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Mercaptopropionic acid (MPA) and cysteamine (Cys)
capped CdTe quantum dots (QDs) were successfully pre-
pared and used to investigate the combined influence of
surface modification, size distribution, and interaction time
on their cytotoxicity in human pancreatic carcinoma
(PANC-1) cells. Results indicated that the smaller the size
of MPA-CdTe QDs, the higher the cytotoxicity, which
could be partly due to the difference of their distribution
inside cells. Comparing with MPA-CdTe QDs, Cys-CdTe
QDs had better cellular metabolizability and lower cytotox-
icity. These QDs’ cellular distribution and cytotoxicity
were closely related to their interaction time with cells.
Their cytotoxicity was found to be significantly enhanced
with the increase of incubation time in medium. After QD
treatments, the influence of recover time on the final cell
viability was also dependent on the concentration and
surface modification of QDs used in pretreatment. The
combined influence of these factors discussed here might
provide useful information for understanding and reducing
the cytotoxicity of QDs in future biomedical applications.
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Introduction

With the rapid development of nanotechnology, numerous
nanomaterials have been widely used in biomedical areas
[1,2]. Quantum dots (QDs) have been gaining popularity due
to their potential applications in cellular imaging and
medical diagnosis [3,4]. How to evaluate and minimize the
cytotoxicity of QDs is still a great challenge for their clinical
applications [5—8]. Many in vitro studies have been done to
evaluate the toxicity of QDs in different types of cells.
MUA-QD/SSA complexes (0.4 mg/ml) did not exhibit
obvious influence on the viability of Vero cells [9]. The

toxicity of QDs was dependent not on the nanocrystal itself
but rather on the surface molecules [10]. Green CdTe QDs
showed higher cytotoxicity than red ones, which might be
influenced by their surface coatings [11,12]. In 2006,
Hardman published a comprehensive review regarding the
toxicology of QDs and concluded that the toxicity of QDs
was mainly dependent on QD size, surface charge, concen-
tration, outer coating bioactivity (capping material and func-
tional groups), and oxidative, photolytic, and mechanical
stability [13]. CdTe QDs and CdSe/ZnS QDs coated with the
same molecules also exhibited distinct cytotoxicity [14]. The
cytotoxicity of CdSe/ZnS QDs with different coatings in
HEK cells was investigated. Results showed that 20 nM QDs
coated with carboxylic acid resulted in a significant loss of
cell viability by 24 h, however QDs coated with PEG in the
same concentration had no effect on the cell viability [15].
The hippocampal neuronal cells treated with 1 nM CdSe
QDs for 24 h showed no decrease in cell viability; however,
the viability of cells treated with 10 and 20nM QDs
decreased by 20% and 30%, respectively, under the same
conditions [16]. Our previous work revealed that the cytotox-
icity of silk fibroin coated CdSe QDs was obviously lower
than the thioglycolic acid coated ones in human pancreatic
carcinoma (PANC-1) cells [17]. Our another study indicated
that green and red mercaptopropionic acid capped CdTe
(MPA-CdTe) QDs exhibited different cellular distribution
and ultraviolet (UV)-enhanced cytotoxicity in PANC-1 cells
[18]. Recently, the endothelial toxicity of mercaptosuccinic
acid-capped CdTe QDs (0.1-100 pg/ml) was examined,
which revealed that 0.1 pwg/ml QDs also exhibited cytotox-
icity [19]. Till now, many studies have been carried out to in-
vestigate the cytotoxicity of QDs and many novel results
have been achieved. However, there are still many unclear
processes and inconsistencies among different researchers,
which might mainly be attributed to the broad diversity of
QDs and the complexity of biological systems [20].

