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Optimum quantum dot size for highly efficient fluorescence bioimaging
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Semiconductor quantum dots of few nanometers have demonstrated a great potential for
bioimaging. The size determines the emitted color, but it is also expected to play an important role
in the image brightness. In this work, the size dependence of the fluorescence quantum yield of the
highly thermal sensitive CdTe quantum dots has been systematically investigated by thermal lens
spectroscopy. It has been found that an optimum quantum yield is reached for 3.8-nm quantum
dots. The presence of this optimum size has been corroborated in both one-photon excited
fluorescence experiments and two-photon fluorescence microscopy of dot-incubated cancer cells.
Combination of quantum yield and fluorescence decay time measurements supports that the
existence of this optimum size emerges from the interplay between the frequency-dependent
radiative emission rate and the size-dependent coupling strength between bulk excitons and surface

trapping states. © 2012 American Institute of Physics. [doi:10.1063/1.3676251]

. INTRODUCTION

Semiconductor nano-crystals, usually referred to as
quantum dots (QDs), are nowadays regarded as one of the
building blocks in modern photonics.'"™ They constitute
bright and photostable fluorescence sources, whose emission
and absorption properties can be adequately tailored through
their size.” Recent advances on the controlled modification
of their surface have made possible the development of water
soluble QDs without causing deterioration in their fluores-
cence properties.® This has made them excellent optical
selective markers to be used in fluorescence bio-imaging
experiments.” The suitability of colloidal QDs for bio-
imaging is pushed forward by their large two-photon absorp-
tion cross section,3 which allows for an efficient fluorescence
under infrared excitation (two-photon excitation). This, in
turn, allows for large penetration depths in tissues, minimiza-
tion of auto-fluorescence, and achievement of superior spa-
tial imaging resolution.® In addition, recent works have
demonstrated the ability of QDs to act as nano-thermometers
based on the thermal sensitivity of their fluorescence
bands.”'* Based on all these outstanding properties, QDs
have been successfully used to mark specific receptors in
cell membranes, to measure intracellular temperature, and to
label living embryos at different stages.”'>~!”

Most of the QD-based bio-images reported up to now
were obtained by using either CdSe or CdTe QDs, since both
are currently commercially available with a high degree of
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quality.”'®2° Although they show similar fluorescence prop-

erties and optical performance, CdTe QDs have very recently
attracted much attention, since a hyper-thermal sensitivity of
their fluorescence bands was discovered. Based on this, it
has been recently postulated that intracellular thermal sens-
ing with resolutions as high as 0.25 °C can be achieved based
on CdTe QDs, three times better than those achievable when
using CdSe QDs.?!

For any bio-imaging application, the fluorescence quan-
tum yield (hereafter QY) of QDs is a key parameter that
determines the fluorescence brightness in real applications.
QY is defined as the ratio between the number of emitted
and absorbed photons per unit time. This is determined by
the radiative and non-radiative decay rates (k,.; and k4,
respectively) in such a way that QY = k,,/(k;aq + kiraa)- The
QY does not only determine the fluorescence brightness of
the QDs (and, hence, the bio-image contrast), but also, and
even more important, it determines the pump-induced ther-
mal loading of the biological system, which is under local
illumination. QDs with low QY would have large non-
radiative de-excitation rates and, hence, could cause relevant
thermal loadings that can alter the normal evolution of the
biomedical system during imaging. As a consequence, the
search of those parameters maximizing the fluorescence QY
of QDs is an open question with undoubted practical applica-
tions and fundamental implications. Among the different pa-
rameters that could be used for QY tailoring, size is very
likely the most critical one. Previous works concerning fluo-
rescence decay time dynamics of QDs have provided evi-
dence that both %,,; and k,,., are expected to be strongly
size—dependent.zz’28 On one side, it is known that k.4

© 2012 American Institute of Physics
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decreases with the QD size. This fact arises from the relation
between the radiative rate, k,,4, and the emission frequency
peak (determined by QD size) established by the Fermi’s
“golden rule” of pure exciton states, but also affected by the
participation of the so-called “dark exciton states”.”**’ On
the other side, it is now widely assumed that the non-
radiative decay rate, k,,.4, in QDs is related to the presence
of surface acceptor energy states.”’° Thus, this non-
radiative decay rate would be determined by the density of
acceptor states (expected to increase with the surface-to- vol-
ume ratio, i.e., as the QD size is reduced) and also by the
coupling strength between these acceptor states and the
intrinsic electronic levels of the QDs. This last factor is
favored as the size of QDs is increased, because a weaker
quantum confinement makes energy separation between elec-
tronic states smaller (facilitating coupling and migration).
Therefore, both %,,, and k,,,; (and, hence, QY) are predicted
to be strongly dependent on the QD size, so that an adequate
choice of it could lead to the optimum QY. Thus, a systematic
study on the size effect in the fluorescence QY of CdTe QDs is
necessary to determine if the predictable optimum size occurs.
This could be of particular interest for biomedical imaging in
order to choose the most indicated fluorescent QDs probes.

