
This is an Accepted Manuscript, which has been through the 
Royal Society of Chemistry peer review process and has been 
accepted for publication.

Accepted Manuscripts are published online shortly after 
acceptance, before technical editing, formatting and proof reading. 
Using this free service, authors can make their results available 
to the community, in citable form, before we publish the edited 
article. We will replace this Accepted Manuscript with the edited 
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the 
Information for Authors.

Please note that technical editing may introduce minor changes 
to the text and/or graphics, which may alter content. The journal’s 
standard Terms & Conditions and the Ethical guidelines still 
apply. In no event shall the Royal Society of Chemistry be held 
responsible for any errors or omissions in this Accepted Manuscript 
or any consequences arising from the use of any information it 
contains. 

Accepted Manuscript

JAAS

www.rsc.org/jaas

http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/


1 
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Time-Dependent Biodistribution and Dissolution of Quantum Dots in Living Rats 

Cheng-Kuan Su, Ting-Yu Cheng, and Yuh-Chang Sun* 

Department of Biomedical Engineering and Environmental Sciences, National Tsing-Hua 

University, Hsinchu, 30013, Taiwan. 

Abstract 

Although quantum dots (QDs) are generally toxic substances due to their heavy metal 

contents, direct characterization of their dissolution behaviors in living systems remains 

complicated because of the dearth of differentiation methods suitable for analyzing their 

released components and residual nanostructures. To investigate the degree of QD 

dissolution in living rats, in this study we employed a chemical vapor generation scheme 

as a novel strategy to selectively vaporize the chalcogen (Te) species released from 

CdSeTe/ZnS core/shell QDs (QD705) in rat organ/tissue samples. Under optimized 

conditions, we established a chemical differentiation method that exhibited superior 

performance and applicability relative to the commonly used filtration method. For rats 

intravenously administered with QD705, we used SolvableTM tissue solubilizer to 

dissolve the harvested rat tissues. Our experimental results revealed differences in the Te- 

and Cd-based biodistribution patterns of QD705; in addition, we found that the ratio of 

the concentrations of released Te species from QD705 dissolution to total Te species 

(Ter/Tetotal) increased in rat blood, liver, and spleen, but decreased in kidney from 2 to 16 

weeks post-administration. Therefore, the QD705 administered in living rats must have 

dissolved and redistributed progressively during the time course of the experiment, 
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suggesting that the long-term chemical fate of nanosized materials in vivo should be 

considered in future nanotoxicological research. 

Keywords: biodistribution, chemical vaporization, inductively coupled plasma mass 

spectrometry, quantum dots 
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1. Introduction 

Quantum dots (QDs), with their outstanding optical characteristics (including high 

quantum yields, narrow and tunable emission spectra, and good photostability), are 

particularly attractive nanomaterials (NMs) with potential biomedical applications.1-7 

Recent progress in surface functionalization of QDs is not only making them the most 

effective fluorophores for sensing and in vivo imaging but also allowing them to enter 

living animals.2,5 Nevertheless, once QDs and related NMs are administrated into living 

animals or discharged into our environment, concerns arising from the adverse biological 

effects of these substances, and their long-term chemical fate in particular, should be 

addressed thoroughly.8-13 

The toxicity of QDs is attributed mainly to their chemical composition [e.g., content of 

cadmium (Cd), selenium (Se), or tellurium (Te)] and the interactions between biological 

components and the species released from QDs as they break down or decompose, 

thereby inducing cytotoxicity similar to that of their individual ions.9,11,13-16 To assess the 

toxic effects of QDs in complex systems in vivo, a prerequisite is understanding their 

biodistribution with respect to different exposure routes and their bioaccumulation in 

preferred and non-preferred organs at each point of time post-administration.8,9,12,15,17,18 

Moreover, the biotransformation of QDs should be monitored carefully because they can 

be retained within animal bodies for very long periods of time.11,12,17-21 

Regardless of whether the quantification strategy involves whole-body animal imaging 

or an absolute quantification strategy after harvesting animal tissue/organ samples, the 

challenge remains to distinctly determine the contents of the QD nanostructures and their 
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dissolved ions in living animals.17-20 Many NMs that do not appear to release their 

constituent ions in simple aqueous media might release them in biological fluids because 

of variations in pH conditions or the presence of endogenous chelators that could extract 

less-coordinated ions from their solid structures.21 Therefore, interpretations of the 

adverse effects and toxicological properties of QDs in vivo remain limited and 

problematic. 

