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Abstract The photoluminescence (PL) spectrum of water-
soluble thiol-capped CdTe quantum dots (QDs) conjugated
with Tat peptide in solution showed a remarkable redshift as
compared to that of unconjugated QDs. After cellular uptake
of the Tat-QDs conjugates, the micro-PL spectrum of Tat-QDs
in lysosomes showed a spectral blueshift, which was most
probably due to the fact that Tat peptide was digested by the
enzymes, leaving the Tat-detached QDs in lysosomes. The
reasons for the spectral changes have been discussed in detail.
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Introduction

Water-soluble semiconductor colloidal quantum dots
(QDs), such as CdSe and CdTe QDs, have attracted
increasing worldwide attentions as a new class of fluores-
cent probes. Compared to traditional organic dyes and
fluorescent proteins, QDs have advantages in cellular

labeling, such as high photoluminescence (PL) efficiency,
broad excitation with narrow emission bands, and resis-
tance to photobleaching. Moreover, the emission spectra of
QDs can be tuned from the ultraviolet to the infrared by
simply changing their sizes [1, 2]. This unique optical
property makes them possible for multiplex labeling with a
single excitation source [3, 4]. The cytotoxicities of CdSe
and CdTe QDs, which are mainly caused by the release
of free cadmium ions, have been studied by previous
works [5–7]. With appropriate surface coatings, a low
concentration in use and minimizing the illumination, the
cytotoxicity of QDs can be effectively reduced.

In the recent years, more and more investigations have been
focused on the applications of QDs that are functionalized by
conjugating to diverse ligands for different purposes [8–11].
For example, peptides are widely used as the bridges between
QDs and their cargos [12, 13]. Tat peptide, derived from the
HIV-1 Tat protein, belongs to the family of cell-penetrating
peptides (CPPs) [14]. Because of its abundance of positively
charged amino acids, lysine (Lys, K) and arginine (Arg, R), it
is easy for Tat peptide to bind to the negatively charged
plasma membranes to facilitate cellular uptake [15]. Tat
peptide was reported as a cellular delivery vector for
biological macromolecules, such as proteins, DNA and
liposomes [15, 16]. When conjugating to QDs, it can enhance
the cellular uptake efficiency of QDs [17–19]. Tat peptide
may also be used as a novel bridge between QDs and their
cargos by further binding the cargos to Tat peptide-conjugated
QDs (Tat-QDs) at the C terminus of Tat peptide. The cargo-
Tat-QD conjugates, which have the advantages of both QDs
and Tat peptide, might have a bright future for drug delivery.

When QDs were conjugated with Tat peptide, spectral
shifts of PL were observed. However, there exist diverse
explanations for the mechanism of the spectral changes.
Wang et al. [20–22] thought that the reason lies in the
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increased final sizes of QDs when they covalently attached
to human IgG, transferrin (Tf) or mouse anti-human CD71
monoclonal antibody. Whereas, Dif et al. [23] attributed the
redshift to the change of the electronic structure of the QD
surface after conjugated to a peptide with the sequence of
-CCCSSSD-. Dwarakanath et al. [24] and Gao et al. [25]
supposed that pH had an effect on the PL spectra of QDs.
However, Anandampillai et al. [26] presented a computa-
tional 19 nm redshift in the emission peak of the CdSe QDs
(1.1 nm) upon interaction with a DNA molecule, which gave
a set of torsions to the QD structure. In the present work,
Tat-QDs were synthesized and used to label living cells.
Their optical properties in living cells were studied in detail.

