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Abstract Transition metal manganese ion (Mn”") doped zinc
selenide quantum dots (Mn:ZnSe D-Dots) have been consid-
ered as a new material for fluorescent probes in biological
labeling. However, this application is limited by the low
membrane permeability of D-Dots. In this work, Mn:ZnSe
D-Dots were capped with the polycation Sofast to label living
cells. For the first time, the efficiency of cellular uptake in
living cells is significantly enhanced. Various molar ratios of
Sofast to D-Dots were explored and compared to obtain the
optimal reaction conditions between Sofast and D-Dots for
preparing Sofast/D-Dots nano-compound. A comparison on
the fluorescence labeling ability of living cells were made
between Sofast/D-Dots and pure D-Dots. Results from laser
scanning confocal microscope show that Sofast/D-Dots com-
plexes enter the cells more efficiently than pure D-Dots, even
with a lower concentration and shorter incubation time. The
cytotoxicities of D-Dots and Sofast/D-Dots were also studied.
It was found that Sofast/D-Dots have a much lower cytotox-
icity than cadmium-containing quantum dots (i.e. CdTe and
CdTe/ZnS). Our results suggest that the non-heavy-metal-
containing Sofast/D-Dots complexes have a great potential
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Introduction

Semiconductor quantum dots (QDs) have been considered as
promising fluorescence probes due to their excellent optical
properties, such as high quantum yields, wide absorption
range, and high extinction coefficient. Ever since Alivisatos’
and Nie’s groups reported their results in the application of
QDs as biological fluorescent probes in 1998 [1, 2], great
attention has been focused on the preparation and the appli-
cations of QDs [3—5]. However, most QDs reported (such as
cadmium selenide (CdSe), cadmium telluride (CdTe), cadmi-
um telluride mercury (CdTeHg), and plumbum selenide
(PbSe)) contain toxic heavy metals (i.e. Cd, Pb, Hg), which
limited their application in biological systems. It has been
suggested that surface coating can reduce the cytotoxicity [6,
7]. However, the core/shell approach cannot fully eliminate
the cytotoxicity since the release of heavy metal ions is inev-
itable [8, 9]. Therefore, the toxicity of QDs has become a
critical issue when it comes to the applications of QDs in
biological systems.

There have been some studies on using non-heavy-metal
QDs in bioimaging [10, 11]. Pradhan et al. synthesized a
water-soluble manganese-doped zinc selenide quantum dots
(Mn:ZnSe D-Dots) and reported high photoluminescence
(PL) quantum yields of 40 % [12, 13]. The overall size of
Mn:ZnSe D-Dots is about 7-8 nm, which leads to excellent
biological permeability. In 2010, Zeng et al. improved the
preparation method of D-Dots by successfully synthesizing
Mn-Doped ZnSe without pyrophoric reagents [14]. Recent
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progress also include the optical properties of D-Dots [15, 16]
and the D-Dots based biosensors [17—19]. However, there are
few reports concerning the application of D-Dots in
bioimaging, which may due to the low efficiency of cell
labeling. In 2011, Liu et al. synthesized the Mn:ZnSe D-
Dots and used it to label fixed cells [20]. Later on, the living
cell imaging using Mn:ZnS D-Dots was achieved by Geszke
et al. [21], with a long incubation time of 72 h and a high
concentration of 50 pM as reported. Such long incubation
time and high concentration is due to the fact that D-Dots have
low efficiency of cellular uptake. In order to improve the
biocompatibility of D-Dots, several groups have tried to ex-
change the negatively charged ligands on the surface with
positively charged amine groups. Santra’s group found that
the zeta potential of amine modified D-Dots was close to zero,
which is due to the protonation of primary amine groups
resulting in severe particle aggregation [22]. And Chen’s
group utilized chitosan with both hydroxyl and amino groups
to modify D-Dots for compromise, and obtained fluorescence
images with high concentration [23].

In this paper, we propose a new approach of capping
Mn:ZnSe D-Dots with a polycation to enhance the efficiency
of cellular uptake with short incubation time and low concen-
tration. Polycation is often used as a transfection reagent for
gene delivery. It has demonstrated low cytotoxicity, excellent
stability, good biocompatibility, and good affinity with cell
membranes [24]. Among the commercial reagents, Sofast™
has been widely used for its high transfection efficiency,
simple process, low cytotoxicity, and its high ability to form
Sofast/cargo complexes with a small quantity [25-27]. In this
work, we have prepared Sofast/D-Dots complex by capping
D-Dots with Sofast, and studied their feasibility in labeling
living cells via fluorescent imaging. Other properties of
Sofast/D-Dots complex including their sizes and cytotoxity
were also studied. Results were compared between Sofast/D-
Dots, pure D-Dots, and Cd-containing QDs. Bright fluores-
cent images of living cells loaded with Sofast/D-Dots were
obtained with a low concentration of D-Dots and a short
incubation time.

