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ABSTRACT Toxicity of quantum dots (QDs) has been a hot research concern in saseca

the past decade, and there is a lot of challenge in this field. The physicochemical
characteristics of QDs can affect their toxicity, while little is known about the c'w -
specific chemical form of QDs in living cells after incubation so far. In this work,
speciation of four (dSe/ZnS QDs in HepG2 cells was carried out from the sy
metallomics' point of view for the first time by using size exclusion chromatog-
raphy (SEC) coupled with inductively coupled plasma-mass spectrometry (ICP-MS).
On the basis of the signal of (d, two kinds of chemical forms, named as QD-1 and

QD-2, were observed in HepG2 cells incubated with CdSe/ZnS QDs. QD-1 was

demonstrated to be a kind of QD-like nanoparticles, confirmed by chromatographic retention time, transmission electron microscopy (TEM)
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characterization, and fluorescence detection. QD-2 was demonstrated to be cadmium—metallothioneins complex (Cd-MTs) by reversed phase liquid

chromatography (RPLC) synchronously coupled with ICP-MS and electrospray ionization quadrupole time-of-flight mass spectrometry (ESI-Q-TOF-MS)

analysis. Meanwhile, speciation of QDs in HepG2 cells incubated with different conditions was analyzed. With the variation of QDs incubation concentration/

time, and elimination time, the species of QD-1 and QD-2 were also observed without other obvious species, and both the amount of QD-1 and QD-2

increased with incubation concentration and time. The obtained results provide valuable information and a strategy for the study of existing chemical form

of QDs, greatly benefiting the understanding of QDs toxicity in living cells.
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HepG2 cells

unctionalized nanomaterials have

been widely used in the fields of elec-

tronics, energy, environment and
biomedicine as a result of the rapid devel-
opment of nanotechnology over the past
decade. Because of their unique optical
properties, quantum dots (QDs) have been
considered as a novel fluorescent probe and
extensively used in biomedical imaging,
cancer diagnostics and drug delivery.' 3
However, the biosafety of QDs has been a
tough question to be answered before the
QDs community moves into the clinical
application because of their nanosize effect
and heavy-metal components.

In recent years, it has been demonstrated
that the cytotoxicity of QDs would result in
cell morphology and structure variation, cell
growth inhibition, mitochondrial dysfunc-
tion, DNA damage and apoptosis;*> the
physicochemical properties, including the
composition, size, surface charge and sur-
face coatings affect the toxicity of QDs to a
great extent.®”'® To further understand and
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elucidate the toxicity caused by QDs, many
research groups have focused their atten-
tion on the mechanism study. The produc-
tion of reactive oxygen species (ROS) and
the release of toxic heavy metals have been
considered to be the main reason for QDs
cytotoxicity."'~'>  Unfortunately, toxicity
caused by QDs is extremely complicated
and little consensus has been reached.
Once exposed to the environmental or bio-
logical system, QDs, as well as other nano-
particles, were unlikely to keep their original
forms, and the transformation of QDs in
cells may be one important reason for the
complexity of mechanism. These transfor-
mations involve adsorption, chemical reac-
tion, dissolution, decomposition and aggre-
gation, and can affect the uptake, transport,
elimination and toxicity of QDs.'*™"® For
instance, CdSe QDs might decompose
under oxidative and acidic conditions and
release Cd."” 2" At the cellular level, Cd can
induce oxidative stress, mitochondrial dam-
age, apoptosis and disrupt the intracellular
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Figure 1. Speciation of QDs in HepG2 cells incubated with (NH,-625) and without (Control) QDs by SEC-ICP-MS.
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Figure 2. Speciation of QDs in HepG2 cells incubated with QDs determined by SEC-ICP-MS. (A) NH,-585; (B) NH,-525;

(C) COOH-525.

calcium signaling.?? The release of Cd from QDs plays a
key role in toxicity of QDs. Wiecinski et al.?® studied
the toxicity of oxidatively degraded QDs to Zebrafish,
and the results indicated that oxidatively weathered
QDs showed more toxic to Zebrafish relative to the
intact QDs. The increase in toxicity appeared attribu-
table to the oxidative degradation before incubation.
Soenen et al.*' found CdSe/CdS QDs rapidly degraded
under endosomal pH and release Cd, and the intra-
cellular degradation of QDs was found to augment
cytotoxicity with time, resulting in mitochondrial and
DNA damage, cell morphology and functionality
variation.