As mentioned above, many factors could influence the
cytotoxicity of QDs, so they should be considered
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comprehensively. Previous studies primarily focused on the
analysis of simplex influence factor. Here, different size
MPA-CdTe and cysteamine-capped CdTe (Cys-CdTe) QDs
were prepared and characterized. The morphological
changes and metabolic activity of PANC-1 cells containing
QDs under different conditions (particle sizes, surface
coating, incubating time in medium containing QDs,
recover time in the fresh medium after QDs treatments)
were examined and the combined influence of these factors
was discussed in detail.

Materials and Methods

Preparation and characterization of MPA-CdTe and
Cys-CdTe QDs

All reagents used in this study were analytical grade and
purchased from Sigma-Aldrich Company (St Louis, USA)
unless indicated otherwise. MPA-CdTe and Cys-CdTe QDs
were synthesized as the method described in previous litera-
tures [12]. Different size MPA-CdTe QDs (QDs3s, QDse1,
QDsg9, QDgos, and QDg9) were formed after different reac-
tion time from 10 min to 7 h. The prepared QDs solution
was dialyzed against deionized water for 6 h and concen-
trated using a rotary evaporator. QDs were collected by cen-
trifugation and purified by size-selective precipitation.

The physicochemical properties of as-obtained CdTe QDs
were examined subsequently. Photoluminescence spectra
were measured with a HITACHI 850 spectrofluorophot-
ometer (Tokyo, Japan). Photographs were taken under UV il-
lumination and sun light, respectively. The particle sizes and
&-potentials were determined using Malvern Nano-ZS90
zetasizer (Westborough, USA) and JEOL JEM-200CX trans-
mission electron microscope (Tokyo, Japan).

Cell culture and QDs treatment

PANC-1 cells (#TIB-222; ATCC, Manassas, USA) were cul-
tured in DMEM medium containing 10% (v/) fetal calf
serum at 37°C in humidified air containing 5% CO,. For
fluorescence microscopic measurements, cells should be
seeded onto a glass coverslip placed in six-well plates. For 3-
(4,5-dimethylthiazol-2-y1)-2,5-diphenyl tetrazolium bromide
(MTT) assays, cells were cultured in 96-well plates. Cells
were incubated up to ~24 h and grown to ~80% confluence
before experiments. QDs dispersed in PBS were added to
each well to achieve a final concentration. Cells were then
incubated in these medium containing QDs at 37°C in 5%
CO, atmosphere for different time periods. After incubation
with QDs, cells were washed with PBS to remove excess
QDs and placed in fresh solutions before the subsequent
experiments. All treatments were done in ftriplicates or
quadruplicates in three or more independent experiments.
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Laser scanning confocal microscopy

Olympus FV-1000 laser scanning confocal microscope
(LSCM; Tokyo, Japan) was used to acquire images. After the
treatments, PANC-1 cells were fixed with 4% paraformalde-
hyde for 15 min, and then washed three times with PBS
buffer. To clearly observe the distribution and positions of
QDs in cells, nuclei were stained with 0.1 wg/ml 4,6-diami-
dino-2-phenylindole (DAPI) for 2 min. Before imaging, cells
were washed with PBS again. Three channels (CH1: excitation
405 nm, filter 420—470 nm; CH2: excitation 488 nm, different
filter for different QDs; CH3: 405/488 nm, Dic) were set to
record DAPI, QDs, and Dic signals. Cells were observed using
% 60 oil immersion objective. Images were acquired at a reso-
lution of 800 x 800, and the scan size was 212 x 212 pwm.

Cytotoxicity assay

MTT assays were performed to assess the metabolic activ-
ity of cells treated under different conditions. After the
treatments, the medium was removed and replaced with
serum-free media (200 pwl/well). A total of 20 pl stock
MTT (5 mg/ml) was added to each well, and the cells were
then incubated for 1 h at 37°C. The medium was removed,
and the cells were lysed with dimethyl sulfoxide. The ab-
sorbance was measured at 595 nm.

