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In view of the significance and urgency of the speciation analysis of
quantum dots (QDs) and their degradation products for clarifying
their degradation rules and toxicity mechanisms, a method for the
identification and quantification of CdTe QDs and corresponding
ionic species in complex matrices was developed using capillary
zone electrophoresis (CZE) coupled to inductively coupled plasma-
mass spectrometry (ICP-MS). The quality assessment of commercial
CdTe QDs and serum pharmacokinetics of synthesized CdTe QDs in
rats were successfully undertaken using the developed CZE-ICP-MS
method.

Quantum dots (QDs) exhibit special physicochemical properties
and unique optical properties and have been widely applied in
biomedical imaging, biological sensing and chemical detection,'™®
etc. As a result, environmental and biological exposure to QDs
has become increasingly prominent, and their potential risks
to human health and the environment, especially those of
Cd-based QDs, are becoming an important topic.

The release of free Cd>" resulting from the degradation of
Cd-based QDs has been suggested to be the cause of their
overall toxicity in organisms.””® Traditional methods for evalu-
ating the degradation of QDs mainly include blue shifts in
spectra (fluorescence excitation spectra and UV-visible absorp-
tion spectra),” the decrease of fluorescence intensity and tissue
metallothionein (MT) elevation (free Cd>" is a potent inducer
of MT),>'° etc. However, these methods have been deemed to
be problematic due to either the aggregation of QDs or the high
and variable background fluorescence that results from the
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complex media or the fact that these methods cannot accurately
quantify the QDs. A variety of on-line combined techniques,
such as size exclusion chromatography (SEC) coupled with
inductively coupled plasma-mass spectrometry (ICP-MS),"""
thin layer chromatography (TLC) coupled to ICP-MS," field
flow fractionation (FFF) coupled to ICP-MS,™* etc., have been
widely used for the quantification of nanoparticles (NPs) and
corresponding metal ions. However, the above methods are
either poorly reproducible with weak separation abilities, give
low recovery rates or are unable to achieve simultaneous detec-
tion of NPs and ions.

Capillary electrophoresis (CE) combined with ICP-MS
provides extremely high sensitivity for small sample volumes
and has exhibited great potential for the characterization and
separation of NPs, including AgNPs,"> AuNPs,'® etc. However,
due to the strong adsorption of QDs to ions'” and the complexity
of CE, the simultaneous separation and accurate quantification
of QDs and corresponding ionic species is very difficult and has
not been reported so far.

In this study, CdTe QDs capped with 1-glutathione/t-cysteine
were synthesized and selected as the research target in view of
their wide applications,'® convenient preparation by an aqueous
“green” route and their high fluorescence quantum yields (Fig. 1).
During the degradation of Te-containing QDs under certain
conditions, Te can be released and could be further oxidized
to form the oxyanion TeO;>, which is highly toxic to most
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Fig. 1 Absorption spectra and emission spectra (a) and AFM image (b) of
L-GSH/L-Cys-capped CdTe QDs obtained in aqueous solution. The maximum
emission wavelength is 580 Nm (lex = 450 nm), with a full width at half-
maximum (FWHM) of the fluorescence emission spectra of 42 nm. The
average diameter of CdTe QDs was 5.1 +£ 0.6 nm.
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microorganisms.">*® We developed the capillary zone electro-
phoresis coupled to ICP-MS (CZE-ICP-MS) method for the
separation and quantification of CdTe QDs and corresponding
ionic species (Cd** and TeO;>) in buffer solution and complex
biological matrices for the first time.