Materials and Methods
Reagents

The water-soluble Mn:ZnSe D-Dots with 3-
Mercaptopropionic acid (MPA) as ligand were purchased
from NN-Labs (Fayetteville, AR, USA). Their absorption
spectrum ranges from ultraviolet to 410 nm. The emission
peak is at 590 nm. The polycation Sofast™ was purchased
from Xiamen Sunma Biotechnology Co. Ltd, China.

Two Cd-containing QDs (CdTe/ZnS core-shell QDs and
CdTe QDs) were used in this paper in order to compare their
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cytotoxities with D-Dots. The CdTe/ZnS (core/shell) QDs
with an emission peak around 600 nm were a gift from Prof.
Sungjee Kim, Department of Chemistry, Pohang University of
Science and Technology (POSTECH), Korea. The CdTe QDs
without the structure of shells with an emission peak at
600 nm were synthesized under the method reported previ-
ously [28].

Preparation and Characterization of Sofast/D-Dots
Complexes

When D-Dots are exposed to Sofast, cationic Sofast combines
with the anionic heads of MPA on the surface of D-Dots to
form Sofast/D-Dots complexes. For pure D-Dots solution, all
D-Dots were left in supernatant solutions after centrifuging at
16,000 rpm for 30 min, which suggests that the uncapped D-
Dots can be separated from Sofast capped D-Dots (Sofast/D-
Dots) by centrifugation. A set of 1 mL solutions were prepared
by adding different amounts of Sofast (ranging from 1.5 to
120 pL) to D-Dots solutions (0.15 nmol). Therefore, the molar
ratios of Sofast to D-Dots in 1 mL solutions ranged from
0.05:1 to 4:1. The 1 mL solutions then were centrifuged at
16,000 rpm for 30 min, after which the supernatants contain-
ing uncapped D-Dots were removed. The obtained pellets
containing Sofast/D-Dots were re-suspended in deionized
water as final products. The supernatant solutions obtained
during the centrifugation were diluted to 1 mL and the fluo-
rescent intensities were measured by a fluorescence spectro-
photometer (Hitachi F-2500; Japan). From these fluorescent
intensities, the percentages of unencapsulated D-Dots were
calculated using the pure D-Dots solution (150 nM, 1 mL) asa
standard.

Isupematant

Percentage of uncapped D—Dots(%) =
pure D—Dots

The size distributions of 150 nM pure D-Dots and Sofast/
D-Dots complexes were analyzed by a nanoparticle analyzer
(NanoSight LM10; United Kingdom). And their zeta potential
measurements were recorded with a Malvern Zetasizer Nano
7590 (Malvern Instruments Ltd; United Kingdom). The mea-
surements were performed in triplicate and the standard devi-
ation was recorded.

Cell Culture

Human hepatocellular carcinoma (QGY) cells and human
cervical carcinoma (HeLa) cells were procured from the Cell
Bank of Shanghai Science Academy (Shanghai, China). The
cells were cultured in Petri dishes in DMEM-H solution with
10 % fetal bovine serum (FBS) in a fully humidified incubator
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(37 °C and 5 % CO,) for 24 h to reach 80 % confluence with
normal morphology.

We then incubated the cells with two different solutions:
150 nM Sofast/D-Dots and 2.1 uM pure D-Dots, for 1 h and
for 24 h, respectively. The resulting cells then were washed
with PBS for three times before the microscopic observations.

Laser Scanning Confocal Microscopy

After the treatment of either Sofast/D-Dots or pure D-Dots,
the cells were examined under a laser scanning confocal
microscopy (Olympus FV-300, 1X71; Japan), which is
equipped with a 405-nm CW semiconductor laser (Coherent;
USA) as the excitation source and a 60x water-immersion
objective. The fluorescence images of the intracellular D-Dots
were detected with a 565 nm long-pass filter. The differential
interference contrast (DIC) micrographs to exhibit the cell
morphology were acquired in a transmission channel simulta-
neously. The three dimensional (3D) distributions of Sofast/D-
Dots or pure D-Dots were depicted with the z-scan mode.