The degradation of QDs in living cells were observed
by many researchers, but little has been reported on
the existing species of QDs after degradation. The
metal composition of QDs inspired us to investigate
their speciation in cells from metallomics' point of view.
Metallomics is a novel omics science which was devel-
oped in this decade,?>2* focusing on the amount, spe-
ciation, distribution, structure and function of metals in
biological system. It provided a special and efficient
insight into the biological effects for metal based
nanomaterials (QDs, gold nanoparticles, silver nano-
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particles).?>?” The effective platform for metallomics
study presently is hyphenated techniques combining
high-resolution separation technique (liquid chroma-
tography, gas chromatography, gel electrophoresis or
capillary electrophoresis) with sensitive elemental or
molecular mass spectrometry detection. The hyphe-
nated techniques, especially those inductively coupled
plasma-mass spectrometry (ICP-MS)-based alterna-
tives have been demonstrated to be effective for the
speciation of nanoparticles. For instance, the liquid
chromatography techniques, including size exclusion
chromatograph (SEC) and reverse-phase high perfor-
mance liquid chromatography (RPLC), coupled with
ICP-MS techniques have been successfully applied
for separating species of Au nanoparticles and QDs in
aqueous solution. =3

In this work, the speciation of four CdSe/ZnS QDs in
HepG2 cells was achieved by using ICP-MS-based
hyphenated techniques. The existing species of QDs
in the incubated HepG2 cells were fractionated by SEC-
ICP-MS first and characterized by parallel RPLC-ICP-
MS/electrospray ionization quadrupole time-of-flight
mass spectrometry (ESI-Q-TOF-MS), transmission elec-
tron microscopy (TEM), and fluorescent spectrometry.
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Meanwhile, the effect of the incubation concentra-
tions, incubation time and elimination time on the
speciation of QDs was evaluated in detail.

RESULTS

Speciation of CdSe/ZnS QDs in HepG2 Cells by SEC-ICP-MS.
The species of QDs in HepG2 cells was analyzed by SEC-
ICP-MS. Two distinct peaks were observed in HepG2
cellsincubated with CdSe/ZnS QDs by determining Cd.
These two peaks with retention time (tg) at 975s and
1565s were denoted as QD-1 and QD-2, respectively
(Figure 1). For NH,-625 QD group, QD-1 and QD-2 were
named as NH,-625-1 and NH,-625-2, respectively. The
other three groups (NH,-585, NH,-525, COOH-525)
referred to the same naming rule (Figure 2). In the
control group, no obvious signal was found. This
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Figure 3. Relative amount of Cd/Se in QD-1 and QD-2
compared with the total amount of QDs in HepG2 cells.
The total amount of QDs was set as 100%.
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Figure 4. Retention time of QD-1 and original QDs obtained by SEC-ICP-MS. (A) NH,-625; (B) NH,-585; (C) NH,-525;

(D) COOH-525.
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(B)

suggested the QD-1 and QD-2 were formed as the
result of cellular uptake of CdSe/ZnS QDs.

The amount of Cd and Se in QD-1 and QD-2, and
inside the cells after incubation were determined,
respectively, and the results are shown in Figure 3.
As can be seen, the amount of Cd/Se in QD-1 and QD-2
vs that in the cells were both higher than 70%, suggest-
ing that the QDs ingested by the cells mainly existed as
QD-1 and QD-2, and the proportion of undetected
species in the total amount of ingested QDs was very
low. Meanwhile, cadmium-ethylenediamine tetra-
acetic acid (Cd-EDTA), as the representative of small
molecular Cd complex, was analyzed by SEC-ICP-MS
and appeared at 1860s (tg). However, no peaks at
this time point were found in HepG2 cells incubated
with all QDs, indicating that no small molecule
Cd-complex detected in HepG2 cells incubated with
CdSe/ZnS QDs.