Materials and methods

Preparation of Tat-QDs

The water-soluble thiol-capped CdTe QDs were synthe-
sized using a method reported previously [27] with a slight
change in the molar ratio of the reactants. The sequence of
Tat peptide (Shanghai Science Peptide Biological Technol-
ogy Co., Ltd.) is -RKKRRQRRR-. The Tat-QDs were
prepared in a method reported by previous works [28, 29]
by stirring the solution containing QDs with Tat peptide at a
ratio of 1:1 for 36 h at room temperature. During the
preparation of Tat-QDs, the pH value was adjusted to 8.5 in
order to prevent the aggregation of QDs. After the reaction,
the solution was centrifuged at a speed of 15,000 rpm for
1 h to remove the aggregated QDs. The supernatant was
used for experiments. Since each QD has about thousands
of 3-mercaptoacetic acid (MPA) molecules on its surface,
the amount of which was much larger than that of Tat
peptide in the solution. It was almost impossible that free
Tat peptide would be left unconjugated to the QDs.

Cell staining

Human hepatocellular carcinoma (QGY) cells were seeded
onto culture dishes containing DMEM-H medium with
10% calf serum and were cultured in a humidified incubator
(37 °C and 5% CO2) for 24 h to reach 80% confluence with
normal morphology. The Tat-QDs aqueous solution was
then added into the growth medium to achieve a final
concentration of 600 nM. The cells were incubated for 2 h
and then washed with DMEM-H medium for 3 times.
During the spectral measurement, the cells were kept at
37 °C in a temperature controller. LysoTracker Green
DND-26 (LysoTracker), bought from Invitrogen (Molecular
Probes) Corporation, was used as the indicator of lysosomes.
LysoTracker was added in the growth medium at the
concentration of 50 nM for 5 min to stain lysosomes and

then the cells were washed with DMEM-H medium for 3
times. The absorption maximum of the indicator is at
504 nm and the fluorescence emission peak at 511 nm.

Measurements of micro-PL spectra in living cells

The fluorescence images of the intracellular distributions of
QDs and lysosomes were measured with a laser scanning
confocal microscope (LSCM) (Olympus, FV-300, IX71),
using a 488 nm CWAr+ laser (Melles Griot) as the excitation
source. The laser beam was focused by a 60× oil objective to
a spot of about 1 μm in diameter. The images of QDs and
lysosomes were recorded simultaneously in two channels of
the microscope with a 585–640 nm bandpass filter for QDs
and a 505–550 nm bandpass filter for lysosomes. The three-
dimensional distributions of QDs and lysosomes in a cell
were obtained by using the z-scan mode. On the basis of the
obtained micrographs, we selected some spots in a cell to
measure the micro-PL spectra using the point-scan mode of
the microscope. After the image was acquired, the Ar+

excitation laser was switched to a 405 nm semiconductor
laser (Coherent) to measure the spectra, which was aligned
collinear with the beam from the Ar+ laser before the
micrograph of the cell was measured. In this case, the PL
spectra at the selected point could be measured exactly. The
PL output from the side exit of the microscope was directly
focused onto the entrance slit of the spectrometer. The PL
spectra were recorded with a spectrometer (Acton, Spectro-
pro 2150i) equipped with a liquid-nitrogen-cooled CCD
(Princeton, Spec-10:100B LN).

Measurements of PL spectra for solutions

A series of cell-free spectral measurements was conducted
to detect the spectral changes after diverse reagents were
added to the QD solutions. The reagents included PEG
(polyethylene glycol, 3,350 Da, Sigma), BSA (bovine
serum albumin, 68 kDa, Sigma), dextran (70 kDa, Sigma-
Aldrich), Histone (Calf Thymus H) (15 kDa, Worthington),
and Casein (23.6 kDa, Worthington). The solutions were set
in a 96-hole dish and the PL spectra were measured with
the LSCM similarly to that for living cells. The laser beam
was focus by a 20× objective to achieve a larger
illumination spot in the solutions.

Results and discussion

Mechanism of the spectral redshift of Tat-QDs in aqueous
solution

The PL spectra of unconjugated QDs (without reaction with
Tat peptide) and Tat-QDs in solutions are showed in Fig. 1.
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A spectral redshift from 576 nm of unconjugated QDs to
597 nm of Tat-QDs is observed. The redshift must be due to
the conjugation of Tat peptide with the MPA at the QD
surface.

