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Abstract: Cadmium telluride quantum dots (CdTe QDs) have been proposed to induce oxidative
stress, which plays a crucial role in CdTe QDs-mediated mitochondrial-dependent apoptosis
in human umbilical vein endothelial cells (HUVECs). However, the direct interactions of
CdTe QDs with HUVECs and their potential impairment of other organelles like endoplasmic
reticulum (ER) in HUVECs are poorly understood. In this study, we reported that the nega-
tively charged CdTe QDs (—21.631£0.91 mV), with good dispersity and fluorescence stability,
were rapidly internalized via endocytosis by HUVECs, as the notable internalization could be
inhibited up to 95.52% by energy depletion (NaN,/deoxyglucose or low temperature). The endo-
cytosis inhibitors (methyl-B-cyclodextrin, genistein, sucrose, chlorpromazine, and colchicine)
dramatically decreased the uptake of CdTe QDs by HUVECS, suggesting that both caveolae/
raft- and clathrin-mediated endocytosis were involved in the endothelial uptake of CdTe QDs.
Using immunocytochemistry, a striking overlap of the internalized CdTe QDs and ER marker
was observed, which indicates that QDs may be transported to ER. The CdTe QDs also caused
remarkable ER stress responses in HUVECS, confirmed by significant dilatation of ER cisternae,
upregulation of ER stress markers GRP78/GRP94, and activation of protein kinase RNA-like
ER kinase-elF2o-activating transcription factor 4 pathway (including phosphorylation of both
protein kinase RNA-like ER kinase and elF2a and elevated level of activating transcription
factor 4). CdTe QDs further promoted an increased C/EBP homologous protein expression,
phosphorylation of c-JUN NH2-terminal kinase, and cleavage of ER-resident caspase-4, while the
specific inhibitor (SP600125, Z-LEVD-fmk, or salubrinal) significantly attenuated QDs-triggered
apoptosis, indicating that all three ER stress-mediated apoptosis pathways were activated and
the direct participation of ER in the CdTe QDs-caused apoptotic cell death in HUVECs. Our
findings provide important new insights into QDs toxicity and reveal potential cardiovascular
risks for the future applications of QDs.

Keywords: quantum dots, human umbilical vein endothelial cells, endocytosis, ER stress,

apoptosis

Introduction

Semiconductor quantum dots (QDs), which are as small as 2—10 nm in diameter, are
new types of fluorescent nanomaterials. They have important luminescent advantages
over existing fluorescent dyes: they are up to 1,000 times brighter, more photostable,
and have broader excitation ranges with narrower emissions. Besides these excep-
tional properties, their spectral emission tunability by size variations allows spectral
multiplexing. Therefore, these nanoparticles (NPs) can be utilized as ideal agents for
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intracellular tracking, biomedical imaging, drug delivery, and
diagnosis.? For example, several research groups reported
the successful labeling of blood vasculature in dermal, adi-
pose, lymphatic, or tumor tissues by intravenous injections of
QDs or peptide-conjugated QDs.> These injected QDs can
highlight morphological abnormalities in vasculature, trace
biodistribution of drugs, and monitor the blood circulation
dynamics. Moreover, because of the multicolor nature of
QDs, researchers can investigate separate vascular systems
in a multiplexed manner that could provide insight into the
intricate blood circulation networks within organs and tissues.
Despite QDs-based vascular imaging has shown great prom-
ise to improve our understanding of vascular physiological
and pathological processes, to safely use QDs, we are urgent
to understand their potential toxicity and the interactions
with the toxin-susceptible vascular system. Especially, the
vascular endothelial cells (ECs) that line the luminal surface
of blood vessels may be the primary attack sites during QDs-
caused vascular injury because QDs delivered to vascular
may directly interact with and impair these cells.

Vascular ECs, which present a dynamic interface
between the circulatory system and nonvascular tissues, are
well recognized to play an important role in the regulation
of vascular homeostasis. For instance, to supply nutrients
or to transduct cell signals, ECs always internalize vari-
ous plasma molecules and deliver these cargoes to differ-
ent intracellular destinations or transendothelially to the
intima of arteries.” Nonetheless, under some circumstances,
the undesirable uptake of toxicants (eg, viruses, bacteria,
and some NPs) by ECs can also be observed, and it may
result in subsequent organellar or cellular dysfunction.® !
Hence, internalization of heavy metal-based QDs would be
expected to alter the activity of cellular organelles of ECs
and even these cells per se. Furthermore, ECs also maintain
vascular homeostasis through the synthesis and secretion
of a variety of vasoactive agents which regulate vasomotor
tone, angiogenesis, thrombosis, and atherogenesis.'>'* ER,
which serves as a site of secretory protein synthesis and
modification, is thus crucial for vascular functions. How-
ever, a range of cytotoxic or pathological conditions (heavy
metal exposure, high glucose, and hypoxia) could induce
accumulation of unfolded or misfolded proteins in the ER
and disturb the normal ER functions, leading to ER stress.
Under physiological conditions, ER stress could trigger an
evolutionarily conserved adaptive program called unfolded
protein response (UPR). This cellular stress response acti-
vates ER-resident proteins, such as protein kinase RNA-like
ER kinase (PERK), activating transcription factor 6 (ATF6),

