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a b s t r a c t

The transformation of quantum dots (QDs) by organisms has attracted broad attention but remains un-

clear. Understanding of the metabolites helps to reveal the transformation pathway of QDs. Cd containing-

metallothionein (MT) are the main species formed by Cd released from CdSe QDs in HepG2 cells, while

speciation analysis of Cd containing MTs remains a challenge because MTs has several subisoforms and

can bind with several metals. Herein, we built a hyphenated platform for speciation analysis of QDs

in HepG2 cells after treatment with CdSe/ZnS QDs. The Cd-containing MTs were separated in reversed

phase high performance liquid chromatography (RP-HPLC) and subsequently online detected by induc-

tively coupled plasma mass spectrometry (ICP-MS) and electrospray ionization quadrupole time-of-flight

mass spectrometry (ESI-Q-TOF-MS) parallelly. Four groups of Cd-containing metabolites were found by

detecting Cd in ICP-MS. Their structures were identified in ESI-Q-TOF-MS and further confirmed with

standards of four subisoforms of MT, including N-terminal acetylation MT2a, N-terminal acetylation MT1e,

N-terminal acetylation MT1g and MT1m. Each group of them contains various stoichiometry of Cd/Zn.

The metabolites of QDs remain same while the concentrations of each metabolite and its stoichiometry

of Cd/Zn vary for different incubation concentration/time. This work provides a new parallel hyphenation

technique of HPLC-ICP-MS/ESI-MS with high separation resolution and powerful detection ability, and

the obtained results provide detailed metabolism information of QDs in HepG2 cells after treatment of

CdSe/ZnS QDs, contributing to deep exploration of the functional mechanisms of QDs in organisms.

© 2022 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Nanoparticles (NPs) have been widely used in bioimaging,

biosensors, disease diagnosis and drug delivering [1–5], in which

quantum dots (QDs) are a special kind of with unique fluores-

cence advantages [6]. However, with the rapid development of

QDs-related nanotechnology, the health effect of QDs to human be-

ing has become a non-ignorable issue, and the biosafety of QDs re-

mains unclear because little is known about the functional mecha-

nism of QDs. The recent mechanism studies of QDs toxicity found

QDs-mediated reactive oxygen species (ROS) induction was an im-

portant pathway to generate cytotoxicity [7,8]. Cd could be re-

leased from the QDs in living cells [9,10], which further induce

oxidative stress and mitochondrial damage in cells [11]. Thus, un-

derstanding the metabolism of QDs could reveal the basis of cyto-

toxicity of QDs.

The decomposition of Cd-QDs in living cells or organism was

obtained by many researches [12–14]. However, little is known
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about the existing species and the trans-formation of Cd after

its release from QDs in cells, which significantly affect the trans-

port, metabolism, accumulation and ultimate toxicity of QDs. In

our previous study, the existing forms of CdSe/ZnS QDs in HepG2

cells after co-incubation was explored by hyphenated techniques;

two species were found and identified as QD-like NPs and Cd

containing-metallothionein fraction (MT-F), respectively [15]. For

the MT-F, it was assumed to be formed by Cd released from QDs

with MTs in HepG2 cells; while more detailed information is re-

quired.

The hyphenation techniques combining high resolution separa-

tion tools such as high performance liquid chromatography (HPLC)

with high sensitivity detectors such as inductively coupled plasma

mass spectrometry (ICP-MS) are effective way for elemental speci-

ation. And utilization of molecular MS is a good choice for iden-

tification of unknown species. However, speciation analysis of MTs

is still difficult because MTs has several subisoforms with similar

retention behavior and can bind with several metals with different

molar ratio. Coupling HPLC with ICP-MS and electrospray ioniza-

tion (ESI)-MS in parallel were shown to be an attractive technique

to separate and identify individual MT isoforms [16,17]. However,
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Fig. 1. Schematic diagram of HPLC-ICP-MS/ESI-Q-TOF-MS analysis (operation condi-

tions listed in Table S1 in Supporting information).

reports on online parallel connection of ICP-MS and ESI-MS as

HPLC detectors are few, and the analytical performance should be

further improved.