Firstly, we optimized the separation conditions of CdTe QDs,
Cd*" and TeO;>". Considering the stability of CdTe QDs and the
electro-osmotic flow (EOF), the pH values of the running buffer
and sample buffer were adjusted to 8.0-10.0 in the following
studies. We found that the separation of CdTe QDs and TeOQ;>~
in buffer solution was realized successfully with a borate saline
buffer (BSB, Na,B,0,-H3;BO3, pH 9.0) as the running buffer and
a phosphate buffer (PB, Na,HPO,~-NaH,PO,, pH 8.0) as the
sample buffer. However, no isolated Cd>" peak was observed, as
the migration time (ty) of Cd* is consistent with that of CdTe
QDs (Fig. 2a and b). In addition, the results show no improve-
ment when both the running buffer and the sample buffer are
either PB or BSB with different pH values (Fig. S1 and S2, ESIT).
We tried to realize the separation of CdTe QDs and Cd*" by
adding sodium dodecyl sulfate (SDS, anionic surfactant), cetyl-
trimethyl ammonium bromide (CTAB, cationic surfactant), or
Tween 20 (nonionic surfactant) to the running buffer and/or the
sample buffer. Moreover, the addition of ethylenediamine
tetraacetic acid (EDTA) to the sample solution leads to the
formation of a small molecular Cd**~EDTA complex'' which
changes the charge-to-size ratio. The results showed no change
in the elution of CdTe QDs and Cd*" in the above work.
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Fig. 2 Electropherograms of (a, ¢ and e) the mixture sample consisting of
40 pM CdTe QDs (calculated as Cd, the same as below), 0.5 mg L™ Cd?*
and 0.5 mg L™! TeOz?~ (calculated as Te, the same as below) in buffer
solution obtained using CZE-ICP-MS. Electropherograms of (b, d and f) the
mixture sample consisting of 0.5 mg L=* Cd®* and 0.5 mg L™ TeOs*~ in
buffer solution obtained using CZE-ICP-MS. (a and b) The running buffer is
40 mM BSB (pH 9.0). 30 mM PB (pH 8.0) was added to the sample solution.
(c and d) The running buffer is 30 mM Na,HPO4 (pH 9.0). 0.3% (v/v) Tween
20 and 40 mM BSB (pH 9.0) were added to the sample solution. (e and f) The
running buffer is 30 mM Na,HPO, (pH 9.0). 2 mg mL~* HSA and 40 mM BSB
(pH 9.0) were added to the sample solution.
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However, when 30 mM Na,HPO, (pH 9.0) and BSB (pH 9.0)
were used as the running buffer and the sample buffer respec-
tively, we found that the ty; of Cd** gradually moved backwards
compared with that of TeO;*~ with the increase in the BSB
concentration. Adding 0.3% (v/v) Tween 20 to the sample
solution could dramatically improve the stability of the electro-
phoretic current, thereby improving the reproducibility. The
Cd** peak completely moved to the back of the TeO;>~ peak and
baseline separation was realized when the concentration of BSB
(pH 9.0) reached 40 mM (Fig. S3, ESIt{). This interesting
phenomenon can probably be attributed to the formation of
a Cd*>*-BSB complex with a larger negative charge, which
migrates faster than TeO;>” in the opposite direction of the
EOF, and thus elutes at a later time compared to TeO;>". There-
fore, in subsequent studies, 40 mM BSB (pH 9.0) was selected as
the optimal sample buffer. Unfortunately, under current separa-
tion conditions, the Cd*" was thoroughly separated from the
CdTe QDs, but baseline separation of the CdTe QDs and TeO,>~
was not achieved (Fig. 2c and d). Later, we added human serum
albumin (HSA) to the sample solution, and were surprised to find
that not only could HSA play the same role as Tween 20 in
improving the electrophoretic current stability but the addition
also realized the baseline separation between CdTe QDs, Cd>*
and TeO;>" (Fig. 2e). Nevertheless, in the electropherogram of
Cd*" and TeO;>" (Fig. 2f), two distinct peaks due to Cd** species
were observed, and the shorter ty of the Cd®" species peak was
identical to that of the CdTe QDs in Fig. 2e. These two Cd>*
species with the shorter ¢, and the longer ¢, compared with
TeO,>~ were named Cd*'[1] and Cd>72], respectively. It was
speculated that Cd**[1] was probably a Cd**~-HSA complex,*'*>
which has a similar charge-to-size ratio to the CdTe QDs and the
Cd*'[2] was probably a Cd**~-BSB complex.

Furthermore, the influence of the HSA concentration on the
separation and method sensitivity of CdTe QDs, Cd** and
TeO;>~ was studied in the range of 0-5 mg mL ™" (Fig. S4, ESI{).

The results indicated that the resolution of Cd** and TeO;>~
was improved with the increase in the HSA concentration, and
the signal intensity of the peak due to Cd*>'[1] was enhanced
when the HSA concentration was increased; however, the oppo-
site trend was observed for Cd**[2]. The total signal intensities of
Cd*[1] and Cd**[2] remained unchanged, which means that
these two Cd>* species have the same vaporization and diffusion
effects according to CZE-ICP-MS analysis. In addition, with a
fixed HSA concentration, the peak area ratio of Cd*[1] to Cd*[2]
stays almost constant and does not change with the Cd**
concentration in solution. Therefore, the Cd**[2] signal was used
as the basis in the following quantification analysis of the Cd**
containing the Cd*1] and Cd>[2] species. Considering the
adequate resolution between CdTe QDs and TeO;>", 2 mg mL ™
HSA was adopted as the optimum additive concentration.