Characterization of QD-1. The QD-1 species contained
both Cd and Se as shown in Figure 1 and according to
the tg of standard BSA protein (1134s), the molecular
weight of QD-1 (975s) was larger than 68KDa. Thus, it is
assumed that QD-1 was a macromolecule complex. For
a comparison, the retention performance of original
QDs and QD-1 was analyzed by SEC-ICP-MS. As shown
in Figure 4A, the retention time of NH,-625-1 (975s)
was close to that of NH,-625 QDs (980s) by determin-
ing Cd and Se, suggesting a similar retention perfor-
mance for them. The other three QDs group showed
the similar results (Figure 4B—D), as the tg of NH,-585-1
(978s), NH,-525-1 (977s) and COOH-525-1 (980s), was
close to that of NH,-585 QD (980s), NH,-525 QD (982s)
and COOH-525 QD (985s), respectively.
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Figure 5. TEM photograph of NH,-625-1 (A) and NH,-625 QD (B).
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Figure 6. Molar ratio of Cd and Se in NH,-625 QD and NH,-
625-1.

To further verify whether QD-1 was a kind of
nanoparticle or other macromolecule complex, the
morphology of NH,-625-1, as a representative of QD-1,
was characterized by TEM. The results in Figure 5A
confirmed that NH,-625-1 was a kind of nanoparticles
with a similar size to NH,-625 QDs (Figure 5B). How-
ever, the molar ratio of Cd and Se in QD-1 was signi-
ficantly lower than that in the NH,-625 QDs (Figure 6).
Meanwhile, the fluorescence properties of QD-1
and original QDs were investigated and compared.
As shown in Figure 7A, the maximum emission of
NH,-625 QDs was 619 nm, but no emission peak was
found in NH,-625-1 sample in the same scan range. The
other three QD-1 (NH,-585-1, NH,-525-1, COOH-525-1)
showed the similar results without any emission peak
in QD-1 (Figure 7B—D). From the results as shown in
Figure 4—7, it can be deduced that QD-1 species is kind
of nanoparticles consisting of Cd and Se which has a
similar size but different Cd/Se ratio to the original QDs
form. Therefore, we concluded the QD-1 species was a
kind of QD-like nanoparticles, which might contain
both original and degraded QDs.

Characterization of QD-2. The retention performance of
two kinds of Cd- metallothioneins (MTs) (Cd-MT1 and
Cd-MT2 standards) was investigated by SEC-ICP-MS. As
shown in Figure 8, the tz of NH,-625-2 (1565s) was

PENG ET AL.

between that of Cd-MT1 (1540s) and Cd-MT2 (1585s),
suggesting QD-2 was a small molecule complex with a
molecular weight of 6000—7000 Da. The results of other
three QDs groups were similar and all the tz of QD-2
species were between 1540s and 1585s (Figure 8).

To further confirm whether the QD-2 is a kind of
metallothionein (MT), a hyphenated technique cou-
pling RPLC with ICP-MS and ESI-Q-TOF-MS synchro-
nously was established. The NH,-625-2 species was
analyzed as the representative of QD-2. The result of
ICP-MS showed a signal of Cd and Zn (Figure 9). At the
time point of 1170s, ESI-Q-TOF-MS results showed a
signal of MTs containing Cd and Zn. Meanwhile, the
signal of demetalated-metallothioneins (apo-MTs) was
found after postcolumn acidification. The detailed MS
information on NH,-625-2 is listed in Table 1. Two kinds
of apo-MTs, MT1m and N-terminal acetylation MT2a
(N Ac-MT2a), and four kinds of MTs containing Cd and Zn
were found, including CdgZn—N Ac-MT2a, CdsZn,—N
Ac-MT2a, CdgZn-MT1m and CdsZn,-MT1m. The mea-
sured mass accuracy of all MTs was less than 10 ppm.
The detailed mass spectra of MTs and apo-MTs are
shown in Figure S1. The MS results confirmed that
QD-2 was a kind of Cd containing MTs.

Speciation of CdSe/ZnS QDs in HepG2 Cells Incubated with
Different Concentrations. HepG2 cells were incubated
with different concentrations of QDs (10, 50, 100 nM)
for 24 h, and the speciation of QDs were analyzed by
SEC-ICP-MS. As shown in Figure 10A, only two species,
QD-1 and QD-2, were found in HepG2 cells incubated
with NH,-625 QD under different concentrations. But
the amount of QD-1 and QD-2 (as Cd) both increased
with the increase of the incubation concentration. The
same tendency was observed by determining Se signal
as shown in Figure 10B. Meanwhile, the amount ratio of
Cd and Se in QD-1 was determined by ICP-MS and the
results are shown in Figure 10C. As can be seen, the
molar ratio of Cd and Se in QD-1 under different
incubation concentrations showed no significant dif-
ference but they were significantly lower than that in
the original NH,-625 QDs. Speciation of QDs in HepG2
cells incubated with other three QDs were analyzed by
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Figure 7. Fluorescence emission curve of QD-1 and original QDs. (A) NH,-625; (B) NH,-585; (C) NH,-525; (D) COOH-525.
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Cd-MT2 obtained by SEC-ICP-Ms. Figure 9. Retention performance of NH,-625-2 obtained by
o RPLC-ICP-MS.
the same method. Similar results were found as shown
in Figure S2—54. three QDs group (Figure S5—S7). The decrease of molar
Speciation of (dSe/ZnS QDs in HepG2 Cells Incubated for ratio of Cd and Se in QD-1 with the extending of
Different Times. HepG2 cells were incubated with four incubation time might be caused by the continuous