Herein, to reveal the transformation of Cd released from QDs

in HepG2 cells, an on-line hyphenated technique of HPLC-ICP-MS/

ESI- quadrupole time-of-flight (Q-TOF)-MS parallel measurement

was developed for speciation of Cd containing-MTs, including the

subisoforms of MTs and the Cd/MTs molar ratio. Four kinds of

CdSe/ZnS QDs with different particle sizes (hydrodynamic diameter

of ca. 17–23nm) and functional groups (carboxyl or amino func-

tional group) (namely NH2-525, NH2-585, NH2-625, COOH-525)

were used to incubated with HepG2 cells as the same in our previ-

ous studies [15,18], and the MT-F fraction after size exclusion chro-

matographic separation was collected for HPLC-ICP-MS/ESI-Q-TOF-

MS analysis. The analytical strategy was illustrated in Fig. 1. After

HPLC separation, the effluent with/without acidification was ana-

lyzed by ICP-MS and ESI-Q-TOF-MS simultaneously. Parallel mea-

surement enabled monitoring elemental information of Cd by ICP-

MS and mass information of Cd-MTs in MT-F by ESI-Q-TOF-MS

simultaneously. With post-column acidification, MTs subisoforms

were demetallated as apo-MTs which facilitates identification of

the involved MTs subisoforms by ESI-Q-TOF-MS. Without post-

column acidification, mass spectra of metallated-metallothioneins

(M-MTs) would be provided by ESI-Q-TOF-MS. Compared the mass

to charge ratio of M-MTs to corresponding apo-MTs, the molar ra-

tio of Cd binding on MTs could be obtained.

Taking MT-F of NH2–525 (termed as NH2-525-F) as the repre-

sentative, the speciation results obtained for NH2-525-F were an-

alyzed and specified as follows. Firstly, result obtained by ICP-MS

detection without post-column acidification was analyzed to inves-

tigate the Cd containing species in NH2-525-F. As can be seen from

the chromatogram for ICP-MS detection of Cd and total ion chro-

matogram (TIC) of ESI-Q-TOF-MS detection in Figs. 2A and B, four

chromatographic peaks were observed in NH2-525-F. These peaks

with retention time at 1050, 1420, 1960 and 2240 s were named

as Metabolite 1, 2, 3, and 4, respectively.

Secondly, result obtained by ESI-Q-TOF-MS detection with post-

column acidification was analyzed to investigate the MS informa-

tion of apo-MTs subisoforms in Metabolites 1–4. The mass re-

sult of apo-MTs in Metabolites 1–4 is shown in Fig. 3A. To verify

the MTs subisoforms in Metabolites 1–4, all the apo-MTs in hu-

man beings with possible post-modification sites (such as acety-

lation) from Uniprot database (http://www.uniprot.org/) were se-

lected as candidates. The mass-charge ratio of the measured value

(m/zmeasured, z=4) was compared with the mass-charge ratio of

the theoretical value (m/ztheoretical, z=4) of the apo-MTs in hu-

man beings. Four subisoforms of apo-MTs, N-terminal acetylation

MT2a (N Ac-MT2a), N-terminal acetylation MT1e (N Ac-MT1e), N-

terminal acetylation MT1g (N Ac-MT1g) and MT1m (detailed prop-

erties listed in Table S2 in Supporting information), were obtained

in corresponding retention time of Metabolites 1–4, respectively.

The measured mass accuracies are all below 20ppm and the detail

results are listed in Table 1. Meanwhile, the extracted ion chro-

matogram (EIC) of the four apo-MTs was analyzed (Fig. 3B). All the

retention time of four apo-MTs in EIC were the same to the result

of Metabolites 1–4 in ICP-MS, which further confirmed the one-to-

one correspondence between apo-MTs and Metabolites 1–4.