In this work, we have systematically investigated, by ther-
mal lens spectroscopy (TLS), the fluorescence QY of colloidal
CdTe QDs with sizes ranging from 1 up to 8 nm. The existence
of an optimum size, leading to a maximum in the QY, has been
corroborated by one-photon excited fluorescence experiments
as well as by two-photon fluorescence imaging of epithelial
cancer cells (HeLa cells). In addition, the combination of the
TLS results with fluorescence lifetime measurements has
allowed us to determine how both k,,,; and k,,,,; of CdTe QDs
contribute to the size dependence of the fluorescence QY.

Il. EXPERIMENTAL

The CdTe QDs used in this work were provided by
Plasmachem Inc. and were all obtained in identical condi-

Normalized Intensity
(Arb. Units)

Wavelength (nm)

FIG. 1. (Color online) Normalized emission spectra of different QDs used
in this work. Excitation wavelength was 488 nm.
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tions through an aqueous synthesis without phase transfer.
Up to eight different CdTe QDs were investigated, with sizes
ranging from 1.2 up to 8 nm. The nominal dot sizes provided
by the manufacturer were obtained from the analysis of the
spectroscopic properties, following a previous work of Yu
et al>® CdTe QDs were dispersed in distilled water with a
concentration of 0.3% by mass without any evidence of
precipitation/deterioration during months.

The emission spectra of the solutions were measured in
a fluorescence confocal microscope under identical geomet-
rical conditions. The excitation was carried out at 488 nm,
provided by an argon laser (Spectra-Physics 177-G02), and
the emission spectra was recorded using a CCD coupled to a
monochromator.

For fluorescence lifetime measurements, we used a
nitrogen-pulsed laser (337nm, Sns) as excitation source.
The decay time profile of the subsequent luminescence was
recorded by a Hamamatsu R5108 photomultiplier detector
connected to a digital oscilloscope.

HeLa cells were incubated for two hours in a biological
phosphate buffer solution (PBS), containing a fixed concen-
tration (0.3% in weight) of CdTe QDs. The images included
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FIG. 2. (Color online) Top: Digital pictures of three representative CdTe
QDs solutions. Both the peak wavelength and QD size are indicated in each
case. Arrows represent the 488-nm excitation beam. Bottom: Emitted inten-
sity as a function of the peak wavelength and QD size. Dots are experimen-
tal data and solid line is an eye guide.
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in Fig. 3 were obtained with the same excitation intensity at
800nm by a Mai Tai femtosecond pulsed laser (Spectra-
Physics).

For the thermal lens measurements, an argon laser was
used for the pump beam and a He-Ne (632 nm) laser for the
probe beam. The signal was recorded using an oscilloscope.

lll. RESULTS AND DISCUSSION

All of the CdTe QDs solutions showed an intense fluo-
rescence under continuous-wave one-photon excitation at
488 nm. Figure 1 shows the normalized emission spectra of
the CdTe QDs solutions used in this work. Each solution pro-
duces a different emission peak wavelength according to the
confinement, due to its particular dot size (also indicated). It
should be noted that not all the solutions showed the same
fluorescence brightness. This is clearly evidenced in Fig. 2
(top), which shows digital pictures of three representative
CdTe QDs solutions obtained under optical excitation at
488 nm. It can be appreciated that CdTe QDs with a diameter
of 3.8nm showed a most intense brightness than those of
4. 7nm and 1.2nm. In order to quantify this, the emission
spectra of the solutions (all of them with the same weight %
content) were measured in a fluorescence confocal micro-
scope under identical geometrical conditions. The obtained
spectra were corrected by the spectral response of the detec-
tion system and normalized by the absorbed pump power at
the excitation volume. Results are shown in Fig. 2 at the

J. Appl. Phys. 111, 023513 (2012)

780 nm/7.9 nm

FIG. 3. (Color online) Two-photon fluores-
cence images of HelLa cancer cells as
obtained by using CdTe QDs with three dif-
ferent representative sizes. The optical trans-
mission images of the HeLa cells are at the
top, whereas the two-photon excited fluores-
cence and the superimposed images consti-
tute the middle and bottom rows,
respectively.