CdSe/ZnS QDs for different time (6, 12, 24 h), and the decomposition of QDs under acidic environment. To
speciation of QDs were analyzed by SEC-ICP-MS. As verify the assumption, the release of Cd and Se from
shown in Figure 11A, only QD-1 and QD-2 were QDs was simulated in acidic buffer solution (pH 5.0).
detected in HepG2 cells incubated with NH,-625 QDs The results in Figure 12 showed an increasing release
for different time. Their amount both increased with of Cd and Se from QDs with time prolonged. Mean-
the increase of incubation time by determining Cd. The while, molar ratio of Cd and Se released from NH,-625
results obtained by Se detection (Figure 11B) exhibited QDs was found to be larger than that in the original
similar tendency for QD-1. Meanwhile, the molar ratio NH»-625 QD (1.4) and further increased with incuba-
of Cd and Se in QD-1 was determined by ICP-MS, and tion time (Figure 12A). This suggested a faster release
the results are shown in Figure 11C. The molar ratio of ~ of Cd than Se from CdSe/ZnS QDs under acidic
Cd and Se decreased with the increase of the incuba- environment.

tion time and was much lower than that in original Speciation of C(dSe/ZnS QDs in HepG2 Cells at Different
NH,-625 QDs. The same tendency was found for other Elimination Times. The speciation of QDs in HepG2 cells

A > AN
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TABLE 1. Metallothioneins Information of NH,-625-2 at 1170s

Apo-MTs MTs
m/z, z = 4, most abundant m/z, z =5, most abundant
measured theoretical difference, ppm [ d d theoretical difference, ppm compound
1521.8024 1521.8101 —5.0 N Ac-MT2a 1363.0851 1363.0973 —9.0 (dsZn—N Ac-MT2a
1353.4984 1353.5021 —28 (dsZn,—N Ac-MT2a
1528.3068 1528.3140 —47 MT1m 1368.2872 1368.3005 —9.7 (dgZn—MT1m
1358.6931 1358.7052 —87 (dsZn,—MT1m
(A) F——10nM (B)
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Figure 10. Speciation of QDs in HepG2 cells incubated with different concentrations of NH,-625 QD. (A) Cd signal obtained by
SEC-ICP-MS; (B) Se signal obtained by SEC-ICP-MS. (C) Cd/Se molar ratio in NH,-625-1 determined by PN-ICP-MS.

under different elimination time was analyzed by
SEC-ICP-MS. As shown in Figure 13A, only two kinds
of species, QD-1 and QD-2, were found in HepG2 cells
incubated with NH,-625 QD for different elimination
time (0, 12, 24, 48 h). The amount of Cd in QD-1
decreased with the increase of the elimination time
and the same tendency was found in Figure 13B by
determining Se. However, QD-2 presented a different
tendency, the signal of Cd increased first in the elim-
ination time range of 0—12 h and then decreased in the
time range of 12—48 h. Speciation of QDs in HepG2
cells incubated with other three QDs was analyzed by
the same method. The variation tendency of QD-1 and
QD-2in NH,-525 QDs group (Figure S8) and COOH-525
QDs group (Figure S9) were the same as that in
NH,-625 QDs group. However, the result of NH,-585
QDs group (Figure S10) showed a little different ten-
dency and the amount of QD-1 and QD-2 both de-
creased at the range of 0—48 h. Further investigation
will be processed for the understanding of the perfor-
mance difference.

PENG ET AL.

