumab—Qdots also
bound selectively to a tumor formed by KPL-4 cells trans-
planted in a nude mouse, suggesting this technique has
applications for medical immunohistochemistry [3,24,25].

Organic fluorescent dyes for immunofluorescence stain-
ing are not suitable for quantitative analysis because of
their low intensity and rapid bleaching within 20 s of illu-
mination [8]. The trastuzumab—Qdots remained stable for
periods up to 1 h (Fig. 2) [8,13,26,27]. The intensity of
the Qdots did not change much in the first ~10 min after
laser illumination (Fig. 2E). The intensity then gradually
increased to 2-3 times of from the initial intensity and then

decreased [26]. These changes in intensity were also
obtained for Qdots labeled cells stored in the Permafluor
for 3 months at room temperature (data not shown). These
results indicate that Qdots are very useful for quantitative
analysis of immunofluorescence staining even when they
have been stored for long periods.

Measurements of the intensity of single Qdots indicated
that the number of Qdots at the fluorescence on-state
increases with time (Fig. 2). The single Qdots were
bleached by long-term continuous illumination with a
laser. These changes in intensity of single Qdots explain
the change in intensity of multiplied Qdots bound to cells
(Fig. 2). Single Qdots analysis is a powerful method to
determine the fundamental properties of Qdots [14,21].

The reducing agents, BME and DTT, suppressed the
blinking of intensity of Qdots [13]. The intensity of Qdots
in the presence of BME and glutathione was measured.
BME (1.4 mM or higher) and glutathione (1 mM or higher)
considerably enhanced the on-dwell time and shortened the
off-dwell time marginally. The on-dwell time was enhanced
in the presence of 14 mM BME but not in the presence
of 140 mM BME. The enhancement of on-dwell time
by the reducing agents was consistent with the previous
results [13].

The longer on-dwell times and shorter off-dwell times
increased the possibility that Qdots would stay in the on-
state (Fig. 3C-F). Therefore, the total intensity of Qdots
increased considerably at the beginning of the illumination
period (Fig. 3A and B). Illumination for long periods using
a laser resulted in the Qdots bleaching and the total inten-
sity gradually decreasing. The decay time of the intensity
by photobleaching was slowest in the presence of 14 mM
BME. At higher concentrations of BME (140 and
280 mM), the intensity decay time was shorter. The opti-
mum conditions for suppressing the bleaching and blinking
were 14 mM BME.

Qdots bind to proteins in both in vitro motility assays
and in cells [14,21]. The higher intensity of the fluorescence
has made it possible to precisely detect the position of Qdot
within a few nanometers and milliseconds. Because many
of Qdots did not exhibit the blinking for >10s, the Qdot
position was measured for long time without missing the
data by blinking (Fig. 4D-F). The movements of Qdots
are much slower than that at free diffusion. Some of Qdots
showed the hopping movement from the one area to the
other, which is consistent with previous reports [28].

Stable and intense fluorescence of Qdots are advanta-
geous for fluorescence imaging. However, blinking and
non-specific binding of Qdots must be acknowledged as
potential problems. Here non-specific binding was avoided
by the improvement of blocking method. The off-state of
Qdots bound to fixed and embedded cells was suppressed
by the illumination of laser. The blinking of Qdots bound
to living cells were suppressed effectively in the presence
of 14 mM BME. These improvements open-up the new
applications of Qdots such as medical immunostaining
and nanometer measurement of position.
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