Measurements of Cell Viability

The cells were plated at a density of 80,000 cells mL™" in 96-
well plates and were grown in a fully humidified incubator for
12 h. The culture medium was then replaced by other different
mediums: i.e. pure D-Dots, Sofast, Sofast/D-Dots, CdTe/ZnS,
and CdTe QDs, with the same concentration of 600 nM. After
the incubation, all mediums were again replaced by 100 pL
fresh DMEM-H medium for each well. Results were obtained
with incubation time of 24 h and 36 h to study the viability.

The cell viability assays were determined by a modified
MTT method using WST-8 [2-(2-methoxy-4-nitrophenyl)-
3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H tetrazolium,
monosodium salt] (Beyotime; Jiangsu, China). Each well
was added with 10 pL of the WST-8 reagent solution. The
cells were then incubated for 2 h. Absorbance measurements
were conducted at 450 nm using a microplate reader (BIO-
TEK Synergy™ HT; USA). The untreated cells were used as
the control groups. The absorbance values of the samples
before adding WST-8 dyes were also measured at 450 nm as
areference to avoid any influence from the different QDs. The
experiments were conducted and measured independently for
three times. Each time, we average our measurements from
three wells.

Results and Discussions
Optimal Ratio of Sofast to D-Dots for Sofast/D-Dots

Figure 1 gives the fluorescent intensities of uncapped D-Dots
in the supernatants from Sofast/D-Dots solutions with various
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Fig. 1 The fluorescent intensities of uncapped D-Dots in the superna-
tants of the prepared Sofast/D-Dots solutions under various molar ratios
of Sofast to D-Dots. The intensity from pure D-Dots was normalized to 1

molar ratios ranging from 0.05:1 to 4:1. The fluorescence
spectrum of pure D-Dots solution with 150 nM was also shown
as areference, with its peak intensity normalized to 1. As shown
in Fig. 1, with increasing amount of cationic polymer Sofast
added to the D-Dots solution, the fluorescent intensities of
uncapped D-Dots in supernatants decreased successively,
which indicates that the percentage of unencapsulated D-Dots
decreased gradually as the ratio of Sofast to D-Dots increases.
When the molar ratio of Sofast to D-Dots is 0.05:1, the per-
centage of unencapsulated D-Dots in the solution is around
53 %. While the ratio reaches 1:1, no D-Dots peak can be
found in the spectra. As the ratio continues to increase and
exceeds 1:1 (i.e. 2:1 and 4:1), no peaks are spotted in the
spectra. Therefore, it is safe to conclude that the optimal molar
ratio of Sofast to D-Dots for preparing the Sofast/D-Dots com-
plexes is 1:1. This ratio was used in this paper for further studies
in material characterization and cell experiments.

It is worth pointing out that the fluorescence method is
much more sensitive and accurate for obtaining the optimal
ratio of Sofast to D-Dots as compared with the widely used
zeta potential method [26, 29].

——D-Dots
........ Sofast/D-Dots

= L 1 L L

0 100 200 300 400 500 600 700 800 900 1000

Particle Size (nm)

Fig. 2 Size distributions of pure D-Dots and Sofast/D-Dots complexes
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The fluorescent intensity of Sofast/D-Dots obtained with
the optimal reaction molar ratio was measured and found a 5.3
+2.0 % decrease comparing with the intensity of pure D-Dots
at the same molar concentration. Thus, the fluorescence of D-
Dots decreased a little after capped with Sofast.

Particle Sizes and Zeta Potential of Sofast/D-Dots

A nanoparticle analyzer was used to measure the particle sizes
of Sofast/D-Dots and pure D-Dots under the same concentra-
tion. The average sizes were then calculated by the Nanopar-
ticle Tracking Analysis software [30]. The calculated average
size for Sofast/D-Dots was found to be 214 nm and for pure
D-Dots, 104 nm. The difference in the size is due to the
successful encapsulation of Sofast. The size distribution graph

a Control

b D-Dots
2.1 uM, 24 h

C Sofast/D-Dots
150 nM, 1 h

is shown in Fig. 2. Pure D-Dots nanoparticles are mostly
distributed between 30 and 90 nm, with two peaks at 46 and
70 nm. While for Sofast/D-Dots, two broader distribution
peaks can be found at 148 and 354 nm. This two-peak distri-
bution character of the Sofast/D-Dots could be due to
branched form of polycation [31], where D-Dots were encap-
sulated with different patterns.