DISCUSSION

Biosafety of QDs has been becoming one of the
research hotspots over the past decade due to their
potential application in clinical medicine3*73* It is
well-known many factors can affect the toxicity of
QDs. Among them, the transformation and species of
QDs in biological systems cannot be neglected.'®"”
While, little is known about the existing form of QDs in
living cells so far. In this work, we focused on the
speciation of CdSe/ZnS QDs in HepG2 cells for the first
time. Two species (QD-1 and QD-2) were found in the
HepG2 cells incubated with four CdSe/ZnS QDs by
using SEC-ICP-MS measurement, and they were con-
sidered to be transformed by the cellular ingested QDs
because no signals of Cd and Se were found in the
control group. What's more, in our previous study,*
the employed QDs was proved to be very stable in
physiological conditions and no free Cd released from
QDs was observed. Accordingly, the observed species
herein are due to the intracellular processing of
the QDs instead the decomposition of QDs under
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Figure 11. Speciation of QDs in HepG2 cells after incubated with NH,-625 QD for different time. (A) Cd signal obtained by
SEC-ICP-MS; (B) Se signal obtained by SEC-ICP-MS; (C) Cd/Se molar ratio in NH,-625-1 determined by PN-ICP-MS.
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Figure 12. Release of Cd and Se from QDs in buffer solution.

physiological conditions. Meanwhile, the ingested QDs
in HepG2 cells mainly existed as QD-1 and QD-2,
occupied appr. 70% of the total QDs uptaken by cells
and no small complex, such as Cd-EDTA, were found.
Besides QD-1 and QD-2, there might be some other
metabolic products of QDs, like several Se-containing
species, which is probably caused by the release of
Se together with Cd from the QDs surface in cells.
However, their amount is less than 30% of the total
QDs uptaken by cells. They were undetected by the
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employed SEC-ICP-MS method possibly because their
amount was lower than the detection limit of this
method.

The structure of QD-1 and QD-2 were preliminarily
characterized by a series of techniques. The TEM
characteristic result showed QD-1 was a kind of nano-
particles with similar size to original QDs, while ICP-MS
results showed a different molar ratio of Cd and Se
for QD-1 and original QDs. The tg of QD-1 was close to
that of CdSe/ZnS QDs, suggesting a similar retention
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Figure 13. Speciation of QDs in HepG2 cells incubated with NH,-625 QD at different elimination time. (A) Cd signal by

SEC-ICP-MS; (B) Se signal by SEC-ICP-MS.

behavior to CdSe/ZnS QDs. Though no obvious fluo-
rescence signal was detected for QD-1, it is hard to
exclude that QD-1 inherits fluorescence properties
because obvious fluorescence was observed for four
CdSe/ZnS QDs in lysosomes of HepG2 cells after
incubation for 24 h in our previous work.® Thus, we
speculated the original QDs were included in QD-1.The
possible reasons for that the fluorescence of QD-1 was
not observed could be attributed to the following facts.
First, the fluorescence intensity of QD-1 was too low to
be detected by the employed fluorescence spectro-
photometer. The amount of QD-1 was very low in the
incubated cells, partly due to the low uptake efficiency
of QDs by HepG2 cells as reported in our previous
study.>> Meanwhile, the coexisting protein in the frac-
tion of QD-1 might interfere the detection of the QD-1
fluorescence emission. Thus, QD-1 was ultimately de-
fined as a kind of QD-like nanoparticles, which might
contain both original and degraded QDs and its detail
and accurate composition needs further study.

QD-2 was confirmed to be a kind of Cd-MTs by
parallel RPLC-ICP-MS/ESI-Q-TOF-MS analysis. The for-
mation of Cd-MTs was the combination of Cd ions
released from the CdSe/ZnS QDs and the MTs in the
cells. It is well-known that ZnS surface coating can
prevent the release of Cd from CdSe QDs core and
ultimately the toxicity of CdSe QDs.>*3*” However,
whether the surface coating can completely prevent
the release of toxic components from QDs under the
complicated environmental and biological conditions
is still a question. The stability of QDs is challenged
in the end-up location of lysosomal compartments,
which is an acidic and oxidative environment.''>®
Several studies have reported the release of Cd from
CdSe QDs under the protection coating.'®3%4® Simi-
larly, in the present study, the increased release of Cd
and Se from CdSe/ZnS QDs with time was found under
acidic solution (pH 5.0). The released Cd was consid-
ered to be bound to MTs, a kind of small, sulfydryl-rich,
metal-binding protein.*"*? As reported in previous
studies, MTs played a key role on the protection of
cells from the Cd toxicity.*>~* In our previous study,
the overexpression of MT-related gene was found in
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HepG2 cells incubated with all four kinds of CdSe/ZnS
QDs.*