As mentioned in the introduction section, different
explanations were brought forward for the spectral redshift
of Tat-QDs. It is well known that the emission wavelength
of QDs is dominantly dependent on the size of the
semiconductor core. Therefore, the increase of the final
size of QDs by conjugation with Tat peptide could not
cause such a large redshift of 21 nm in our experiment. The
pH effect on the PL redshift was also suggested [24]. To
test the pH effect, we gradually changed the pH value from
8.5 to 2 by adding a diluted H2SO4 solution after the Tat-
QDs were produced. No significant spectral change was
detected. Electrostatic interaction was another proposed
reason [23]. Since the conjugations via electrostatic
interaction are not sufficiently stable and can be easily
disrupted by adding extra ions as a result of the counter-ion
screening effect [30, 31], we added NaCl to a Tat-QDs
solution to a concentration as high as 1 M to examine the
electrostatic interactions. No spectral shift was observed
(data not shown), indicating that the conjugation of Tat
peptide with QDs could not result from the electrostatic
binding. Considering the precursors in the reaction for
producing Tat-QDs conjugates, the formation of hydrogen
bonds is mostly expected. Since the molar ratio of QDs to
Tat peptide was 1:1 in this work, there was only one Tat
peptide conjugated to the surface of one QD on an average.
The asymmetrically distributed hydrogen bonds could
cause the deformation potential of QDs, which would
change the energy band of QDs as reported previously [24,
26, 32]. Theoretically, an increase in the amount of Tat
peptide bonded on QDs would bring about a more
symmetrical distribution of Tat peptide around QDs and

therefore reduce the effect of the deformation potential.
However, a large amount of Tat peptide would lead to the
aggregation of QDs. To test this supposition, L-Lysine (Lys,
K, Sigma-Aldrich) and L-Arginine (Arg, R, Sigma-
Aldrich), which are the two main amino acids of Tat
peptide, were used to conjugate to QDs instead. After Lys
(or Arg) was mixed in the QD solution at a molar ratio of
200:1 and kept stirring for 48 h at room temperature, the
emission peak of QDs only shifted from 576 nm to 580 nm.
While changing the molar ratio to 1:1, the emission peak
shifted to 590 nm as shown in Fig. 2. These results support
our speculation that the asymmetrical conjugation of Tat
peptide with QDs by hydrogen bonding results in the
introduction of deformation potential, leading to the
narrowing of the energy gap of QDs, namely the spectral
redshift.

Intracellular distributions of Tat-QDs and the spectral
characteristics

The intracellular distributions of Tat-QDs were shown in
Fig. 3, where (a) and (b) demonstrate the intracellular
distributions of lysosomes (green) and Tat-QDs (red) in an
X-Y plane, respectively, (c) shows the differential interfer-
ence contrast (DIC) image to exhibit the cell morphology
and (d) is a merged image of (a) (b) and (c). The yellow
color in Fig. 3(d) represents the mixed fluorescence from
LysoTracker and Tat-QDs, demonstrating the co-localization
of Tat-QDs and lysosomes. The X-Z and Y-Z profiles shown
at the bottom and the right side of Fig. 3(d) display the
distributions of lysosomes and Tat-QDs at the cross sections
along the marked lines in the main image. During our
experiments (about 1 h), no obvious morphological changes
of QGY cells caused by cytotoxicity of QDs was observed.