and inositol-requiring enzyme 1. These ER membrane-
resident effectors will start their respective downstream sig-
naling cascade to reprogram transcription and translation in a
concerted manner and restore cell survival.'> ' IfER stress is
severe and prolonged, the stressed cells would be irreversibly
damaged and eliminated by apoptosis.'® Previously, we dem-
onstrated that QDs could impair mitochondria," lysosome,
and plasma membrane (unpublished data), and they induced
pro-apoptotic oxidative injuries in human umbilical vein ECs
(HUVECS), but how the cadmium telluride quantum dots
(CdTe QDs) enter into HUVECs and their hazards on ER
homeostasis in HUVECs remain unknown.

In this in vitro study, we investigated the potential end-
othelial cytoxicity of red, mercaptosuccinic acid (MSA)-
capped CdTe QDs using primary cultured HUVECs. All
procedures in this study were performed in accordance with
protocols approved by the Research and Ethics Committee
of Shaoxing University. We mainly focused on the cellular
uptake mechanism of CdTe QDs and the possible adverse
effects of these CdTe QDs on ER in HUVECsS. Our results
clearly demonstrate that CdTe QDs could be incorporated into
HUVEC:s through both clathrin- and caveolae/rafts-depen-
dent endocytosis. These as-prepared CdTe QDs could activate
UPR signaling cascade and ultimately lead to pro-apoptotic
ER stress in HUVECs. Our results provide new insights into
QDs toxicology and helpful guidance on the future safe use
of QDs. It may also be useful for the eventual manipulation
of QDs to make them more suitable in nanomedicine.

Materials and methods

Chemicals

Cadmium chloride (CdCL, 99.0%) and tellurium powder
(Te, 99.5%) were from Alfa Aesar (Ward Hill, MA, USA).
Sodium borohydride (96%), hydrochloric acid (HCIl), and
sodium hydroxide (NaOH) were from Sinopharm Chemi-
cal Reagent Co., Ltd. (Shanghai, People’s Republic of
China). MSA was from Sigma-Aldrich Corp. (St Louis, MO,
USA). All chemicals were used without further purification.
Solutions were prepared with Milli-Q water (Millipore,
Darmstadt, Germany) as the solvent.

Medium 200 (M200), low-serum growth supplement
(LSGS), Vybrant® Apoptosis Assay Kit, and Hoechst 33342
were from Invitrogen (Thermo Fisher Scientific, Waltham,
MA, USA). Salubrinal (SAL), SP600125, Z-LEVD-fmk,
Z-VAD-fmk, and antibody against KDEL (which detects glu-
cose-regulated protein, GRP78 and GRP94) were from Enzo
Life Sciences, Inc. (Farmingdale, NY, USA). Other antibodies
were purchased from the following companies: anti-human
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caspase-4, anti-human B-actin, and anti-human transcription
factor C/EBP homologous protein (CHOP) (Santa Cruz Bio-
technology, Dallas, TX, USA), PERK, elF20., phos-elF2q,
c-JUN NH2-terminal kinase (JNK), phos-JNK (Cell Signal-
ing Technology, Inc., Beverly, MA, USA), phos-PERK and
ATF4 (Beijing Biosynthesis Biotechnology, Beijing, China).
2’,7’-Dichlorofluorescein diacetate and one-step terminal
deoxyribonucleotide transferase-mediated dUTP nick end
labeling (TUNEL) apoptosis assay kit were from Beyotime
Institute of Biotechnology (Jiangsu, People’s Republic of
China). The WESTAR SUPERNOVA ECL reagents were
from Cyanagen Srl (Bologna, Italy). Pierce® BCA assay kit
was from Thermo Fisher Scientific (Waltham, MA, USA).
The secondary antibodies and other reagents were from
Sigma-Aldrich Corp.

Preparation and characterization of

CdTe QDs

The CdTe QDs were synthesized and purified as described in
our previous reports.'*?° To characterize the structural and opti-
cal properties of these QDs, the high-resolution transmission
electron microscopy (HRTEM) image and absorption/emission
spectra were obtained using a JEM 2010 microscope (JEOL,
Tokyo, Japan; acceleration voltage at 200 kV) and UV2550
scanning spectrophotometer (Shimadzu, Kyoto, Japan)/F-2500
spectrofluorometer (Hitachi, Tokyo, Japan) over the range
from 300 nm to 800 nm, respectively. The particle size and zeta
potential of QDs in phosphate-buffered saline (PBS; pH 7.4)
were concurrently measured using particle characterizer Zeta-
sizer Nano ZS90 (Malvern Instruments Ltd., Malvern, UK).
To measure their photostability in physiological environment,
the stock solution of our as-prepared QDs was diluted 1:10,000
with PBS and added into a black 96-well microplate. The
emission peak intensities were recorded from top at 405 nm
excitation and 599 nm emission every 20 minutes for 4 hours
with a fluorescence microplate reader (Flexstation 3, Molecular
Device, Sunnyvale, CA, USA). All the measurements were
performed at room temperature.