Additionally, under the current optimum conditions, the
influence of the concentration of Na,HPO, (pH 9.0) as the running
buffer on the separation of CdTe QDs, Cd*" and TeO;>~ was
investigated using CZE-ICP-MS (Fig. S5, ESIt). Ultimately, 30 mM
Na,HPO, (pH 9.0) was selected as the optimal running buffer in all
subsequent experiments.
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Fig. 3 Electropherograms of the mixture sample consisting of 40 uM
CdTe QDs, 0.5 mg L™ Cd?* and 0.5 mg L™t TeOs?~ in the cell culture
solution (a) and the serum sample (c) obtained using CZE-ICP-MS.
Electropherograms of the mixture sample consisting of 0.5 mg L= Cd?*
and 0.5 mg L™! TeOz?~ in the cell culture solution (b) and the serum
sample (d) obtained using CZE-ICP-MS. The running buffer is 30 mM
Na;HPO4 (pH 9.0). 40 mM BSB (pH 9.0) was added to the sample solution.

The speciation of CdTe QDs, Cd*" and TeO;>" in the cell
culture solution and serum sample was analyzed using CZE-
ICP-MS. The results showed that the mixture was completely
separated with satisfactory resolution (Fig. 3a and c). The Cd**
peak was proportionally divided into peaks due to Cd*[1] and
Cd**[2] (Fig. 3b and d). According to the previous experimental
results, it is easy to speculate that Cd*>*[1] might be a complex of
Cd** and fetal bovine serum albumin (Cd**-FBSA) from the cell
culture solution or the complex of Cd** and rat serum albumin
(Cd**-RSA) from the serum sample, and Cd>[2] was probably
the Cd**-BSB complex.

For the separation of CdTe QDs, Cd*" and TeO;>” in the
cell culture solution, as discussed before, the Cd>'[2] signal
increased with the concentration of fetal bovine serum (FBS).
As a result, the cell culture solution containing 10% FBS was
diluted twice as part of the optimum conditions, and the other
optimum conditions were the same as above. For the separation
of CdTe QDs, Cd*>" and TeO;>~ in the serum sample, in order to
obtain the maximum signal intensity of Cd*'[2] to improve the
analysis sensitivity of the Cd** obtained from the CdTe QD
degradation in serum samples, the dilution factor of the serum
sample was optimized by the speciation analysis of Cd** in the
serum sample (Fig. S6, ESIT). Ultimately, the serum sample was
diluted 20 times as part of the optimum conditions. In addition,
the peak area ratio of Cd*"[1] to Cd*'[2] remained constant with a
fixed concentration of FBSA or RSA in the sample solution,
which means that FBSA and RSA could play the same important
role as HSA in the buffer solution.

Next, the analytical performance parameters of the CZE-ICP-MS
method are evaluated and summarized in Table S2 (ESIt). The
results were satisfactory with a wide linear range, low limits of
detection (LODs, microgram per liter for TeO,>~ and sub-
microgram per liter for Cd**), good repeatability and good
selectivity for the quantification of CdTe QDs, Cd** and TeO;*~
in different matrices.

From the above results, it is clearly shown that the Cd**
species were proportionally divided into Cd*'[1] and Cd**[2] in
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Fig. 4 Schematic of the simultaneous quantification of CdTe QDs, Cd?*
and TeOs?~ in samples. ACd?*[1], ACd?*[2] and AQDs—Cd in this figure
represent the peak areas of Cd?*[1], Cd®*[2] and Cd of the CdTe QDs,
respectively. CCd?* and CQDs—Cd represent the concentrations of the
Cd?* and Cd of the CdTe QDs in samples, respectively.