The cellular uptake and elimination of CdSe/ZnS QDs
has been studied from an insight of total amount of
intracellular QDs in our previous study,®® and it should
be pointed out that no evident cytotoxicity of four em-
ployed QDs was observed in the range of 10—100 nM,
which might be attributed to the structure of the ZnS
shell and the PEG coating in four QDs. In this work, a
further study based on speciation of the ingested QDs
by HepG2 cells was carried out. Our results showed
only two kinds of species, QD-1 and QD-2, were found
under all the conditions, including different incubation
concentrations, incubation time and elimination time.
However, the amount of QD-1 and QD-2 varied under
different incubation conditions. The amount of QD-1
and QD-2 both increased with the increase of incuba-
tion concentrations for all four kinds of CdSe/ZnS QDs.
The amount of QD-1 and QD-2 depended on the
cellular uptake of QDs which were found to be increas-
ing with the incubation concentrations increased.>
Thus, a corresponding increase of QD-1 and QD-2 was
expected. A similar result was found under different
incubation time. QD-1 and QD-2 both increased with
time due to the uptake of QDs increased with time.
However, a decreased molar ratio of Cd/Se in QD-1 was
found over incubation time. This might be caused by
the further decomposition of QD-1. As a faster release
of Cd from NH,-625 QD than Se was found under acidic
solution, the further decompose of QD-1 in cells might
cause more release of Cd and ultimately a decreased
molar ratio of Cd/Se with time.

Meanwhile, the variation in the amount of QD-1 and
QD-2 at different elimination time was investigated.
The results showed that the amount of QD-1 decreased
with time, but QD-2 increased first and then decreased.
The amount of QD-1 was influenced by two factors: the
elimination by cells and the further self-decomposition.
the These two factors both decreased the amount of
QD-1 and ultimately caused the decrease of QD-1 with
elimination time. The amount of QD-2 was affected by
two factors: the elimination by cells which decreased
the amount of QD-2 and the contribution of QD-1
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further self-decomposition which increased the amount
of QD-2. The ultimate tendency depended on the net
effect of these two factors. At the beginning of elim-
ination, the contribution of QD-1 self-decomposition
played a leading role and ultimately increased the
amount of QD-2. As time extended, elimination by
cells played a more important role and ultimately de-
creased the amount of QD-2. The results in NH,-585
QDs group showed a little difference compared with
other three QDs group and the amount of QD-2 kept
decreasing over time. This might be caused by the slow
degradation of NH,-585 QDs for which the released
Cd signal was detected until 36 h (Figure 12). As the
self-decomposition of QD-1 was slow and even can be
ignored, the net amount of QD-2 mainly was depended
on the cellular elimination and ultimately decreased
over time.

MATERIALS AND METHODS

Reagents and Instruments. The four CdSe/ZnS QDs used in this
study (NH,-625, NH,-585, NH,-525 and COOH-525) were com-
posed of cadmium selenide (CdSe) core and zinc sulfide (ZnS)
shell particles, encapsulated within the same amphipathic
polymer of poly(acrylic acid) and PEG coating. The difference
between them was the surface functional group (NH, or COOH)
and the maximum emission wavelength (525, 585, and 625 nm),
and their detail physicochemical properties were described
previously.3> The standard stock solutions of Cd (1 g/L) and Se
(1 g/L) were prepared by dissolving Cd(NOs), - 4H,0 (AR, Shang-
hai Chemistry Reagent Company, China) and Na,SeOs (97%,
Wako, Japan) in high purity deionized water, respectively.
LC—MS grade reagents such as ammonium acetate (NH;Ac),
trifluoroacetic acid (TFA) and CH;OH were purchased from
Anaqua Chemicals Supply Inc. (America). Zn-MT1 and Zn-MT2
(>97%, from rabbit liver) were purchased from Dalian Free Trade
Zone United BoTai Biotechnology Co., Ltd. (Dalian, China).
Cd-MT1 and Cd-MT2 used in this study were obtained by
replacing Zn in Zn-MT1 and Zn-MT2 with Cd ion, respectively.
All other reagents were at least of analytical reagent grade. To
control the blank value, all the laboratory ware was thoroughly
washed by soaking in 10% HNOs for at least 24 h. The sub-boiled
HNO3; was employed throughout the experiments.