Results

Characterization of MPA-CdTe QDs and Cys-CdTe QDs
The structure schematic diagrams of MPA-CdTe and
Cys-CdTe QDs were shown in Fig. 1(a). Both MPA-CdTe
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Figure 1 Structure schematic diagrams (a) and photographs (b) of
MPA-CdTe QDs and Cys-CdTe QDs The photographs of QDs were
taken under UV illumination and sun light, respectively.
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and Cys-CdTe QDs exhibited excellent water solubility and
bright fluorescence under UV illumination [Fig. 1(b)]. The
smaller-size MPA-CdTe QDs emitted shorter wavelength
light than the lager ones (Table 1). The &-potentials of
MPA-CdTe QDs and Cys-CdTe QDs were negative and
positive, respectively (Table 1).

Table 1 Physicochemical properties of CdTe QDs used in this study

Name Coatings Photoluminescence  Average &-potential

wavelength (nm) size (nm) (mV)

QDs;s MPA 538 2.7 -36.6
QDss; MPA 561 3.6 -38.1
QDsgy MPA 580 43 -388
QDgs MPA 605 52 —-37.1
QDgo MPA 629 6.0 -39
QDsy; Cys 543 2.8 +21.7

Distinct cellular distribution of QDs and morphological
changes of PANC-1 cells containing QDs under
different conditions

Five kinds of MPA-CdTe QDs could be successfully deliv-
ered into PANC-1 cells, but different QDs exhibited dis-
tinct cellular distribution (Fig. 2). The most striking
difference about the localization between smaller-size QDs
and larger-size ones in was observed in the nuclear vs.
cytoplasmic compartments. PANC-1 cells treated with
green QDs (QDs35) showed that some QDs were located in
the cytoplasm and a few QDs appeared in the nuclei
[Fig. 2(f,k)]. In contrast, most of red QDs (QDg,9) distrib-
uted throughout the cytoplasm but no red QD was
observed in the nuclei [Fig. 2(j,1)], which was consistent
with the previous reports [11]. The cellular distribution of
QDse1, QDsgg, and QDggs [Fig. 2(g—i)] was shown
between the states of QD535 and QDgy9. These results indi-
cated that smaller-size QDs were easier to transfer into
cells and nuclei. The particle sizes of QDs were considered

Size increase

QDsgo

Fluo

Fluo+Dic

-
QDs29

Figure 2 LSCM images of PANC-1 cells incubated with different sized MPA-CdTe QDs (a—e) Fluorescence images of cells incubated with
QDs38, QDsg1, QDsgo, QDgos, and QDgao. (f—j) The overlay images of (a—e) and Dic images, respectively. (m,n) Low-resolution fluorescence images of
cells incubated with QDs3g and QDgs9. (k,1) The overlay images of (m,n) and Dic images, respectively. Cells were incubated with QDs (20 pg/ml) for
4 h, and then LSCM imaging were carried out immediately. Nuclei were stained by DAPIL
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Figure 3 LSCM images of PANC-1 cells incubated with MPA-CdTe QDs for different time (a—d) Fluorescence images of cells incubated with
QDs3g for 10 min, 1 h, 3 h, and 8 h. (e—h) The overlay images of (a—d) and Dic images, respectively. (i,j) Low-resolution images of (e,h), respectively.
Cells were incubated with QDs3g (20 pg/ml) for different time, and then LSCM imaging were carried out immediately. Nuclei were stained by DAPI.