Cell culture

Primary HUVECs were obtained from human umbilical cord
veins according to previously described procedure.? Briefly,
the vein was cannulated, filled, and digested with 0.1% type
I collagenase at 37°C for 15 minutes. The obtained pellets
were centrifuged and resuspended in M200 with LSGS at a
concentration of 10° cells/mL. The cells were maintained in
a humidified atmosphere containing 5% CO.,. For all experi-
ments, HUVECs were used between passages 3 and 5.

Assessment of the internalization and
the subcellular location of CdTe QDs in
HUVECs

Based on the fluorescence of QDs, the internalization of
CdTe QDs in HUVECs was directly analyzed by flow
cytometry (FCM). To determine the effect of concentration
of CdTe QDs on endothelial uptake, the confluent HUVEC
monolayer was incubated with M200 containing 2% fetal
bovine serum (FBS) for 1 hour at 37°C in the presence of
CdTe QDs at the concentrations ranging from 1 pug/mL to
50 ug/mL. In a separate experiment, to study the effect
of incubation time on CdTe QDs’ uptake, the complete
growth medium was replaced with 10 pug/mL suspension
of CdTe QDs in M200 containing 2% FBS, and the plate
was incubated for 1-48 hours. HUVECs incubated with
CdTe QDs-free medium (also containing 2% FBS) served
as untreated controls. After treatment, cells were rinsed three
times with ice-cold PBS and harvested by trypsinization, and
the fluorescence of internalized CdTe QDs was collected in
FL-2 channel (58521 nm). For analysis of FCM data, we
initially set a region on the forward/side scatter dot plots to
exclude most noncellular debris (shown in Figure 1A). The
positive populations (HUVECs holding CdTe QDs) were
identified as cells that expressed fluorescence activity above
the autofluorescence of the untreated controls.

To study whether the uptake of CdTe QDs into HUVECs
was energy-dependent, the cells were incubated with 0.1%
(w/v) sodium azide and 50 mM 2-deoxyglucose (2-DG) for
1 hour prior to the addition of CdTe QDs (10 pg/mL) to
HUVECSs. The effect of temperature on CdTe QDs uptake was
examined after pre-incubation of cells for 1 hour at 4°C and
then incubation of cells with 10 pg/mL CdTe QDs suspension
for an additional 1 hour at 4°C. To further clarify the specific
endocytotic pathways by which HUVECs internalize CdTe
QDs, HUVECs were treated with the inhibitors, methyl-[3-
cyclodextrin (5§ mM), genistein (0.1 mM), sucrose (0.45 M),
chlorpromazine hydrochloride (20 uM), cytochalasin B
(1 uM), and colchicine (1 mM), in normal culture medium for
60 minutes at 37°C. CdTe QDs (10 pg/mL) were then added
and incubated for 1 hour. Subsequently, the cells were washed
three times with ice-cold PBS and analyzed by FCM.

To track the subcellular distribution of CdTe QDs, cells
cultured on coverslips were firstly treated with 10 pg/mL
CdTe QDs for 24 hours. The lysosomes and nuclei were then
stained with 0.5 uM Lysotracker Green and Hoechst 33342
for 10—15 minutes at 37°C, respectively. ER was labeled
with anti-KDEL (ER marker) antibody, and then incubated
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Figure | Internalization of CdTe QDs by HUVECs.

Notes: (A) The region (R2) on forward/side scatter dot plot indicates gated cell population in flow cytometry analysis. The typical fluorescence distribution of (B) untreated
HUVECs and CdTe QDs-holding HUVECs (R3) analyzed by flow cytometry after |-hour incubation with (C) | pg/mL, (D) 10 pg/mL, (E) 20 ug/mL, and (F) 50 pg/mL
CdTe QDs. (G) The time-dependent uptake of CdTe QDs by HUVECs. Data were represented as mean + SD of four determinations. **P<<0.01 compared with respective

control.

Abbreviations: CdTe QDs, cadmium telluride quantum dots; HUVECs, human umbilical vein endothelial cells; SD, standard deviation; SSC, side scatter; FSC, forward

scatter.
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with fluorescein isothiocyanate (FITC)-conjugated secondary
antibodies, following fixation with 3.7% polyoxymethylene.
Confocal microscope (LSM 510, Carl-Zeiss, Oberkochen,
Germany) and inverted fluorescent microscope (IX81,
Olympus, Tokyo, Japan) were used to monitor the intracel-
lular location of QDs.

Ultrastructural evaluation of endoplasmic

recticulum

HUVECs exposed to 10 ug/mL CdTe QDs for 24 hours
were washed with PBS and fixed for 1 hour at 4°C in 2.5%
glutaraldehyde in phosphate buffer (pH 7.4). Thereafter,
the cells were transferred into 1% osmium tetroxide in
Milli-Q water for 1 hour at room temperature. Dehydration
was through ascending concentrations of ethanol with six
changes before embedding in Epon. Ultrathin sections of
cells of interest were stained with uranyl acetate and lead
citrate before viewing in a JEM-1200EX (JEOL) transmis-
sion electron microscope.