When evaluating the degrees of QD dissolution and the concentrations of their released 

species in simple aqueous media, centrifugation and membrane filtration methods are 

typically selected because of their well-recognized capability for size-discrimination.22-26 

The fractions of released species determined using these approaches can, however, be 

inconsistent and difficult to compare systematically. The removal of the species released 

from QDs that strongly or loosely attach to various kinds of proteins or other 

biomolecules during the size discrimination procedure would lead to inaccurate 

measurements of the fractions of dissolved species.27,28 Hence, we are interested in 

developing more-efficient and more-reliable techniques for rapidly differentiating 

released species and administrated QDs/NMs coexisting in real complicated biological 

matrices to accurately investigate their biodistribution and, more exactly, to reveal their 

chemical fates as well as their related toxicities in biological systems. 

To differentiate released species and residual QD nanostructures in whole organ/tissue 

samples, our rationale in this study was based on the dissimilar effects of chemical vapor 

generation (VG) on dissolved and undissolved chalcogen (Te and Se) species from 

administrated QDs (QD705; CdSeTe/ZnS core/shell nanostructures). The chalcogen 

species released from QD705 can be converted into the volatile hydrogen telluride (H2Te) 
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and hydrogen selenium (H2Se) upon interactions with a strong reducing agent (e.g., 

NaBH4). In contrast, the native chalcogen species in QD705 would not be vaporized 

through this conventional chemical VG method because their oxidation state is already at 

the lowest possible value (–2). Furthermore, because the basal concentration of Te in an 

animal body is usually too low to be detected,29,30 the content of Te is a reasonably good 

indicator of exogenously administrated Te-containing QD705. Although Se is also one of 

the QD705 constituent elements, the endogenous Se components in rat organs and tissues 

would hinder the applicability of chemical VG method because it was incapable of 

distinguishing between endogenous and exogenous sources of Se ions. To measure of the 

content of Te species and, thereby, infer the degree of QD dissolution in vivo, in this 

study we developed an analytical method based on flow-injection-analysis hydride 

generation (HG)/inductively coupled plasma mass spectrometry (ICP-MS) to rapidly 

determine the biodistribution of QDs and the ratios of the concentrations of released Te 

species from QD dissolution to those of the total Te species in complicated biological 

samples. To study the degrees of QD705 dissolution in rat blood, liver, spleen, kidney, 

lung, and brain after an intravenous dosage of 200 pmole QD705 kg–1 body weight, we 

applied the SolvableTM tissue solubilizer to dissolve the harvested rat tissues while 

maintaining the integrity of the residual QDs. After optimizing this NaBH4-based 

chemical vaporization scheme, the solubilized animal samples were mixed with normal 

phosphate-buffered saline (PBS) solution and divided into two parts. To determine the 

dissolved Te species resulted from QD705 dissolution, one part was used to directly 

interact with NaBH4. To determine the total content of Te, we treated the other part of 
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sample with a 10 M HCl solution for completely dissolving the residual QD705 

nanostructures and then converted TeO3
2- to H2Te by interaction with NaBH4. 
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2. Experimental 

2.1 Chemicals 

The Qtracker® 705 non-targeted QDs (QD705; Q21061MP, Life TechnologiesTM, 

Carlsbad, CA, USA) were CdSeTe/ZnS core/shell nanostructures featuring amphiphilic 

methoxy-PEG-5000 surface coatings and a maximum fluorescence emission at a 

wavelength of 705 nm. Because their PEGylated surfaces minimize nonspecific 

biological interactions and immune responses, these commercial QDs have been popular 

for in vivo imaging and nanotoxicological studies.31-33 Each tube of this product 

contained 200 μL of a 2 μM solution in 50 mM borate buffer (pH 8.3); the chemical 

composition (lot number: 1003186) analyzed after acid digestion revealed that the 

concentrations of Cd, Se, and Te species were 1982 ± 30, 492 ± 9, 34 ± 1 mg L–1, 

respectively. Stock solutions of Te(IV) and Cd(II) (1000 mg L–1) were obtained from 

Merck (Darmstadt, Germany). NaBH4 (71321, Sigma–Aldrich, MO, USA), HCl (J. T. 