The transmission electron micrograph (TEM) was obtained
using a JEOL EM2010 electron microscope (Tokyo, Japan). The
sample was lyophilized by a vacuum freezing dryer (Beijing,
China). A hemacytometer (Shanghai Qiujing Biochemical
Reagent Instrument Co,, Ltd., China) was used for cell counting.
The sonicator (40KW, XinZi Tech, Ningbo, China) was used for
cell rapture.

Cellular Culture and Coincubation with CdSe/ZnS QDs. Human he-
patocellular carcinoma cells (HepG2) were cultured in Dulbec-
co's modified Eagle's medium (DMEM, Gibco) supplemented
with 10% fetal bovine serum (Gibco) and 1% penicillin/strepto-
mycin at 37 °C in a humidified atmosphere with 5% CO,. The
medium was renewed every other day, and cells were passaged
when they reached 80% confluence. Before being exposed to
QDs, HepG2 cells were seeded in 25 cm? flasks (Corning, NY,
USA) and cultured at 37 °C overnight. All the QD solution was
freshly suspended in DMEM solution without serum before cell
culture treatment.

Cell Sample Treatment. After incubation, the cells was washed
with cold phosphate buffer saline (PBS) for three times and
harvested by trypsinization. Then cells were redispersed in
600 uL 20 mM ammonium acetate (pH 7.4), and the solution
was ultrasonicated in ice—water bath for 30 min (power 50%,
30 s stop, 30 s pulse). The mixture was centrifuged (4 °C, 8000g,
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CONCLUSION

In summary, speciation of four CdSe/ZnS QDs in
HepG2 cells was processed by ICP-MS-based hyphe-
nated techniques. After incubation by four CdSe/ZnS
QDs with different functional groups (NH, or COOH) and
particle sizes under various concentrations for different
times, respectively, two kinds of chemical form, named
as QD-1 and QD-2, were found in HepG2 cells. QD-1 and
QD-2 were confirmed to be a kind of QD-like nanopar-
ticles and a kind of Cd-MTs, respectively. This work
provided valuable information on the speciation of
CdSe/ZnS QDs in HepG2 cells for the first time and the
investigation and verification of these two species of
QDs were carried out with the cooperative aid of
inorganic and organic mass spectrometry-based hyphe-
nated techniques, which contributes to understanding
the metabolism and toxicity of QDs in living cells.

10 min) and the supernatant was collected and stored at 4 °C
before analysis.

SEC-ICP-MS Measurement. The obtained cytosol as mentioned
above was filtered with 0.22 um filter membrane prior to
analysis and an aliquot of 50 uL was subjected to SEC-ICP-MS
measurement. In details, sample separation was carried out on a
LC-10AD HPLC system (Shimadzu, Japan) equipped with a size
exclusion column (Superdex 75 10/300 GL, 300 x 10 mm I.D.,
13 um, GE Healthcare, Sweden). The effluent was directly infused
into ICP-MS (Agilent 7500a, Japan) for detection. The operation
conditions of SEC-ICP-MS method are summarized in Table S1.

Pneumatic Nebulization (PN)-ICP-MS Measurement of QDs, QD-1 and
QD-2. HepG2 cells were incubated with QDs (100 nM) for 24 h.
After incubation, the cells was washed with PBS solution for
three times and harvested by trypsinization. The collected cells
were divided into two equal parts. One part was directly
digested by concentrated nitric acid and determined by PN-
ICP-MS, and the result was considered as the total amount of
QDs in the cells. The other part was ultrasonicated in ice—water
bath for 30 min and the supernatant was collected after
centrifugation. Then, the collected supernatant was separated
by SEC column after filtration and the fraction of QD-1 (840—
1100 s) and QD-2 (1450—1700 s) were collected, respectively.
Then, these two fractions solution were mixed together and
digested with concentrated nitric acid and determined by
PN-ICP-MS, the result was considered as the total amount of
QD-1 and QD-2 in the cells.

Comparison of Retention Time. In order to investigate the
molecular weight of QD-1 and QD-2, the retention time of four
kinds of CdSe/ZnS QDs and two kinds of metallothionein (Cd-
MT1 and Cd-MT2, 6—7KDa) were determined by SEC-ICP-MS. The
retention time of cadmium-ethylenediamine tetraacetic acid
complex (Cd-EDTA) was 1860 s according to ICP-MS determina-
tion. The retention time of Bovine Serum Albumin (BSA, 67KDa)
was 1134s determined by UV detection after SEC separation.