Immunoblot detection of ER signaling

proteins

HUVECs were exposed to 10 pg/mL CdTe QDs for 24 hours,
and then washed with PBS. Total cell lysates were prepared
by solubilizing HUVECs in cold radioimmune precipitation
assay buffer (1% Triton X-100, 50 mM Tris/HCI, pH 7.4,
300 mM NaCl, 10 pug/mL aprotinin, 10 pg/mL leupeptin,
1 mM sodium orthovanadate, and 2 mg/mL iodoacetamide).
Protein concentration was quantified by the Pierce® BCA
assay. The whole-cell lysates (50 pug of protein) were
subjected to 12% sodium dodecyl sulfate polyacrylamide
gel electrophoresis and subsequently transferred onto polyvi-
nylidene difluoride membranes (Millipore). The membranes
were blocked with nonfat dry milk (5% in Tris-buffered
saline containing 0.1% Tween-20) and probed with primary
antibodies including anti-CHOP (1:300), anti-caspase-4
(1:500), anti-phos-PERK (1:500), anti-ATF4 (1:500), anti-
B-actin (1:5,000), anti-GRP78/94 (1:1,000), anti-PERK
(1:1,000), anti-eIF20 (1:1,000), anti-phos-elF2o (1:1,000),
anti-JNK (1:1,000), and anti-phos-JNK (1:1,000), followed
by incubation with horse radish peroxidase-conjugated sec-
ondary antibodies. Proteins were visualized witha WESTAR
SUPERNOVA ECL kit.

FCM analysis of apoptosis of HUVECs

upon exposure of CdTe QDs
To measure CdTe QDs-induced apoptosis, HUVECs were
firstly treated with 10 pg/mL CdTe QDs for 24 hours and

collected by trypsinization. The pellets were then resuspended
and stained with 5 pg/mL FITC-conjugated Annexin-V for
15 minutes in dark. The fluorescence of Annexin-V was mea-
sured with FACSCalibur flow cytometer on the FL-1 detector
(530 nm). Alternatively, using a commercial one-step TUNEL
apoptosis assay kit, in situ detection of DNA fragments was
also performed to detect the apoptotic cell death of treated
HUVEGC:s. Briefly, cells were trypsinized and fixed with 3.7%
polyoxymethylene. Following treatment with 0.1% Triton
X-100, the cells were incubated with TUNEL reaction mixture
for 1 hour and then washed twice with PBS for FCM analysis.
The FITC-labeled TUNEL-positive cells were measured on the
FL-1 detector. To clarify the role of ER in CdTe QDs-induced
endothelial apoptosis, the specific ER stress inhibitors —
SAL (25 uM), Z-LEVD-fmk, and SP600125 — were added
into HUVECs 1 hour before the incubation of CdTe QDs,
respectively. Then, after 24-hour incubation of HUVECs
with CdTe QDs, the apoptotic HUVECs were detected by
Annexin-V assay on a FACSCalibur flow cytometer.

Statistical analysis

The data were presented as mean + SD and evaluated for
statistical significance by one-way analysis of variance,
followed by least significance difference post hoc test
(SPSS13.0; SPSS Inc., Chicago, IL, USA). Values of P<<0.05
were considered statistically significant.

Results

Characteristics of CdTe QDs

As shown in Figure 2A and B, the HRTEM image illustrates
that the average size of CdTe QDs is approximately 4 nm, con-
forming a highly crystalline nature and good dispersity. The
size distribution of CdTe QDs is 3.492+0.87 nm (Figure 2C)
measured by dynamic light scattering. The zeta potential data
(Figure 2D) showed that CdTe QDs with carboxyl group were
highly negatively charged (—21.631£0.91 mV). Moreover,
these QDs had symmetric emission spectra: the full width at
half maximum was approximately 60 nm, and the emission
peak was at 599 nm (Figure 2E). The fluorescence intensity
of these QDs at physiological pH was slowly declined in a
time-dependent manner during 4-hour periods (Figure 2F): the
average emission peak intensity only decreased by 8.87% dur-
ing the test cycle. These results suggest that CdTe QDs present
promising prospects in the applications of bioimaging.

Internalization of CdTe QDs by HUVECs
Figure 1 shows that HUVECs internalized CdTe QDs to
a great extent, and this internalization increased in both
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Abbreviations: MSA, mercaptosuccinic acid; CdTe QDs, cadmium telluride quantum dots; TEM, transmission electron microscopy; QDs, quantum dots; HRTEM, high-resolution
transmission electron microscopy; DLS, dynamic light scattering; PL, photoluminescence; PBS, phosphate-buffered saline; SD, standard deviation; au, arbitrary units; UV, ultraviolet.

dose-dependent and time-dependent manner. After 1-hour
exposure to 0 wg/mL, 1 pg/mL, 10 pg/mL, 20 pg/mL,
and 50 ug/mL CdTe QDs, the percentage of QDs-holding
HUVECs was 0.91%, 3.64%, 42.85%, 69.06%, and 92.89%,
respectively. The uptake of CdTe QDs in HUVECs was
gradually increased during the incubation time (Figure 1G).
Upon 1-hour incubation with 10 pg/mL CdTe QDs, there
were ~41% of QDs-holding HUVECs. This percentage
reached to 50.81%, 61.63%, and 79.53% after 6-hour,
12-hour, and 24-hour treatment, respectively, but only
increased to 6.11% after additional 24-hour incubation.