Baker, NJ, USA), HNO3 (J. T. Baker, NJ, USA), and PBS (P3813, Sigma–Aldrich, MO, 

USA) were employed without further purification. SolvableTM tissue solubilizer 

(6NE9100, PerkinElmer, IL, USA) was purchased ready-to-use. 

2.2 Apparatus and Methods 

Fig. 1 and S1 (ESI†) illustrated the schematic representation and concept of our proposed 

HG–ICP-MS differentiation method for the study of QD dissolution. A dual-channel 

syringe pump (KDS 260, KD Scientific, MA, USA) and plastic 2.5-mL syringes 

(4606027V, B. Braun, Melsungen, Germany) were used to load samples into 10-μL 

polytetrafluoroethylene sample loops positioned on two six-port valves (C22Z-3186, 
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Valco, Lucerne, Switzerland). The two valves were synchronized and programmed by a 

single laptop via a serial valve interface (SIV-110, Valco) to switch their positions with a 

1-min delay time and consecutively load and inject samples (to avoid the signal 

overlapping from the two valves; sample throughput: 60 h-1); the detailed operation 

sequence was provided in Table 1. Samples mixed with an equal volume of PBS (pH 7.4) 

were used to determine the released Te species from QD705 dissolution; mixing with 10 

M HCl was necessary to determine total Te concentrations. The samples in the sample 

loops were transported by a carrier stream of 0.25 M HCl (0.75 mL min-1) and online-

mixed with a 0.05% NaBH4 solution (with 0.1% NaOH; 0.75 mL min-1) through a 

commercial polyether ether ketone mixing tee (ZT1MFPK, Valco). Without passing 

through a long reaction coil, the mixture was immediately transported to a commercial 

gas/liquid separator (GLS; B0507959, PerkinElmer) to separate the volatile H2Te from 

the aqueous medium. The GLS was made from chemically resistant plastic with an 

exchangeable PTFE membrane in the screw cap to prevent the liquid from being carried 

into the ICP torch. The volatile H2Te was online-monitored using an Agilent 7500a ICP 

mass spectrometer system (Agilent Technologies, CA, USA) with time-resolved scanning 

at m/z 125 (Te). 

2.3 Animal Studies and Sample Preparation 

Adult male Sprague–Dawley rats (188 ± 16 g; n = 16) were obtained from BioLASCO 

(Taiwan). These animals, which were specifically pathogen-free, were acclimatized to 

their environmentally controlled quarters (25 °C; 12-h light/12-h dark cycle); water and 

food were available ad libitum. All animal treatments and experimental protocols were 

conducted in conformity with the guidelines and approval of the Institutional Animal 
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Care and Use Committee at National Tsing-Hua University (approval number: 10051). 

Eight rats were injected, via tail veins, with 40 pmole QD705 (20 µL of a 2-µM solution) 

prepared in PBS; the others were injected with PBS as the control group. The rats were 

sacrificed 2 and 16 weeks post-administration; the rat samples collected included blood, 

liver, spleen, kidney, lung, and brain. 

To maintain the physicochemical properties of the released Te species and residual 

QD705, tissue solubilization was performed using SolvableTM in a relatively minor 

sample pretreatment procedure. The rat samples (ca. 0.1 g) were completely dissolved by 

tenfold (w/v) dilution with SolvableTM and maintained at 60 °C for 2 h. Additional 20-

fold dilution of the homogenized samples using PBS solution was necessary to eliminate 

the matrix effect of biomolecules on the chemical VG method. Rat serum collected from 

the control group was treated using an identical procedure for use as the sample matrix 

and to construct calibration curves. Rat organ/tissue samples (ca. 0.2 g) digested with 

concentrated HNO3 and heated in a microwave oven (Mars, CEM, Matthews, NC, USA) 

were used to determine the total Te (m/z 125) and Cd (m/z 111) concentrations through a 

routine ICP-MS analysis method. All the data are reported as the mean ± standard 

deviation (SD). Statistical comparisons of Ter/Tetotal ratios between the two groups (2 and 