Figure 4 LSCM images of PANC-1 cells incubated in fresh medium for different time after QDs treatments (a—d) The overlay images of
fluorescence and Dic images of PANC-1 cells incubated in fresh medium for 0, 1, 4, and 8 h after QDs treatments. Insets in (a—d) showed the magnified
image of a certain cell. Cells were incubated with QDs3g (20 pg/ml) for 4 h, and then cells were incubated in fresh medium for different time before
LSCM imaging. Nuclei were stained by DAPI.
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Figure 5 LSCM images of PANC-1 cells incubated in fresh medium for 0 and 8 h after different concentration QDs treatment (a,c)
Fluorescence images of cells treated with 5 pg/ml QDs3g. (b,d) The overlay images of (a,c) and Dic images, respectively. (e,g) Fluorescence images of
cells treated with 20 pg/ml QDs3g. (£,h) The overlay images of (e,g) and Dic images, respectively. (i,k) Fluorescence images of cells treated with 200 g/
ml QDs3g. (j,1) The overlay images of (a,c) and Dic images, respectively. Cells were incubated with QD535 for 4 h, and then cells were incubated in fresh

medium for 0 or 8 h before LSCM imaging. Nuclei were stained by DAPI.

very important to their cellular metabolizability, distribu-
tion, and cytotoxicity.

MPA-CdTe QDs were successfully taken up by cells and
presented different cellular distribution depending on the
incubation time with QDs (Fig. 3). QDs were mostly
adhered on the cellular membrane and barely found inside
the cells at the beginning (10 min). With the increase of in-
cubation time (1 h), most of the QDs appeared in cells and
were located in the cytoplasm around the nuclei. When the
incubation time reached 3 h, QDs appeared in the nuclei. If
the incubation time continued to prolong, QDs in cells
seemed to decrease and changes of cellular morphology
occurred. The incubation time of cells in medium contain-
ing QDs might influence the cytotoxicity of QDs, which
would be discussed in the next section.

With the increase of recover time in fresh medium after
QDs treatments, QDs in cells especially in nuclei seemed to
decrease and changes of cellular morphology occurred
[Fig. 4(a—c)]. When the incubation time reached 8 h, the
amount of QDs in cells was obviously reduced and the inte-
grality of cells began to be destroyed [Fig. 4(d)]. When the
final concentration of MPA-CdTe QDs (QDssg) in medium
was 5 wg/ml, the amount of QDs in cells obviously decreased
but the cellular morphology showed no visible changes when
the recover time in fresh medium reached 8 h [Fig. 5(d)], com-
paring with that at 0 h [Fig. 5(b)]. When the concentration of

QDs in medium was 20 pg/ml, the QDs in cells decreased and
the cellular morphology showed minor changes with the in-
crease of recover time in fresh medium [Fig. 5(f,h)]. If the
final concentration of QDs in medium reached 200 pg/ml, the
amount of QDs in cells was also obviously reduced and the in-
tegrality of cells was seriously destroyed after incubation in
fresh medium for 8 h [Fig. 5(j,1)]. Above results revealed that
the recover time in fresh medium after QDs treatments could
affect the metabolizability and the damage level of QDs in
cells, which was related to the concentration and properties of
QDs in medium.

QDs33, QDs43, and QDgy9 showed different cellular dis-
tribution and metabolic behavior (Fig. 6). With the increase
of incubation time with QDs in medium, QDs were grad-
ually delivered into cells and located in different positions,
which is related to their particle sizes and coatings
[Fig. 6(a—n)]. Smaller-size MPA-CdTe QDs (QDs35) were
easier to transfer into cells and nuclei than the larger ones
(QDgs9), which was consistent with the results in Fig. 2.
The particle sizes of Cys-CdTe QDs (QDs43) and
MPA-CdTe QDs (QDs3g) were almost the same (Table 1).
However, more QDs43 were taken up by cells than QD535
when the incubation time was 3 h [Fig. 6(I,n)]. With the in-
crease of recover time in fresh medium after QDs treat-
ments, the cellular distribution of QDs and the morphology
of PANC-1 cells containing QDs were changed step by
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Figure 6 The combined influence of size distribution, surface modification, and interaction time on cellular distribution of QDs and
morphological of PANC-1 cells containing QDs (a—c) Fluorescence images of cells treated in QDs3g, QDg29, QD543 medium for 1 h and incubated in
fresh medium for 0 h after QDs treatment. (d—f) The overlay images of (a—c) and Dic images, respectively. (i—k) Fluorescence images of cells treated in
QDs3s, QDg29, QD543 medium for 3 h and incubated in fresh medium for 0 h after QDs treatment. (1-n) The overlay images of (i—k) and Dic images,
respectively. (o—q) Fluorescence images of cells treated in QDs3g, QDgp9, QDs43 medium for 3 h and incubated in fresh medium for 8 h after QDs
treatment. (r—t) The overlay images of (0—q) and Dic images, respectively. Cells were incubated with QDs (20 pwg/ml) for 1 or 3 h, and then cells were
incubated in fresh medium for 0 or 8 h before LSCM imaging. Nuclei were stained by DAPI.