To assess the underlying mechanism involved in CdTe
QDs internalization, the cellular uptake of CdTe QDs at
a low temperature or in an energy-depleted environment
was examined by FCM and is shown in Figure 3A. The
low temperature or NaN,/2-DG induced marked decreases
in the endothelial internalization of CdTe QDs (95.52%
or 54.17% of untreated cells, respectively). Subsequently,

using various biochemical inhibitors, the contribution of
different endocytotic pathways in the uptake of CdTe QDs
was characterized. As shown in Figure 3B, the inhibitor
of macropinocytosis/phagocytosis cytochalasin B (1 uM)
did not affect the entry of CdTe QDs into HUVECs,
whereas the internalization was dramatically decreased
by 44.83% or 23.81% in the presence of 5 mM choles-
terol depletor methyl-B-cyclodextrin (to disrupt caveolae/
rafts) or 0.1 mM genistein that could specifically inhibit
caveolae-mediated uptake. The uptake of CdTe QDs in
0.45 M hypertonic sucrose (to disperse clathrin lattices) or
20 uM chlorpromazine (an inhibitor of the clathrin-coated
pit-pathway)-pretreated HUVECs was also significantly
reduced to 32.07% or 75.58% of the cells without pretreat-
ment. Additionally, inhibition of microtubules by colchicine
(1 mM) resulted in a 32.5% decrease in CdTe QDs uptake,
indicating that microtubules may also be implicated in
controlling intracellular uptake of CdTe QDs.
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Intracellular distribution of CdTe QDs
in HUVECs

The colocalization between CdTe QDs and organelles was
explored by laser confocal microscopy after the treatment of
HUVECs with 10 pg/mL CdTe QDs for 24 hours. The nuclei
were labeled with Hoechst 33342 (blue fluorescence,
Figure 4A). Figure 4B and C shows that the CdTe QDs
(red fluorescence) were only distributed throughout the
cytoplasm of HUVECs but did not enter into nuclei within
24 hours. The lysosomes labeled with by Lysotracker Green
showed green fluorescence (Figure 4D), and the CdTe QDs in
HUVEC:s presented red fluorescence (Figure 4E). The merged
fluorescent image (Figure 4F) revealed that partial CdTe QDs
were aggregated and entrapped within the peripheral cytoplas-
mic vesicles (yellow fluorescence), which suggests that only
part of internalized CdTe QDs were localized in lysosomes.
In addition, Figure 4G and H shows the immunofluores-
cence of ER and the fluorescent CdTe QDs in HUVECsS,
respectively. The merged image (Figure 41) revealed that the
fluorescent areas of CdTe QDs (red) and ER (green) had large
overlap in the QDs-treated group. This result suggests that
a portion of CdTe QDs were located in ER, where the QDs
possibly affect the morphology and function of ER.

CdTe QDs induces ER stress in HUVECs

We measured the impact of CdTe QDs on the activation of
ER stress sensors and downstream effectors, including KDEL
(GRP78 and GRPY94) and PERK-elF20.-ATF4 pathway pro-
teins, by Western blotting. As shown in Figure 5A, the CdTe

QDs treatment resulted in increased levels of GRP78 and
GRPY4 in a dose-dependent manner. The GRP78 expression
was increased by 46.39% in 1 pg/mL group and by 68.83%
in 10 pg/mL group compared with the untreated control.
Similarly, 0.1 pg/mL, 1 ug/mL, and 10 pg/mL CdTe QDs
also dose-dependently raised the level of GRP94 to 160.59%,
170.93%, and to 229.36% of the untreated control, respec-
tively (Figure 5B). This outcome indicates that CdTe QDs
could trigger significant ER stress in HUVECs. To dissect
the molecular pathways involved in CdTe QDs-induced ER
stress, we found that PERK was phosphorylated and elF2o
was heavily phosphorylated after QDs treatment for 24 hours
(Figure 5C). The incubation of HUVECs with CdTe QDs
also led to a significant increase in ATF4, the downstream
target protein of phos-elF2a (Figure 5C).

To observe cellular changes in response to ER stress,
ultrastructure was analyzed by TEM. In untreated control
cells, the ER consisted of an extensive network of branch-
ing tubules distributed throughout the cytosol (Figure 6A,
arrows). After 24-hour treatment with 10 pg/mL QDs, the
most prominent change is that the bulk of the rough ER with
narrow cisternae was dilated (Figure 6B, arrows).