bottom. In agreement to what is observed by the naked eye,
660 nm (3.8-nm dot size) CdTe QDs showed the best pump-
to-fluorescence conversion efficiency. The existence of this
“optimum size” has been also found in two-photon excited
fluorescence bioimaging experiments. Figure 3 shows
images of HeLa cancer cells taken by two-photon excited
fluorescence microscopy obtained after 2 h of incubation in a
biological phosphate buffer solution (PBS) containing a fixed
concentration (0.3% in weight) of CdTe QDs. The three
selected samples correspond to relevant QDs’ sizes: 3.8 nm
(optimum size); 1.2 nm (the smallest one); and 8 nm (the big-
gest one). All the images included in Fig. 3 have been
obtained with the same 800 nm excitation intensity and after
applying to all of them the same image treatments (contrast
and brightness). Thus, it is clear that the cell images with
highest contrast were obtained when the 3.8 nm CdTe QDs
were used. This fact indicates that the optimum fluorescence
efficiency has been reached for this particular size (in ac-
cordance with what was observed from the analysis of the
one-photon excited emission). As it will be shown next, the
existence of this “optimum size” is, indeed, supported by the
size-variation of the QY obtained from TLS experiments.

As described elsewhere, TLS is based on a simple
pump-and-probe set-up, which is schematically shown in
Fig. 4" Basically, the QDs solution is locally heated by a
time-modulated beam (the pump beam) that is partially
absorbed by the CdTe QDs. In our case, this “pump beam”
was provided by a slightly focused argon laser, and the heat
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FIG. 4. (Color online) Top Schematic drawing of the experimental set-up
used for TLS measurements. Bottom Typical on-axis transient obtained for
the probe beam in our experimental set-up.

delivered is due to the non-vanishing k,,.,. This local heating
leads to the appearance of a time-modulated thermal lens
(TL). The power of this TL (which is determined by the frac-
tion of absorbed photons that de-excite via non-radiative
processes) is determined by measuring the distortion induced
in a low-power, non-modulated “beam” (the so-called “probe
beam”) that is almost collinear with the pump one. In our
case, this probe beam was delivered by a He-Ne 632 nm
laser. The TL-induced focusing power of the probe beam
is then monitored by measuring its on-axis intensity that,
due to the modulated nature of the pump beam, displays a
“transient” behavior. Figure 4 shows a typical on-axis
decay curve obtained in our experimental set-up for the
660 nm—3.8 nm CdTe QDs. From the analysis of the
relation between the amplitude of the transient signal and the
excitation power and wavelength, it is possible to determine
the fluorescence QY without the requirement of any refer-
ence sample, as detailed elsewhere.>* This technique was
applied to all the QDs solutions, and the obtained size-
dependence of the fluorescence QY is shown in Fig. 5. In
this figure, two different regimes are clearly observed. For
QDs’ diameters larger than 3.8nm (emission wavelengths
larger than 660 nm), the fluorescence QY has been found to
decrease as the QD size (emission peak) is increased. On the
other hand, for QDs smaller than 3.8 nm (i.e., emission
wavelengths shorter than 660 nm), the QY has been found to
increase monotonously with size increasing (i.e., increasing
peak emission wavelength). This behavior was also observed
by M. Grabolle et al., who measured the QY of different
CdTe QDs in the size range 2-3.5 nm by using reference dye
samples.”* We now clearly see that the crossover between
the two observed regimes (see Fig. 5) occurs for a QD size
of 3.8 nm. For this “critical” size, the QY scales up to 0.47,
in reasonable agreement with previous works that report on
QY values ranging from 0.25 up to 0.6 for CdTe QDs.'!**-
At this point, it should be noted that a small variation in
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FIG. 5. (Color online) Fluorescence quantum yield of CdTe QDs solutions
as a function of QD emission wavelength (dot size). Dots are experimental
data and solid line is an eye guide.

synthesis conditions may result in a large difference in quan-
tum efficiency, even with the same experimental conditions,
but different batches. Nevertheless, we ruled out this possi-
bility by repeating the measurements, using completely dif-
ferent batches provided by the same company. The same
results of Fig. 5 (within the uncertainty there indicated) were
obtained. The maximum QY value found for the 3.8 nm QDs
unequivocally indicates that, for this particular size, the ratio
of emitted to absorbed photons reaches a maximum. This is,
indeed, in qualitative agreement with both the normalized
fluorescence measurements and the bioimaging experiments
that also settle on the optimum QD size at 3.8 nm (see Figs.
2 and 3).

In order to get a better understanding on the size-
dependence of QY, we performed fluorescence lifetime
measurements. The fluorescence decay curves did not fluctu-
ate with the collection time, i.e., successive measurements
lead to the same decay time curve shape. This result indi-
cates that “blinking effects” are not detected in our experi-
ments.*® The fluorescence decay curves of the smallest QDs
(with time constants close to 10 ns) were not measured in our
experimental set-up, because they are close to our time
resolution.