16 weeks post-administration) were carried out by Student’s two-tailed unpaired t-test 

and considered to be significantly different when p < 0.05. 
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3. Results and Discussion 

3.1 Determination of Ionic Te Species in Original QD Solution 

The physicochemical properties of the tested QDs, QD705, have been characterized 

previously using transmission electron microscopy (TEM) and dynamic light scattering 

(DLS).31-33 Because our aim was to differentiate released Te ions from residual QD705, 

we examined the original ionic Te fraction in this commercial product using a 

conventional centrifugal filtration method [molecular weight cut-off (MWCO): 3 kDa]. 

This fraction of diffusible Te species was 0.18 ± 0.03%; hence, we considered QD 

dissolution to have occurred in our experiments when the concentration ratio of released 

Te species to total Te species was greater than this original ionic Te fraction. 

3.2 Establishment of Chemical Differentiation Method 

To employ the chemical VG as a novel working mechanism for chemically 

differentiating released Te species and residual QDs in animal tissue/organ samples, we 

selected the TeO3
2– ion as the analyte Te species released from QDs because it does form 

a H2Te species when reacted with NaBH4.
34 The critical conditions that allowed 

vaporization of the dissolved Te species (TeO3
2–), but not Te2– species in QDs, required 

optimization of the concentration of the reductant (NaBH4), the concentration of HCl in 

the carrier solution, and the content of the coexisting biological matrix. 

By adjusting the concentrations of the reductant and of HCl in the carrier solution to 

allow chemical differentiation of the two Te species, we compared the signal intensities 

of H2Te generated from TeO3
2– and QD705, respectively, under various experimental 
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conditions. Fig. 2 and S2 revealed that although the differentiation scheme operated at the 

conditions of higher NaBH4 and HCl (in carrier stream) concentrations would provide 

better signal intensities for both the two Te species, the maximum difference in 

sensitivity toward the TeO3
2– and QD705 species (both were prepared in normal PBS 

solution) occurred when applying 0.05% NaBH4 and 0.25 M HCl (here, the intensity ratio 

for the two Te species was 57.9 ± 5.4). As the HCl concentrations in the carrier stream 

increased, both the vaporization efficiencies of TeO3
2- and QD705 increased (Fig. S2) 

because the hydronium ions (H3O
+) from HCl solutions would (i) prompt the QD705 

dissolution during this transportation process from sample loops to GLS, and (ii) improve 

the vaporization of TeO3
2- and that dissolved from QD705 nanostructures.35-37 As a result, 

a high concentration of HCl in the carrier solution was unfavorable because it led to 

vaporization of released Te species from the QD705-containing samples. 

When QDs/NMs are dispersed in a biological system, a protein corona layer forms 

immediately on their surfaces; accordingly, the characteristics of the QDs/NMs might be 

totally different from those in their original status.38-40 By using DLS, we indeed 

observed that the average hydrodynamic diameter (intensity-averaged size distribution) 

of the tested QD705 (20 nM) increased from 44 ± 2 to 53 ± 2 nm after dispersion into 1% 

fresh rat serum, suggesting the attachment of a 9-nm-thick layer of biomolecules. After 

preparing solutions of TeO3
2– and QD705 in different concentrations of fresh rat serum, 

we examined the vaporization efficiencies of the two Te species in terms of the effect of 

the biological matrix on our chemical VG scheme. Surprisingly, when the concentration 

of rat serum was 0.5%, we observed almost no volatile H2Te species generated from the 

QD705 samples (Fig. 3A) and obtained an intensity ratio for the two Te species of greater 
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than 5000, confirming that the biological matrix for our developed chemical VG scheme 

played a critical role in the differentiation of the released Te species from QD705 

dissolution and the residual QD705 nanostructures. Nevertheless, the rat serum also 

suppressed the vaporization efficiency of the TeO3
2– ions. To reach a compromise 

between the sensitivity and degree of differentiation, we employed 0.5% of the biological 

matrix as the upper limit for our subsequent analytical studies (the matrix in rat organ and 

tissue samples were totally 200-fold diluted before being subject to HG process). Thus, 

chemical differentiation of released Te ions from residual QD nanostructures was feasible 

through careful adjustment of the concentrations of NaBH4 and HCl (in the carrier 

solution) as well as the content of biological matrix in the tested samples. 