CdTe QDs cause ER stress-induced
apoptosis

Since the persistent ER stress can also trigger apoptotic cell
death, we hereby proceed to determine whether the CdTe
QDs directly induce apoptotic changes in HUVECs. The
TUNEL assay confirmed that 10 pg/mL CdTe QDs caused
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Figure 4 Colocalization of CdTe QDs and intercellular organelles.
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Notes: HUVECs were incubated with 10 pug/mL CdTe QDs for 24 hours, and the nucleus, lysosomes, or ER was labeled with Hoechst 33342, Lysotracker Green, or
immunofluorescence, respectively. There was no overlap (shown in C) between nucleus (blue in A) of HUVECs and the CdTe QDs (red in B). The stained lysosomes (green
in D) and the fluorescence of CdTe QDs (red in E) were partially overlapped (yellow in F). The colocalization of CdTe QDs (red in H) with ER (green in G) appears yellow

in merged images (I), indicating that CdTe QDs were present in ER. Bar =20 pum.

Abbreviations: CdTe QDs, cadmium telluride quantum dots; HUVECs, human umbilical vein endothelial cells; ER, endoplasmic reticulum.

14.07%x1.58% of treated HUVECs to undergo apoptosis
(Figure 7A and C). Using an Annexin-V apoptosis detec-
tion kit, we also observed that the percentage of apoptotic
HUVECSs was dramatically increased by 462.75% when the
cells were incubated with 10 pg/mL CdTe QDs (Figure 7B
and D).

In a step toward deciphering the underlying mechanisms
of QDs-induced apoptosis of HUVECs, we firstly found that
10 ug/mL CdTe QDs caused a 1.9-fold increase in the CHOP
(also called DDIT3/GADD153) expression in HUVECs
after 24-hour incubation. Treatment with CdTe QDs also
significantly promoted the phosphorylation of JNK46/54
without changing the total JNK levels. In addition, densito-
metric analysis indicated that the amount of pro-caspase-4 in
HUVECs was substantially decreased by 34.34%, whereas
the active caspase-4 was increased by 42.28% detectable in
the CdTe QDs-treated HUVECs (Figure 8A and B).

Chemical inhibitors of JNK (SP600125, 20 uM),
elF2a (SAL, 25 uM), or caspase-4 (Z-LEVD-fmk, 10 uM)
were found protecting HUVECs from CdTe QDs-induced
apoptosis to a certain extend as did a broad-spectrum
caspase inhibitor (Z-VAD-fmk; Figure 8B). The ratio of
apoptotic HUVECs reduced by 30.26%, 31.34%, 20.60%,
and 53.12% in the presence of SP600125, Z-LEVD-fmk,
SAL, and Z-VAD-fmk (50 uM), respectively (Figure 8C).
These results strongly suggest that ER stress may be one of
the driving forces for apoptosis in the CdTe QDs-treated
HUVECs.

Discussion

Vascular ECs, which line the inner side of the vessels,
play key roles in the regulation of vascular homeostasis.
Therefore, aberrant EC function induced by nanomaterials
may result in pathological processes such as atherogenesis
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Figure 5 CdTe QDs induces ER stress in HUVECs.

Notes: After QDs treatment, the Western blot analysis of (A) GRP78/94 and (C) the total PERK or elF20. and phos-PERK or phos-elF2a, as well as the ATF4 levels. B-Actin
was used as loading control. Densitometric analysis data in (B) were represented as mean + SD of three determinations. **P<<0.0] compared with the GRP78 levels in
untreated control HUVECs at 24 hours; #P<0.0] compared to the GRP94 levels in untreated control HUVECs at 24 hours.

Abbreviations: CdTe QDs, cadmium telluride quantum dots; ER, endoplasmic reticulum; HUVECs, human umbilical vein endothelial cells; QDs, quantum dots; PERK,
protein kinase RNA-like ER kinase; elF20., o-subunit of eukaryotic translation initiation factor 2; phos-PERK, phosphorylated PERK; phos-elF20., phosphorylated elF2c; ATF4,
activating transcription factor 4; SD, standard deviation.

and bleeding disorders. So far, cultured vascular ECs are  phenotype, are relatively easy to isolate and culture.?® Hence,
widely used as in vitro model systems for nanotoxicology  they are the most commonly used primary ECs and are well
research, although ECs display structural and functional characterized for the specific study of endothelial toxicity.
heterogeneity in different organs and vascular beds.?> Asone  In this study, using HUVECs, we report that MSA-capped
of vascular ECs, HUVECs, which have typical endothelial CdTe QDs could be uptaken by HUVECs through several

Control CdTe QDs

Figure 6 Induction of morphological changes of ER in HUVECs.

Notes: Cells were treated with 10 ug/mL CdTe QDs for 24 hours. TEM analysis showing regular cisternae of rough ER (arrowed in (A)) or dilated cisternae (arrowed in (B))
in normal or QDs-treated HUVECs. Bar =2 um.

Abbreviations: ER, endoplasmic reticulum; HUVECs, human umbilical vein endothelial cells; CdTe QDs, cadmium telluride quantum dots; TEM, transmission electron
microscopy; QDs, quantum dots; N, nucleus.
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Figure 7 QDs-induced apoptosis in HUVECs.

Notes: The apoptotic HUVECs were detected by FCM using a TUNEL assay and an FITC-conjugated Annexin-V apoptosis detection kit. The representative FCM examples
of three independent experiments are shown in (A) and (B). The percentage of apoptotic HUVECs was calculated using the Cellquest software. Means + SD from three
independent experiments are shown in (C) and (D). Statistical significance was tested by one-way ANOVA (**P<<0.01 compared with control).