Thirdly, result obtained by ESI-Q-TOF-MS detection without

post-column acidification was analyzed to investigate the MS in-

formation of Cd-MTs in Metabolites 1–4. The mass result of Cd-

MTs in Metabolites 1–4 is shown in Figs. 4A–C. After identification

of the subisoforms of apo-MTs for Metabolites 1–4, corresponding

Cd-MTs were selected as candidates for comparison, and the total

molar ratio of Cd and Zn to MT was fixed as 7. The mass-charge ra-

tio (m/z) of the measured value (m/zmeasured, z=5) was compared

with the m/z of the theoretical value (m/ztheoretical, z=5) of corre-

sponding Cd-MTs candidates in human beings. The measured mass

accuracies are all below 20ppm and the detail results are listed

in Table 1. As can be seen, Metabolites 1–4 are Cd,Zn-MTs com-

plex which are formed by different molar ratio of Cd/Zn (3:4, 4:3,

5:2 and 6:1) with N Ac-MT2a, N Ac-MT1e, N Ac-MT1g and MT1m,

respectively. Four group peaks with retention time at 1000, 1400,

2000 and 2200 s were also detected in MT-F for COOH-525, NH2-

585 and NH2-625 QDs incubated cells, as shown in Figs. S1–S12

(Supporting information). Components of COOH-525-F, NH2-585-F

and NH2-625-F are presented in Tables S3–S5 (Supporting informa-

tion). Similarly to that observed for NH2-525-F, Cd,Zn-MTs complex

are formed by different molar ratio of Cd/Zn with N Ac-MT2a, N

Ac-MT1e, N Ac-MT1g and MT1m for Metabolites 1–4, respectively.

The MT2a, MT1e, MT1g and MT1m related genes are consid-

ered to be highly expressed in HepG2 cells [19,20]. Moreover, the

expression protein of these MT-genes has high affinity for several

heavy-metal ions including Cd and Zn. In this work, Metabolites 1–

4 was separated by HPLC in order of the hydrophobicity properties

of MTs subisoforms as predicted by grand average of hydropathic-

ity (GRAVY). When the value of GRAVY is positive, the larger the

value is, the stronger the hydrophobicity is. The GRAVY value of

MT2a, MT1e, MT1g and MT1m is increased from 0.131 to 0.269 in

turn; it coincides the order in which Metabolites 1–4 was eluted

in HPLC. Meanwhile, the information of M-MTs in Metabolites 1–

4 obtained by HPLC-ESI-Q-TOF-MS without post-column acidifica-

tion indicated the molar ratio between metals and MTs was 7:1;

Cd and Zn, with the molar ratio of 2:5 to 7:0, were combined to-

gether with N Ac-MT2a, N Ac-MT1e, N Ac-MT1g and MT1m in Cd-

MTs, respectively. Among them, molar ratio of 4:3 and 5:2 were

the largest existing species, followed by molar ratio of 3:4 and 6:1,

and the molar ratio of 2:5 and 7:0 were the least. MTs commonly

consist of two subunits: α-domain (C-terminal) and β-domain (N-

terminal) [21]. MTs can always incorporate with seven divalent

metals (Cd, Zn, etc.) per molecule, providing a highly dynamic,

regulated, and uniquely biological metal buffer [22]. In vitro and

in vivo, MTs exist mainly in Zn form or as mixed-metal proteins

[21–23]. Previous studies have demonstrated that Cd can displace

Zn in MTs and form mixed Cd,Zn-MTs [24–27], because the bind-

ing constants for Cd with MTs is commonly two orders of magni-

tude more than that for Zn [21,23]. Thus, in this work, the Cd re-

leased from QDs was combined with four MTs subisoforms, form-

ing several different kinds of Cd,Zn-N Ac-MT2a, Cd,Zn-N Ac-MT1e,

Cd,Zn-N Ac-MT1m and Cd,Zn-MT1m species in HepG2 cells. Mean-

while, the QDs used in this work consisted of ZnS shell and CdSe

core, suggesting that a degradation of ZnS shell was a prerequi-

site for the decomposition of CdSe core. Thus, when Cd was re-

leased from QDs, Zn had been released from ZnS shell to a more

extent. As a result, Cd,Zn-MTs with median molar ratio of Cd/Zn

2
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Fig. 2. HPLC-ICP-MS/ESI-Q-TOF-MS analysis of NH2-525-F under different incubation concentrations without post-column acidification. (A) ICP-MS detection of Cd; (B) TIC

of ESI-Q-TOF-MS detection. 1–4 represent for Metabolites 1–4, respectively.