Fig. 1 The PL spectra of QDs and Tat-QDs in aqueous solutions

Fig. 2 The PL spectra of QDs solutions after adding Lys at the molar
ratio of 1:200 and 1:1 respectively
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Figure 4 displays two typical PL spectra of Tat-QDs in a
QGY cell at P1 and P2 as marked in Fig. 3, where P1 is a
spot just inside a lysosome and P2 is in the region far away
from any lysosome. By measuring the PL spectra at several

different spots inside and outside the lysosomes, the
averaged wavelength at the PL peaks in lysosomes is
584 nm, while that far from any lysosome is 591 nm. The
spectral difference is evident. Considering the primary
function of lysosomes for hydrolyzing proteins to free
amino acids, it was supposed that Tat peptide conjugated to
QDs should be hydrolyzed by the digestive enzymes inside
the lysosomes. Therefore, we incubated QGY cells with
unconjugated QDs (without reaction with Tat peptide) and
LysoTracker, using the same process as Tat-QD labeling.
Similar to our previous results [33], the distributions of the
unconjugated QDs in cytoplasm as well as in lysosomes

Fig. 3 Fluorescence images of
the distribution of lysosomes
and Tat-QDs in QGY cells.
a The distribution of lysosomes;
b the distribution of Tat-QDs;
c DIC image of the cells; and (d)
a merged image of a b and c. At
the bottom and the right of (d)
are the X-Z and Y-Z profiles
measured along the lines marked
in the main image, showing the
three-dimensional distributions
of Tat-QDs and lysosomes.
P1 is a spot in a lysosome
and P2 is far from any
lysosome

Fig. 4 The micro-PL spectra of Tat-QDs in QGY cells at P1 (inside a
lysosome) and P2 (outside lysosomes) as marked in Fig. 3

Table 1 Averaged emission redshifts of unconjugated QD solutions
after adding bio-agents

Agents Redshifts (nm)

Histone (0.2 and 1 mM) 8 and 5

BSA (3 mM) 0

dextrans (2 mM) 13

PEG (60 mM) 13

Casein (0.2 mM) 6
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were observed. By measuring their micro-PL spectra, their
averaged emission peaks were at 584 nm (data not shown)
either inside or outside the lysosomes, exactly the same as
that of Tat-QDs in lysosomes. It means that Tat peptide was
indeed digested by the enzymes, leaving Tat-detached QDs
in lysosomes.

However, it should be noted that the emission peaks of
the unconjugated QDs redshifted from 576 nm in aqueous
solution to 584 nm in cells (either outside or inside the
lysosomes). Considering the complex cellular environment,
which is a crowded medium containing abundant macro-
molecules [34], the spectral shift is conceivable. To explore
the influence of macromolecules, some bio-agents were
added into the QD solutions respectively, and the resulted
emission peaks are listed in Table 1. There were redshifts
(5–13 nm) observed when QD solutions were mixed with
Histone, Casein, dextrans and PEG, respectively, and no
redshift was observed in the case of adding BSA (see
Table 1). Therefore, some of the macromolecules do play a
role in the spectral shift of water-soluble QDs although the
mechanisms are not clear yet.

In the previous works, it was reported that Tat peptide
was used to help cellular delivery of diverse cargos labeled
with fluorescein for tracking [35–37]. Similarly, when QDs
take the place of the fluorescein, cargo-Tat-QD conjugates
have the benefit for both cargo delivery and tracking, which
may have a bright future in drug delivery. After the
conjugates reach their destination, the cargo may be easily
released from the QDs through the digestion of Tat peptide,
which could be traced and verified by the changes of the
micro-PL of QDs. Walther et al. [13] supposed that the
cargos of QDs were released at the site between peptide and
cargos, while our work demonstrated that the site could be
between the QDs and peptide instead. When the cargo is
left in the cells for further functions, QDs must be excreted
for human health. Nevertheless, the theoretical “blue print”
is far from clinic applications. There are a lot of
complicated problems to be solved, such as the methods
of directing the cargo to its destination and egesting the
cargo-detached QDs.

Conclusions

Conjugation of Tat peptide to QDs brought about the
redshift of the PL spectrum, which is most probably due to
the asymmetrical conjugation of Tat peptide with QDs. The
microscopic fluorescence measurement shows that lyso-
some is one of the main destinations of Tat-QDs after
cellular uptake. The spectroscopic study provides evidence
that Tat peptide was digested in lysosomes and the Tat-
detached QDs were left there. This may open a new way in
the future for drug delivery.
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