Abbreviations: QDs, quantum dots; HUVECs, human umbilical vein endothelial cells; FCM, flow cytometry; TUNEL, terminal deoxyribonucleotide transferase-mediated dUTP
nick end labeling; FITC, fluorescein isothiocyanate; SD, standard deviation; ANOVA, analysis of variance; CdTe QDs, cadmium telluride quantum dots; SSC, side scatter.

endocytotic pathways. It also caused significant cellular
injury in HUVECs by induction of pro-apoptotic ER stress.
The CdTe QDs-triggered apoptotic cell death in HUVECs
can be partly inhibited by specific inhibitors of ER stress
pathways, suggesting that the impairment of ER probably
contributes to cell death caused by these QDs.

The first important finding is that both caveolae/raft- and
clathrin-mediated endocytosis were moderately involved in
the uptake of CdTe QDs. The clathrin-mediated endocytosis
was found to be responsible for the entry of anionic CdSe/
ZnS QDs (size in PBS was ~27 nm) in human prostatic
carcinoma (PC3-PSMA).?* But similar CdSe/ZnS QDs with
carboxy group coating (<-30 mV and diameter >10 nm)
were capable of entering human epidermal keratinocytes only
by lipid rafts-dependent endocytosis.”® The cellular uptake
and the cytotoxicity of various NPs could be regulated by
surface charge as well as the particle size;?**" the different
mechanistic results of QDs uptake may thus arise from their
different physical properties of QDs. On the other hand, cave-
olae, as little caves in the plasma membrane, are particularly
abundant in vascular ECs.?® Therefore, they are believed
to play a major role in endothelial endo-/transcytosis.?

For example, the uptake and transport of negative albumin
(isoelectric point, pl 4.7-4.9) were defected in caveolae-
deficient ECs.** The MSA-capped CdTe QDs may be thereby
uptaken through caveolar endocytosis pathway due to the
negative surface charge (—21.6320.91 mV, Figure 2), similar
to albumin. However, whether the caveolar endocytosis of
CdTe QDs by HUVECs is cell type specific will need further
detailed evaluation.

The intracellular fate of the internalized QDs in cells is
a complicated issue. Classically, cargoes that entered cells
through clathrin-mediated endocytosis are delivered into
lysosomes,*! where they are degraded by lysosomal hydrolytic
enzymes. Lysosomes also participate in intracellular organelle
and macromolecule turnover via autophagy. Thus, the internal-
ized nanomaterials-induced autophagy may be an attempt to
degrade what is perceived by the cell as foreign or aberrant.*>*
Likewise, we also found that considerable CdTe QDs were
localized in lysosomes (Figure 4D—F) and triggered increase
in the autophagic marker LC3 (data not shown) after 24-hour
treatment which are consistent with previous reports.?*3¢
Moreover, our preliminary results showed that the intracellular
cadmium dose in the 10 pg/mL CdTe QDs-treated HUVECs
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Figure 8 Activation of ER stress-mediated apoptosis pathway in CdTe QDs-treated HUVECs.

Notes: (A) After 24-hour QDs treatment (10 pg/mL), the expressions of CHOP, pro-/activated caspase-4, and total/phosphorylated JNK proteins are determined by
immunoblotting. Densitometric analysis data in (B) were represented as mean = SD of three determinations. *P<<0.05 compared with respective control, **P<<0.0| compared
with respective control. (C) The effect of selective inhibitor (salubrinal, SP600125, Z-LEVD-fmk, and Z-VAD-fmk) in CdTe QDs-induced apoptosis of HUVECs (**P<0.01
compared with control, #P<<0.01 compared with 10 pg/mL CdTe QDs-treated cells). Data were represented as mean * SD of six determinations.

Abbreviations: ER, endoplasmic reticulum; CdTe QDs, cadmium telluride quantum dots; HUVECs, human umbilical vein endothelial cells; QDs, quantum dots; CHOP,
C/EBP homologous protein; JNK, c-JUN NH2-terminal kinase; SD, standard deviation; phos-JNK, phosphorylated JNK; SAL, salubrinal.

was much lower than the concentration (1 pmol/L) that did not
cause endothelial injury like lactate dehydrogenase leakage.?”
Taking together, we speculated that some amount of the
endocytotic CdTe QDs were slowly degraded in lysosomes,
but only the Cd** released from CdTe QDs is insufficient to
induce severe cellular malfunction during our tested period.
These results also prompt that encapsulating CdTe QDs core
with appropriate coating may effectively protect them from
lysosomal degradation and herein reduce their cytotoxicity.
It is noteworthy that there was a striking colocalization
between CdTe QDs and ER networks (Figure 4G-1), which
was rarely reported in the literature. Studies have revealed
that cholera toxin (CTX), simian virus 40 (SV40), and
autocrine motility factors that undergo caveolae-dependent
endocytosis are transported to the ER or Golgi.?**! Therefore,
one reasonable explanation for the colocalization of CdTe
QDs and ER in HUVECs would be that these CdTe QDs

were sorting to ER through the caveolae/rafts-dependent
endocytosis. After entering to the ER, both CTX and SV40
could take advantage of the protein folding and quality
control machinery in the ER for unfolding/uncoating and
membrane translocation so as to induce disease.** However,
whether the CdTe QDs sequestrated in ER were broken
down or transported to other position in HUVECS remains
unknown. It is thus necessary to determine the final fate of
CdTe QDs in ER as well as the probable disturbance of ER
or even cellular metabolism.