Having verified that our HG-based scheme was capable of selectively measuring the 

content of free TeO3
2– species originating from QD705, we examined its applicability in 

the direct determination of the total Te concentration in rat organ/tissue samples. As 

indicated in Fig. 3B, we required the condition of 5 M HCl to completely decompose 

QD705 species dispersed in 0.5% rat serum samples and convert them into totally 

dissolved species. Accordingly, we mixed equal volumes of the SolvableTM-treated rat 

organ/tissue samples and 10 M HCl solution prior to determination of the total Te 

concentration (both the released Te and residual QD705). For the proposed NaBH4-based 

hydride generation scheme, the hydronium ions from HCl solutions played an important 

role in not only improving the vaporization of the dissolved Te from QD705 

dissolution35-37 but also prompting the dissolution of the residual QD705 nanostructures 

for the total Te measurement. As the treated HCl concentrations increased, the 

vaporization efficiencies of the residual QD705 nanostructures increased because QD705 
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was first dissolved and then vaporized through the facilitation of hydronium ions. Our 

results also indicated that a 3.75-M HCl solution was capable of efficiently dissolving all 

the remaining QD705 nanostructures in rat serum samples, allowing the equal sensitivity 

of the two Te species. 

After QD705 administration and dissolution, rat organs and tissues contained both the 

dissolved Te species and non-dissolved Te species remaining in residual QD705 

nanostructures. If these samples were treated with HCl solutions, the additional 

dissolution of the originally non-dissolved Te species would be promoted by the added 

hydronium ions and led to bias in Ter/Tetotal ratios. Therefore, we adopt normal PBS as a 

conditioning solution and conduct the experiments in the range of non-maximal signal 

intensities mainly due to the vaporization of the released Te species without altering the 

original equilibrium status between the dissolved Te species and residual QD705 

nanostructures in rat organ and tissue samples. Based on our experiments described 

above, mixing the SolvableTM-treated rat organ/tissue sample with 10 mM PBS (pH 7.4) 

and 10 M HCl solutions, respectively, allowed quantification of the released Te species 

and total Te species in the same analytical sequence. 

The optimization of the operation flow rates of reductant and carrier solution was 

provided in the Fig. S3. After method optimization and a successful feasibility study, we 

evaluated the analytical performance under the optimized operating conditions (Table 2). 

From calibration curves for TeO3
2– and QD705 species (10–500 ng L–1) prepared in 0.5% 

fresh rat serum (Table 3 and Fig. S4), we determined the limits of detection (three times 

the SD of the baseline noise; n = 7) were 0.4 and 1.8 ng L–1, respectively, for the total Te 

concentration (sample premixed with 10 M HCl) and the released Te species (sample 
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premixed with PBS solution). Because of the superior transportation efficiency of 

gaseous species in the HG–ICP-MS analysis mode, the analytical sensitivity of our 

system was greater than that of routine ICP-MS analysis when determining the total Te 

concentration. Moreover, we examined the method’s accuracy and applicability by 

testing 0.5% rat serum samples spiked with TeO3
2– and QD705 at various concentrations, 

providing different concentration ratios of TeO3
2– to total Te. In Fig. 4, the slope of the 

expected-to-measured ratio of TeO3
2–/Tetotal was 0.9979 (ideally, this ratio should be 1). 