At this point, it is important to mention that the “decay
time dynamics” of QDs are not still completely understood.
Because of the so-called “blinking effect”, the decay-time
curve shape of a single quantum dot fluctuates with the col-
lection time. Sophisticated time-tagged, time-resolved meas-
urements performed on single CdSe quantum dots have
shown that these fluctuations are due to fluctuations in the
non-radiative rate rather than in the radiative rate.’® As a
consequence, when the time decay curve of an assembly of
QDs displays a non-single exponential decay curve, the
long-time component is associated to the radiative decay,
whereas the fast component is caused by the presence of
non-radiative processes. Therefore, in this work, we have
estimated the radiative decay possibility as the inverse of the
long-time “tail” component of our decay curves.*>*® Accord-
ing to the long-term component, the radiative rates estimated
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FIG. 6. (Color) Radiative and non-radiative decay rates of all the CdTe QDs
solutions under study in this work and plotted as a function of size and cen-
tral emission frequency. Solid line is the radiative decay rate calculated
according with Ref. 27. Solid dots are the radiative decay rates calculated
from the exponential tail of the decay curves. The non-radiative decay rates
obtained by combining the radiative decay rates and the quantum yield val-
ues included in Fig. 5 are indicated by the open dots. Dashed line is an eye
guide.

in such a way (i.e., from the fluorescence decay curves) are
in fairly good agreement with the radiative rates previously
calculated and measured for CdTe nanocrystals.”” This is
evidenced in Fig. 6, where the radiative rates experimentally
determined from our fluorescence lifetime measurements are
displayed together with those predicted by van Driel er al.*’
These radiative decay rates together with the QY values
independently measured by TLS (Fig. 5) were used to deter-
mine the non-radiative decay rates of all the CdTe QD solu-
tions based on the relation k,uq=(QY ' —1)-kg The
obtained k,,,, values are also included in Fig. 6. A careful
inspection of this figure reveals that, whereas k,,, increases
monotonously with the emitted frequency (decreasing size),
kpraq Shows two well-defined regimes. For emission frequen-
cies below 15000 cm ™! (dots larger than 3.8nm), k4
decreases with increasing frequency (decreasing dot size).
On the contrary, for frequencies above that of 3.8 nm dots,
this non-radiative rate strongly increases with emission fre-
quency (i.e., with decreasing dot size). Results included in
Fig. 6 can satisfactorily explain the two-regime size-depend-
ence of QY observed in Fig. 5. We state that the regime cor-
responding to a “decreasing of QY with dot size” (for dots
larger than 3.8 nm) is mostly caused by an enhancement in
the coupling strength between surface acceptor states and
intrinsic electronic states that leads to larger non-radiative
decay probabilities. This is reasonable, since larger dots cor-
respond to a weaker quantum confinement, so that energy
separation between intrinsic electronic CdTe states is
reduced. Consequently, migration to surface states becomes
more probable. On the other hand, the regime corresponding
to a “decrease in the QY while reducing QD size” (from 3.8
down to 1.2nm, emission frequencies above 15 000 cm_l)
can be attributed to a dramatic increase in the non- radiative
rate. This enhancement in the non-radiative rate is due to an
increase in the relative density of surface trap states that

J. Appl. Phys. 111, 023513 (2012)

should occur as a consequence, increasing the surface-to-vol-
ume ratio.

IV. CONCLUSIONS

In summary, we have clearly demonstrated the existence
of an optimal QD size that optimizes the fluorescence QY of
CdTe QDs. Thermal lens spectroscopy measurements have
concluded that CdTe QDs 3.8 nm in diameter show the high-
est fluorescence QY (close to 0.5), so that they would pro-
vide the highest contrast with minimum thermal loading of
the bio-specimen under imaging. The existence of this
“optimum size” has been corroborated in both simple one-
photon excited fluorescence experiments and in two-photon
excited fluorescence microscopy experiments with cancer
cells incubated with CdTe quantum dots. The optimum size
has been explained in terms of size-induced changes in both
the radiative and non-radiative decay rates.

The results here presented open a new avenue in the
search of new fluorescence “multifunctional nanoprobes” for
high-resolution fluorescence imaging. Recall that these nano-
particles are not only highly efficient, but they also present
the dual function of two-photon excited fluorescence imag-
ing and, at the same time, fluorescence nanothermometry.
Thus, the use of these optimum nanoprobes will provide the
possibility of detecting new static and dynamic biomedical
phenomena at the nanoscale.
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