ER, which synthesizes and modifies secretory proteins, is
crucial for the secretory functions of ECs. However, patho-
logical stimuli (eg, oxidized low-density lipoprotein) could
disrupt protein folding reactions and cause an ER-initiated
UPR in vascular ECs.* It is known that the silver/silica NPs
and other toxicants could elevate GRP78 and GRP94, which
are important hallmarks of ER stress, in mammalian cells.!4
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Similarly, we observed that low-dose CdTe QDs (0.1 pg/mL
and 1 pg/mL) caused an increase in these two chaperones in
HUVEC:s (Figure 5A), whereas the high-concentration CdTe
QDs (10 pg/mL) triggered not only the upregulation of GRP78
and GRP94 (Figure 5A) but also the dilation of ER ultra-
structure (Figure 6). This dose-dependent ER stress response
showed a similar increase pattern as the CdTe QDs-induced
endothelial apoptosis (Figure 7). In conclusion, our results
validate that high dose of CdTe QDs (10 pg/mL, close to the
TC,, obtained from our previous results'’) might cause severe
pro-apoptotic ER stress response. Combined with previous
report,*# our data also suggest that NPs-induced ER stress
may be a common cellular response to nanomaterials in various
cell types. In addition, the lower dosage could be considered
as a warning to the following realistic damage outcomes.
Importantly, if serious ER stress was launched by isch-
emia, radiation, or NPs, the GRP78 that is physiologically

occupied with the ER-transmembrane effector PERK will
activate this molecule.”” Then, the elF2o could be directly
phosphorylated by activated PERK to inhibit protein
translation.***> However, ATF4 can bypass the elF2c
phosphorylation-caused translation inhibition and lead
to expression of apoptosis genes like ATF3 and CHOP/
GADDI153.% Likewise, in response to CdTe QDs-caused
ER stress, PERK was first activated and elF2o. was phos-
phorylated, accompanying the increased levels of ATF4
(Figure 5). These results suggest that CdTe QDs activated
PERK/elF20/ATF4-dependent ER stress signaling pathway
in HUVECs. Moreover, CHOP, as one of the downstream
targets of the PERK/eIF20/ATF4 UPR pathways, is a crucial
component of the ER stress-mediated apoptosis pathway.
The JNK and the ER-associated caspase-12 (caspase-4 in
human) were also involved in ER stress-mediated apoptotic
event.’**! Recently, it was reported separately that significant
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activation of caspase-12,°> JNK,* or CHOP**** occurred
in the many types of NPs-treated cells. In this study, we
observed an increase in CHOP expression, the stimulated
caspase-4 processing alongside with the phosphorylation
of JNK in QDs-treated HUVECs (Figure 8A). The specific
inhibitors of caspase-4 (Z-LEVD-fimk) and JNK (SP600125)
partly attenuated endothelial apoptotic death (Figure 8C).
The elF2o phosphorylation inhibitor SAL that can reduce
CHOP expression® also effectively protects cells against
ER stress-mediated apoptosis (Figure 8C). These findings
demonstrate the direct participation of ER in the CdTe QDs-
caused apoptotic cell death in HUVECSs, since all three ER
stress-mediated apoptosis pathways were involved. Our
results of QDs-induced pro-apoptotic ER stress signaling
pathways therefore complement the knowledge of the poten-
tial mechanism of QDs or even nanomaterials’ toxicity in
previous investigations. Furthermore, because ER stress has
a deleterious role in atherogenesis by induction of inflam-
matory cytokine expression, disturbance of ER calcium
metabolism, and triggering apoptosis in ECs,’ the CdTe
QDs which induced pro-apoptotic ER stress in HUVECs
can be interpreted as a potential risk for the development
of cardiovascular diseases. Although important findings
have been presented by this study, because of the extreme
complexity of in vivo systems, further in vivo studies are
required to accurately assess toxicity of QDs, particularly
with regard to the cardiovascular system.

Conclusion

In summary, our data showed that CdTe QDs could be
internalized by HUVECs via both caveolae/raft- and clathrin-
dependent endocytosis. We also provided the first evidence
that endothelial ER may be a target of QDs toxicity because
the CdTe QDs treatment caused significant ER stress, acti-
vated both the PERK-elF20-ATF4 UPR pathway and all of
the three downstream ER stress-mediated apoptosis path-
ways, and ultimately triggered ER stress-induced apoptotic
cell death in HUVECs (summary in Figure 9). Our study
highlighted the understanding of the toxic effects from QDs,
especially the potential safety risks for their future applica-
tions of CdTe QDs. The unexpected cytotoxicity of bare core
CdTe QDs suggests researchers to improve the manipulation
of CdTe QDs to make them nontoxic fluorescent probes for
future scientific and clinical usage.
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