In other words, neither the high salt content nor the complicated biological matrix had a 

significant influence on the method’s accuracy when differentiating released Te species 

from QD705 nanostructures. We have adopted Se as an indicator to state QD705 

dissolution in biological system; however, our results indicated that the endogenous Se 

species in rat organs and tissues made the differentiation of released Se species from 

residual QD705 nanostructures infeasible since the expected-to-measured ratio of SeO3
2–

/Setotal was only 0.2747 for 0.5% rat serum samples (Fig. S5, ESI†). 

We also applied membrane-based centrifugal filtration (MWCO: 3 kDa) as a general 

strategy to study the QD705 dissolution behavior.41-43 It revealed that even though the 

released Te species from QD705 dissolution were probably anionic, their adhesion to 

biomolecules was weak relatively to that of cationic species,44 with a 12% slope 

departure (slope = 0.8789) between the expected and measured ratios in the samples 

containing 0.5% rat serum (Fig. S6, ESI†). When we used this filtration method to 

separate the cationic species (e.g., Cd2+) co-released from QD705, the slope of the 

expected-to-measured ratio was only 0.5726, suggesting that the bias between the 

measured and exact Cd2+ fractions was greater than 40%. This comparison also implies 
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that interpretations of the toxic effects of QDs resulting from their released species, as 

evaluated using membrane filtration methods, might be erroneous because they mostly 

ignore the interactions between the freely dissolved ionic species and complicated 

biological molecules. In contrast, our developed chemical VG-based differentiation 

scheme is not only simple and sensitive but also reliable when evaluating the degrees of 

QD dissolution in complicated biological systems. 

Maintaining the original physicochemical properties of the released Te species and 

QD705 after physical/chemical pretreatment is of paramount importance when studying 

QD dissolution from harvested animal samples. Treatment of tissue samples with alkaline 

tetramethylammonium hydroxide (TMAH) has been reported to extract NMs and their 

constituent ions.45,46 In this study, we adapted a convenient solubilization protocol 

(samples were completely dissolved by tenfold dilution with SolvableTM and then heating 

at 60 °C for 2 h) 47,48 to dissolve the harvested rat samples as well as maintain the original 

integrity of the two distinct Te-containing species. Analyses of control rat samples, 

including blood, liver, spleen, kidney, lung, and brain, spiked with TeO3
2– or QD705 

before and after performing the solubilization provided data within the acceptable spike 

recoveries (84–118%, Table 4), suggesting that (i) the pretreatment of rat samples using 

this solubilization procedure did not alter the original properties of the released Te 

species or QD705 and successfully met the requirements for hyphenation to our HG–ICP-

MS method, and (ii) adopting rat serum as a sample matrix to calibrate others organ and 

tissue samples was justified and chemical VG method was tolerant to complicated 

biological matrix. 

3.3 Biodistribution and Dissolution of QD705 in Living Rats 
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Fig. 5 demonstrated the time-resolved signal intensities of Te for the spleen samples of 

control rat spiked with TeO3
2- and QD705 (0.1 µg Te L-1) respectively and the rat spleen 

sample 2 weeks post-administration [200 pmole QD705 kg–1 body weight (as 3.4 µg Te 

kg–1 body weight)]. It clearly illustrated that our proposed HG–ICP-MS differentiation 

scheme only vaporized the TeO3
2- species without the signal contributions from the 

residual QD705 nanostructures, and QD705 dissolved and released Te species which 

would potentially redistribute to others rat organs and tissues. We then obtained the 

element-related biodistribution of QD705 at 2 and 16 weeks post-administration, based 

on the respective quantification of Te and Cd (Table 5). Interestingly, the profiles of the 

Cd-based biodistribution patterns of QD705 were similar to that reported by the Lin 

group;49,50 there were, however, apparent discrepancies between the Te- and Cd-based 

biodistribution patterns of the administrated QD705. The total administrated Cd species, 

including the fraction in residual QD705 and the released fraction, were characteristically 

deposited in the liver, spleen, and kidney; in contrast, the total Te species tended to 

accumulate in all of the observed organs and tissues, especially at 16 weeks post-

administration. Accordingly, using a single element to evaluate the overall biodistribution 

of administrated NMs in a living organism might result in misinterpretation of the long-

term chemical fate because of dissolution and redistribution of the released species. 