Fig. 3. MS spectra (A) and EIC (B) of 1521.8347 (z=4), 1514.8184 (z=4), 1546.66086 (z=4) and 1528.3376 (z=4) for Metabolites 1–4 in NH2-525-F (100nmol/L) with

post-column acidification. 1–4 represent for Metabolites 1–4, respectively.

Fig. 4. MS spectra of Metabolites 1–4 in NH2-525-F without post-column acidification under different incubation concentrations. (A) 100nmol/L, (B) 50nmol/L and (C)

10nmol/L. 1–4 represent for Metabolites 1–4.
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Table 1

MS information of NH2-525-F under different incubation concentrations.

Concentration Group species apo-MTs M-MTs

Measured

(m/z, z=4)

Theoretical

(m/z, z=4)

�ppm M Measured

(m/z, z=4)

Theoretical

(m/z, z=4)

�ppm

10nmol/L Metabolite 1 1521.8179 1521.8101 5.1 Cd4Zn3 1344.0956 1344.1048 -6.8

Cd5Zn2 1353.4952 1353.5021 -5.1

Metabolite 2 1514.8287 1514.8088 13.1 Cd5Zn2 1347.8984 1347.9010 -1.9

Cd6Zn 1357.4713 1357.4962 -18.3

Metabolite 3 1546.6123 1546.5864 16.7 Cd4Zn3 1363.9105 1363.9258 -11.2

Cd5Zn2 1373.3011 1373.3211 -14.5

Metabolite 4 1528.3405 1528.3140 17.2 Cd3Zn4 1339.8946 1339.9149 -4.8

Cd4Zn3 1349.3035 1349.3101 -4.8

Cd5Zn2 1358.6879 1358.7052 -12.8

50 nmol/L Metabolite 1 1521.8151 1521.8101 3.3 Cd3Zn4 1334.7101 1334.7059 3.1

Cd4Zn3 1344.1008 1344.1048 -3.9

Cd5Zn2 1353.4967 1353.5021 -5.6

Cd6Zn 1363.0897 1363.0973 -4.1

Metabolite 2 1514.8223 1514.8088 8.9 Cd4Zn3 1338.5102 1338.5058 3.3

Cd5Zn2 1347.9057 1347.9010 3.5

Cd6Zn 1357.5021 1357.4962 4.3

Metabolite 3 1546.6073 1546.5864 13.5 Cd3Zn4 1354.5325 1354.5306 1.4

Cd4Zn3 1363.9330 1363.9258 5.3

Cd5Zn2 1373.3262 1373.3211 3.7

Cd6Zn 1382.9210 1382.9162 3.5

Metabolite 4 1528.3377 1528.3140 16.9 Cd3Zn4 1339.9230 1339.9149 6.0

Cd4Zn3 1349.3213 1349.3101 8.3

Cd5Zn2 1358.7133 1358.7052 5.8

Cd6Zn 1368.3139 1368.3005 9.8

100 nmol/L Metabolite 1 1521.8347 1521.8101 16.1 Cd3Zn4 1334.6922 1334.7059 -10.3