Molar Ratio of Cd/Se in QD-1 Determined by PN-ICP-MS. The QD-1
fraction (840—1100 s) was collected after separation by SEC
column as described above and then digested with concen-
trated HNO3 (67%) for 3 h at 85 °C. The solution was evaporated
to remove superfluous acid and diluted with 5% HNOs to 1 mL
prior to PN-ICP-MS determination.

Fluorescence Detection. The QD-1 fraction (840—1100 s) was
collected after separation by SEC column as described above.
Then the fluorescence spectra of QD-1 was obtained with a
RF-5301PC spectrophotometer (Shimadzu, Japan) equipped
with a 150 W xenon lamp (Ushio Inc., Japan). Meanwhile, the
fluorescence spectra of four CdSe/ZnS QDs solution were
obtained by the same process.
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(d and Se Released from QD Determined by PN-ICP-MS. The possible
degradation of QDs in cells was investigated in PBS buffer (pH
5.0). 200 L of 100 nmol L' QDs were dispersed and incubated
in PBS buffer solution at 37 °C for a certain time. Then the mixed
solution was ultrafiltrated (4 °C, 10000g, 10 min) with centrifugal
filter devices (amicon ultra-4, 3 kDa, Millipore, USA). The ultra-
filtrate was collected and subjected to PN-ICP-MS detection of
Cd and Se. The total amount of Cd and Se in QDs without
incubation was also determined to calculate the release per-
centage of Cd and Se.

RPLC-ICP-MS/ESI-QTOF-MS ~ Measurement. The QD-2 fraction
(1450—1700 s) was collected from ten injections (50 uL per
injection). Then the fractions were combined together, freeze-
dried, resolubilized in 50 uL of water and stored in —70 °C
before subsequent detection. Aliquot of 30 uL sample was
subjected to RPLC-ICP-MS/ESI-MS analysis. In details, sample
separation was carried out on a ultimate 3000 HPLC system
(Dionex, USA) equipped with a C;g column acclaim 120 (150 x
2.1 mm LD, 3 um, Dionex, USA). The effluent was directly
infused into a zero dead volume PEEK T-piece with a compen-
sated current (H,O or 1% TFA) delivered by means of a micro
pump in the Dionex HPLC system. The confluence solution was
then infused into a splitter. The splitter was simultaneously
coupled with an X series2 ICP-MS (ThermoFisher Scientific, USA)
with a concentrated nebulizer and a microTOF-Q Ill MS with an
ESI ion source (Bruker, Germany), with a split ratio of 50:1
(effluent to ICP-MS/effluent to ESI-Q-TOF-MS). The operation con-
ditions of C;g HPLC-ICP-MS/ESI-Q-TOF-MS are listed in Table S2.
The initial calibration of ESI-Q-TOF-MS was performed using
sodium trifluoroacetate. The data were analyzed by Compass
Data Analysis software (Bruker, Germany). The information on
human MTs, MT2a (UniProtKB: P02795) and MT1m (UniProtKB:
Q8N339), were obtained from Uniprot database. The amino acid
sequences of MT2a and MT1m were 1" MDPNCSCAAGDSCTC-
AGSCKCKECKCTSCKKSCCSCCPVGCAKCAQGCICKGASDKCSCCA
61" and 1" MDPNCSCTTGVSCACTGSCTCKECKCTSCKKSCCSCCP-
VGCAKCAHGCVCKGTLENCSCCA 61/, respectively. The acety-
lated site of MT2a was on the unique methionine at N-terminal
(1). The mass-to-charge ratio in theory (m/Zyeoretica) Was
obtained from IsotopePattern software (Bruker, Germany) and
the mass accuracy was expressed in ppm and calculated as the
ratio (m/zmeasured - m/ztheoretical)/m/ztheoretical mUItip”ed by 106-

Speciation of QDs in HepG2 Cells by SEC-ICP-MS under Different
Incubation Conditions. To analyze the species of QDs in HepG2
cells under different incubation conditions, HepG2 cells were
incubated with QDs under a series of incubation concentrations
(10, 50, 100 nM), incubation time (6, 12, 24 h) and elimination
time (0, 12, 24, 48 h), respectively. The sample treatment and
analytical procedure were referred to the process as described
above.
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