The charge characteristics of uncapped D-Dots and
Sofast/D-Dots were studied by zeta potential measure-
ments. The average zeta potential of pure D-Dots was
—17.6£1.8 mV, and that of Sofast/D-Dots was 3.49+
0.61 mV. With polycation Sofast modified, surface
charge of D-Dots changed from negative to positive,
which was similar to other polycation encapsulated
nanoparticles [32].

Fig.3 Fluorescence images of QGY cells a in PBS solutions for 1 h as the control group, b incubated with 2.1 uM pure D-Dots for 24 h, and ¢ incubated

with 150 nM Sofast/D-Dots for 1 h
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Comparison in Labeling Efficiencies Between D-Dots
and Sofast/D-Dots Complexes for Living Cells

In order to compare the labeling efficiency between pure D-Dots
and Sofast/D-Dots, we incubated the cells in D-Dots solution for
24 h and in Sofast/D-Dots solution for 1 h. The distributions of
D-Dots in the cells were then observed by a laser scanning
confocal microscopy.

Figure 3 gives the distributions of pure D-Dots and Sofast/
D-Dots in QGY cells, with the untreated cells as a control
group.

The three pictures on the left are fluorescence images of D-
Dots (red). The middle three are DIC images exhibiting the
cell morphology. The three on the right are merged images of
the fluorescence and DIC images. The fluorescence images of
pure D-Dots incubated cells are shown in Fig. 3b, where we
hardly see any red fluorescence signals of D-Dots. Notice that
these cells are incubated with D-Dots solution under a high
concentration of 2.1 uM for a long incubation time of 24 h.
The fact that we still don’t detect much fluorescence signals
indicates that the D-Dots could hardly pass into the cell
membrane. On the other hand, brighter fluorescence images
from living cells were obtained in Fig. 3¢ with Sofast/D-Dots
incubated cells, which was achieved after a much lower con-
centration (150 nM) for much shorter incubation time (1 h) as
compared to pure D-Dots treatment.

Figure 4 gives the 3D distribution of Sofast/D-Dots in
QGY cells obtained under the Z-scan mode of microscope.
The distribution on the x-y plane is shown in the middle left.

Fig. 4 Three dimensional fluorescence images of QGY cells incubated
with 150 nM Sofast/D-Dots. Mid-Left: distribution on the x-y plane.
Bottom: distribution on the x-z plane along the yellow marked. Right:
distribution on the y-z plane along the red marked line. The dashed lines
indicate the edges of cells

The distribution on the x-z plane along the yellow marked line
is shown at the bottom while the distribution on the y-z plane
along the red marked line is shown at the right. From the
figures, we clearly see that the red fluorescence signals are
distributed all over the cytoplasm, with some near the nuclei.
This indicates that D-Dots are not just absorbed on the mem-
branes, but rather scatter around in the cytoplasm after the
Sofast/D-Dots complexes entered the cells. This result is
similar to our previous report where CdTe QDs were used to
label cells [33].

The uptake efficiencies of pure D-Dots and Sofast/D-Dots
in HeLa cells were also investigated under the same approach.
Figure 5 gives the resulting fluorescence signals of D-Dots on
HeLa cells. The cell images treated under pure D-Dots with
high concentration and long incubation time are shown in
Fig. 5b while the cells treated under Sofast/D-Dots are shown
in Fig. 5c. A clear improvement in the D-Dots uptake can be
found in Fig. 5c, where the cells are treated under Sofast/D-
Dots complex for less time (1 h) and lower concentration
(150 nM). Comparing Fig. 5b and c, we clearly see the
advantage of Sofast/D-Dots complexes in labeling living cells.
The reason of such advantage lies in the charge distribution of
Sofast and D-Dots. Pure D-Dots with MPA as ligands are
negatively charged. So are cell membranes [34]. Thus, pure
D-Dots would repel to cell membranes and in consequences
reduce the uptake efficiency when they attempt to enter the
cell. On the other hand, when D-Dots are capped with posi-
tively charged Sofast, the positive Sofast/D-Dots complex
would easily be attracted to the cell membrane by electrostatic
attraction and then penetrate the cell membranes due to endo-
cytosis effect [31], resulting in a significant improvement on
the labeling efficiency. This also explains the fact that suc-
cessful labeling can be achieved even with low concentration
and short incubation time. Indeed, as compared to some of the
previous reports, the incubation concentration of CdTe or
CdSe QDs for cell labeling was usually taken to be 600 nM
[33, 35], which was four times higher than what we used for
Sofast/D-Dots.