step, which was also affected by the particle sizes and coat-
ings of QDs [Fig. 6(n—t)]. QDsy43 in cells and nuclei were
less than QDs3g when the recover time after QDs treat-
ments was 8 h [Fig. 6(r,t)]. Above results revealed that
Cys-CdTe QDs (QDs43) were easier to be delivered into or
out of cells, which might mainly be attributed to their dif-
ferent surface modification. The influences of size distribu-
tion, surface modification, interaction time on cellular
distribution, and metabolic ability of QDs were interrelated.

Metabolic activity of PANC-1 cells treated with QDs of
different sizes, coatings, and interaction time

Based on above observed distinct cellular distribution of
QDs and changes of cell morphology, MTT assays were
carried out to investigate the cytotoxicity of QDs under dif-
ferent conditions. With the increase of MPA-CdTe QDs
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sizes, the metabolic activities of cells were increased cor-
respondingly (Fig. 7). When the concentration of QDs in
medium was 20 pg/ml, the metabolic activity of cells
treated with QD538, QD561, QD580, QD605, and QD629 was
~28%, ~31%, ~35%, ~38%, and ~41%, respectively.
When the concentration of QDs in medium was 5 pg/ml,
the trends were similar. The metabolic activity of cells
treated with 20 pg/ml QDs43 was ~38%, which was
~10% higher than QDs35. Cys-CdTe QDs exhibited lower
cytotoxicity than MPA-CdTe QDs.

When the incubation time was 0.2 h, the metabolic activ-
ity of cells containing QDs35, QDgp9, and QD543 was all
>90%, which showed no visible cytotoxicity (Fig. 8).
When the incubation time was increased to 5 h, the metabol-
ic activity of cells containing QDs3g, QDgro, and QDsys3
reduced to 58%, 64%, and 60%, respectively. If the
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Figure 7 The metabolic activity of PANC-1 cells treated with
different sized and coatings QDs Cells were incubated with QDs (5 or
20 pg/ml) for 10 h, and then MTT assays were carried out immediately.
Data were presented as the mean + standard deviation for three
independent experiments.
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Figure 8 The metabolic activity of PANC-1 cells treated with QDs for
different time Cells were incubated with QDs (20 pwg/ml) for different
time, and then MTT assays were carried out immediately. Data were
presented as the mean + standard deviation for three independent
experiments.

incubation time reached 10 h, the metabolic activity of cells
containing three kinds of QDs was all decreased to <45%.
These results revealed that the cytotoxicity of QDs was
enhanced with the increase of incubation time with contain-
ing QDs.

When the concentration of QDs was 5 pg/ml, the meta-
bolic activity of cells showed increasing trends with the in-
crease of recover time in fresh medium after QDs
treatments (Fig. 9). When the concentration of QDs was 20
or 200 pg/ml, the metabolic activity of cells was gradually
decreased with the increase of incubation time after QDs
treatments. With the increase of incubation time after QDs
treatments, the metabolic activity of cells treated with