Cd4Zn3 1344.0852 1344.1048 -14.6

Cd5Zn2 1353.4805 1353.5021 -15.9

Cd6Zn 1363.0727 1363.0973 -18.1

Metabolite 2 1514.8184 1514.8088 6.3 Cd3Zn4 1329.1068 1329.1106 -2.8

Cd4Zn3 1338.4938 1338.5058 -8.9

Cd5Zn2 1347.8837 1347.9010 -12.8

Cd6Zn 1357.4884 1357.4962 -5.7

Metabolite 3 1546.6086 1546.5864 14.3 Cd3Zn4 1354.5232 1354.5306 -5.4

Cd4Zn3 1363.9241 1363.9258 -1.2

Cd5Zn2 1373.3206 1373.3211 -0.4

Cd6Zn 1382.9136 1382.9162 -1.9

Metabolite 4 1528.3376 1528.3140 15.4 Cd3Zn4 1339.9215 1339.9149 4.9

Cd4Zn3 1349.3132 1349.3101 2.3

Cd5Zn2 1358.7084 1358.7052 2.3

Cd6Zn 1368.3066 1368.3005 4.4

(4:3 and 5:2) were the main existing species in Metabolites 1–4,

which is the evident that Cd(II) binds with stronger affinity than

Zn(II) to MT, implying possible toxicity of the degraded Cd from

QDs.

The variation of Cd-MTs components in cells after incubating

with different concentration /time and eliminating for different

time was investigated (results shown in Figs. S13–S44 and Tables

S6–S13 in Supporting information). Four species, Metabolites 1–4,

occurred whichever concentration/time was employed; while, the

intensity of Metabolites 1–4 is quite different when the incuba-

tion conditions was varied. For four QDs incubation, the intensity

of Metabolites 1–4 all rose up when QDs incubation concentrations

were increased, which was verified by ICP-MS and ESI-Q-TOF-MS

measurement simultaneously. Meanwhile, larger numbers of Cd-

MTs in Metabolites 1–4 were found with the increase of incubation

concentrations. It was demonstrated that the amount of CdSe/ZnS

QDs in cells increased with increasing the incubation concentra-

tions and more Cd was released from QDs [15]. Since MT-F was the

sum of Metabolites 1–4, these results confirmed the variation ten-

dency of MT-F amount under different incubation concentration in

our previous study [15]. Similar results were found under different

incubation time. Metabolites 1–4 all increased and growing num-

bers of M-MTs species in Metabolites 1–4 were obtained when the

incubation time was extended, due to the increasing release of Cd

from original QDs in cell matrix.

Meanwhile, the analytical results, obtained for Cd-MTs compo-

nents after eliminating for a certain time, showed that the inten-

sity of Metabolites 1–4 in three MT-F groups (NH2-525-F, COOH-

525-F, NH2-625-F) all increased firstly (0–12h) and then decreased

(12–48h); a little difference was obtained for NH2-585-F, the in-

tensity of Metabolites 1–4 decreased over all the time. It is prob-

ably ascribed to the relatively slow degradation rate for NH2-585

QDs [15], and the resulting slow Cd releasing from QDs in cells.

The difference needs to be further investigated. The number of M-

MTs species in Metabolites 1–4 decreased with elimination time

increasing from 0h to 48h.

In conclusion, we built an on-line parallel hyphenation tech-

nique of HPLC-ICP-MS/ESI-Q-TOF-MS for speciation analysis of

Cd in MT-F fraction collected from HepG2 cells incubated with

CdSe/ZnS QDs. Four group species, Metabolites 1–4, were obtained

in MT-F and they were confirmed to be Cd,Zn-MTs complex formed

by different molar ratio of Cd/Zn with N Ac-MT2a, N Ac-MT1e,

N Ac-MT1g and MT1m, respectively. Meanwhile, Metabolites 1–

4 was also observed in MT-F when different incubation concen-

tration/time and elimination time was employed. The intensity

of Metabolites 1–4 all increased and more Cd,Zn-MTs species in

each peak were obtained with increasing the incubation concen-

tration/time. This work proposed a MS-based hyphenated platform

with improved performance for metallomics research, and the ob-

tained results provided worthwhile information for the transfor-
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mation of CdSe QDs in cells, greatly contributing to the elucidation

of metabolism and toxicity of QDs.
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