Comparison of Cytotoxicities Among D-Dots, Sofast/D-Dots,
CdTe/ZnS and CdTe QDs

No remarkable morphological change of the cells was found
under microscope after the incubation of D-Dots for 24 h and
Sofast/D-Dots for 1 h. In order to investigate the cytotoxicities
of our labeling solutions, we incubated QGY and HeLa cells in
various solutions including D-Dots, Sofast, Sofast/D-Dots,
and two Cd-containing solutions (CdTe/ZnS and CdTe
QDs). All solutions have a concentration of 600 nM. The cell
viability assay results were studied under an incubation time
of 24 h and 36 h with the viability of control group scaled to
100 %, as shown in Fig. 6. For both QGY and HeLa cells,
when treated with D-Dots, Sofast, and Sofast/D-Dots, the cell
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a Control

b D-Dots
2.1 uM, 24 h

C Sofast/D-Dots
150 nM, 1 h

Fig.5 Fluorescence images of HeLa cells a in PBS solutions for 1 h as the control group, b incubated with 2.1 M pure D-Dots for 24 h, and ¢ incubated
with 150 nM Sofast/D-Dots for 1 h

viability was measured to be greater than 90 %. No significant ~ Dots, Sofast, and Sofast/D-Dots. However, the viability of
change was found when the incubation time was increased  QGY cells significantly dropped under the treatment of
from 24 h to 36 h, which suggests a low cytotoxicity of D- ~ CdTe/ZnS and CdTe QDs, as shown in Fig. 6a. The cell

Fig. 6 Comparison on the a QGY b Hela
cytotoxity measurements of J24h CJ24h
different nanoparticles under a 100F F I I C136h b ¥ - [—136h
concentration of 600 nM on a T —I—'I' - _I_ -I:I_ i -I_

80

QGY cells and b HeLa cells after
24 and 36 h incubations. The cell
viability was shown as mean +
SD of three measurements
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viability was found to be 82 % for CdTe/ZnS and 30 % CdTe
QDs after incubation time of 24 h. The viability continues to
drop (to 60 % and 20 % respectively) as the incubation time
increases to 36 h. Similar results were found for HeLa cells
where CdTe QDs result in the highest toxicity, as shown in
Fig. 6b. The high cytotoxicity of CdTe QDs comes from the
release of Cd*" ions, which also explains the remarkable
reduce on the toxicity when CdTe QDs were capped with
ZnS as the shell, as reported previously [28, 36]. However,
none of these two Cd-containing compounds has a higher
viability when comparing to pure D-Dots and Sofast/D-
Dots. It is also worth mentioning that the concentration of
Sofast/D-Dots and pure D-Dots used in the cytotoxicity ex-
periments is 600 nM, which is four times the concentration we
have used in labeling. Thus, the toxicity of 150 nM Sofast/D-
Dots used in previous labeling process should be expected to
be even less. Based on our experimental results, we conclude
that, with high labeling efficiency and low cytotoxicity,
Sofast/D-Dots show great potential in the applications as
bio-probes, especially for long-time imaging and tracking. In
fact, a broader application of Sofast/D-Dots complexes in
cancer diagnosis and therapy can be achieved when Sofast is
further conjugated with targeted molecules or anti-cancer
drugs.

Conclusion

Sofast capped D-Dots were prepared for high-efficiency
labeling in living cells. The optimal molar ratio of Sofast
to D-Dots was found to be 1:1. Successful labeling was
achieved with Sofast/D-Dots complex with a low concen-
tration of 150 nM for a short incubation time of 1 h. The
positively charged Sofast makes it much easier for D-
Dots compound to penetrate the membranes of living
cells, which results in higher uptake efficiency when
compared to pure D-Dots. The cytotoxicity of Sofast/
D-Dots was also investigated and compared with
cadmium-containing QDs. High cell viability of over
90 % was found with Sofast/D-Dots with no significant
reduction under longer incubation time and higher con-
centration. Our results suggest that with the high label-
ing efficiency and low cytotoxicity, the Sofast/D-Dots
complexes have great advantages for long-time biologi-
cal labeling and tracking.
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