three matrices, and the electrophoresis peak due to the CdTe
QDs overlaps with that due to Cd*>'[1]. Therefore, the simulta-
neous quantification of CdTe QDs, Cd>" and TeO;>~ can be
carried out according to the method shown in Fig. 4. Specifi-
cally, the Cd*" was quantified by the external calibration curves
of Cd*'[2]. Then, in turn, the peak area of Cd*'[1] was deduced
by the external calibration curves of Cd**[1]. For the quantifica-
tion of Cd of the CdTe QDs (CdTe QDs-Cd), the peak area of
CdTe QDs-Cd was calculated by subtracting the peak area of
Cd*'[1] from the overlapping peak areas of CdTe QDs-Cd and
Cd**[1]. Then, CdTe QDs-Cd was quantified using the external
calibration curves of the Cd*" species (Cd*‘[1] + Cd*2]).
Furthermore, the TeO;>” and Te of the CdTe QDs (CdTe
QDs-Te) in samples were quantified directly using the external
calibration curves of TeO;> . Additionally, the accuracy of
the above quantitative methods was validated by quantitating
the CdTe QDs with different sample pretreatment methods
(Table S3, ESIt).

Lastly, the quality assessment of commercial CdTe QDs and
serum pharmacokinetics of synthesized CdTe QDs in rats were
successfully undertaken using the developed CZE-ICP-MS
method. The electropherograms of two commercial CdTe QDs
are shown in Fig. S7 (ESIt). The analysis results showed that
commercial CdTe QDs exhibited severe degradation and/or the
purification was not effective (Table S4, ESIt). Therefore, the
quality evaluation of QDs before the animal/cell experiments is
extremely necessary for toxicity mechanism studies of QDs.
Fischer et al.*® first tracked QDs via Cd measurement in the
blood and organs of rats using inductively coupled plasma-
atomic emission spectrometry (ICP-AES) and presented a quan-
titative report on the kinetic parameters of QDs in the rats.
Several biological fate studies of QDs in vivo using ICP-AES and
ICP-MS have since been reported.>*>® However, the uncoupled
ICP-AES and ICP-MS analytical techniques were unable to
distinguish whether Cd was bound within the QDs or had been
released into the blood or tissues. In this study, we accurately
determined the amounts of CdTe QDs-Cd, CdTe QDs-Te,

This journal is © The Royal Society of Chemistry 2018
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Fig. 5 Concentration—time curves of CdTe QDs-Cd and CdTe QDs-Te
in rat serum after intravenous injection of synthesized CdTe QDs by
CZE-ICP-MS analysis. ty/, is the elimination half-life time. AUCqy_; is the
area under the serum concentration—time profiles between 0 and t days
(tis 7 d for CdTe QDs—Cd and t is 6 d for CdTe QDs-Te). CL is the
clearance rate. V; is the apparent distribution volume of the central
compartment for the two-compartment model. r? is the square of the
correlation coefficient of the fitting curve.

free Cd**, and TeO;*>  in serum in a single run using the
developed CZE-ICP-MS method. The concentration changes of
CdTe QDs, Cd** and TeO,;>~ in serum with time are shown in
Table S5 (ESIt). The simulated serum circulation curves and the
main pharmacokinetic parameters calculated by fitting the
data over 1 week with the two-compartment model are shown
in Fig. 5. The results showed that the molar ratio of CdTe
QDs-Cd to CdTe QDs-Te in serum was reduced from 4.50 + 0.24
to 0.79 £ 0.37 (far below the initial molar ratio of 4.56 + 0.38),
which means the degradation rate of CdTe QDs-Cd is faster
than that of CdTe QDs-Te. Further studies will be performed
to understand the degradation or metabolism mechanisms of
CdTe QDs, and this work is ongoing.

In summary, we have developed a promising method for the
identification and quantification of CdTe QDs and their degra-
dation products (Cd*" and TeO;>") in complex matrices using
CZE-ICP-MS. The key to the successful separation is to utilize
Na,HPO, (pH 9.0) and Na,B,0,-H3;BO; (pH 9.0), inexpensive
and commonly used reagents, as the running buffer and the
sample buffer, respectively. Furthermore, the addition of HSA
to the buffer solution was considered necessary for the baseline
separation of CdTe QDs and TeO;>", and no additional reagents
were required for the cell culture solution and animal serum due to
the serum albumin coexisting in the above two complex matrices.
The developed CZE-ICP-MS method has been successfully applied
to the quality assessment of commercial CdTe QDs and the serum
pharmacokinetics of synthesized CdTe QDs. The proposed method
provides a novel strategy not only for comprehensively understand-
ing the degradation rules and toxicity mechanisms of CdTe QDs but
also for the study of the purification effect and synthetic process
control of CdTe QDs. Furthermore, it also provides ideas for
relevant research into other QDs and their analogues.
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