—— MPA-QDs38 Spg/ml  —@—MPA-QDs38 20pug/ml
—O— MPA-QD629 Spg/ml  —m—MPA-QDs38 200 ug/ml
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Figure 9 The influences of size distribution, surface modification, and
interaction time on metabolic activity of PANC-1 cells treated with
QDs Cells were incubated with QDs (5, 20, or 200 pg/ml) for 4 h, and
then cells were incubated in fresh medium for different time before MTT
assays. Data were presented as the mean + standard deviation for three
independent experiments.

smaller-size QDs3g reduced faster than those treated with
larger-size QDgp9. When the incubation time was pro-
longed, the metabolic activity of cells treated with 20 pg/ml
Cys-CdTe QDs (QDs43) reduced more slowly than those
treated with MPA-CdTe QDs (QDs3g). When the concen-
tration of QDs reached 200 pwg/ml, the metabolic activity of
cells dropped rapidly to near zero with the increase of incu-
bation time after QD treatments.

Discussion

There are many factors that can influence the cellular distri-
bution and the damage level of QDs. Those factors are often
interrelated, so they should be considered comprehensively.
Herein, we mainly demonstrated the combined influence of
surface modification, size distribution, and interaction time
on the cytotoxicity of CdTe QDs in PANC-1 cells.

Different size QDs exhibited distinct cellular distribution
and cytotoxicity (Figs. 2 and 7). The larger-size QDs could
be delivered into cells and distributed throughout the cyto-
plasm, but no QD was observed in the nuclei. In contrast, the
smaller-size QDs were easier to be transferred into cells and
nuclei. Nuclei were considered as one of the most sensitive
cellular organelles. QDs in nuclei might more directly and
seriously induce damage to DNA or other targeting mole-
cules. So, the smaller-size QDs could induce more serious
damages to cells and exhibited higher cytotoxicity.
Similar-size QDs with different coatings exhibited different
metabolic behavior and cytotoxicity (Figs. 6 and 9).
Cys-CdTe QDs were easier to be delivered into or out of cells
than MPA-CdTe ones, which might be attributed to their dis-
tinct surface potentials. The surface of Cys-CdTe QDs had
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many amino groups that could be ionized in solution and was
electropositive. Electropositive Cys-CdTe QDs were easier to
interact with the electronegative cellular surface. The surface
of MPA-CdTe QDs was electronegative, which made them
difficult to contact with cellular surface. Cys-CdTe QDs
exhibited lower cytotoxicity, which might relate to the high
metabolizability and reactive oxygen species eliminate the
effects of amino groups. QDs presented different cellular dis-
tribution depending on the incubation time with QDs
(Fig. 3). The uptake and distribution of QDs in cells need a
period of time and should undergo a complex process. QDs
firstly adhered to the cell membrane, the first step of inter-
action with cells; and then entered cells and located in cyto-
plasm around nuclei; subsequently they could be delivered
into nuclei if their sizes were small enough [12,21]. As men-
tioned above, the location of QDs in cells would affect the
damage level to cells. So, the incubation time with QDs was
an important factor on the cytotoxicity of QDs (Fig. 8). With
the increase of incubation time, QDs were gradually absorbed
and transferred into important cellular organelles, which
would usually bring more and more obvious damages to the
targeting cells. The metabolizability and cytotoxicity of QDs
was also influenced by the recover time in fresh medium after
QDs treatments (Figs. 4, 5, and 9). When the concentration
of QDs was very low, the initial damage to cells was minor
and usually could be self-repaired with the cellular metabol-
ism. If the concentration of QDs was high, the initial damage
was too serious to be repaired by themselves, which would
trigger the cellular processes of the apoptosis or cell death.
The size distribution, surface modification concentration, and
incubating time with QDs would jointly decide if the damage
could be self-repaired or worsened with the increase of incu-
bation time in fresh medium.

The biological system is very complex and the structure of
QDs is also diverse. So, the cytotoxicity of QDs could be
affected by many factors. A deeper understanding of combined
influence and mechanism of cytotoxicity might be very mean-
ingful to promote the applications of QDs in biomedical areas.
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