In addition, through our developed chemical VG-based differentiation method, we 

found that the Ter (Tereleased)/Tetotal ratios increased from 2 to 16 weeks post-

administration in the rat blood, liver, and spleen, but changed insignificantly in the lung 

and brain and decreased in the kidney. To the best of our knowledge, this study is first to 

directly identify the time-dependent degradation of QD705 in vivo in conjunction with 
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systemic redistribution of the released species. Our experimental results indicate that 

quantification data from a single component (Cd, Te, or Se) of QD705 do not actually 

reflect the biodistribution patterns and dynamic changes in the organ/tissue deposition of 

the nanostructures or of their released components. Accordingly, more extensive analyses 

should be performed to determine the chemical fates of QDs in biological systems. 

According to the available scientific reports about the fate of chalcogen-containing 

QDs in vivo, (i) Wiecinski et al. have illustrated the similar dose-response curves for the 

co-exposure of Cd2+ and SeO3
2− compared to the oxidatively weathered CdSe/ZnS QDs,51 

(ii) Mahendra et al. have identified that the released Se from the QD655 (Life 

TechnologiesTM) in the solution condition of pH 7 was 99% SeO3
2−,52 and (iii) Qu et al. 

also found that Se2− in CdSe/ZnS QDs exposed to Caenorhabditis elegans was oxidized 

to SeO3
2− based on comparing the in situ Se K edge microbeam X ray absorbance near 

edge structure spectra of the tested QDs in the worm’s pharynx or intestine with the 

characteristic peak of Na2SeO3.
53 Since Te and Se were in the same group of the periodic 

table and with the equal oxidation states (–2) in QD705 nanostructures, in this study we 

adopted inorganic TeO3
2– ions as a measure of possibly released Te species. It is possible, 

however, that the Te species distributed in rats might be other inorganic, methylated, or 

sugar-containing species. Based on our results, with the exception of the rat blood content 

16 weeks post-administration, we observed no significant differences between the total 

Te concentrations determined using our HG–ICP-MS method and the commonly used 

routine analysis method (Table S1, ESI†), revealing that the total Te species in the rat 

samples pretreated with 10 M HCl were availably vaporized for studying the QD705 

dissolution, rather than possessing a species-dependent vaporization behavior (TeO4
2– 
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cannot be vaporized by NaBH4).
34 Besides, we have also used C18 cartridge to remove 

nonpolar organic Te species54,55 and determine the difference in Te concentrations in 

solubilized rat organ and tissue samples without and with C18 pretreatment. As indicated 

in Fig. S7, the most Te in rat organs and tissues might be present as inorganic form. 

Although obtaining a detailed understanding of the Te species released in living rat 

samples was not the emphasis of this study, our initial assumption of using TeO3
2– as a 

candidate Te species for identifying QD705 nanostructures and their dissolution in the rat 

liver, spleen, kidney, lung, and brain was an acceptable one. 

Current research into QD toxicity in living biological systems almost always focuses 

on their abnormal physiological responses and induced toxic effects upon applying 

different administration routes,9,11-16 even for QDs featuring highly biocompatible surface 

passivation. Few studies have directly probed QD dissolution behavior and kinetics. The 

blue-shifted fluorescence emission spectra of injected (CdSe)ZnS core/shell QDs in mice 

liver, spleen, and lymph nodes have been observed two years post-administration;56 the 

Cd-to-Te ratio in mice kidney has been observed to increase after a 16-week 

administration of (CdSeTe)ZnS core/shell QDs, suggesting the accumulation of released 

Cd ions.50 Although those two studies reveal implicitly that QD nanostructures do change 

in living animals, quantification of the ions released from those QD nanostructures—the 

most critical factor for QD nanotoxicity—was determined indirectly. 

When Cd-containing QDs undergo dissolution, both Cd ions and chalcogen species (S, 

Se, and Te) are released simultaneously. Whereas Cd ions are known to inhibit DNA, 

RNA, and protein synthesis, as well as break down DNA strands and mutate 

chromosomes,11,57 the toxic effects of these chalcogens have rarely been investigated. 

Page 18 of 37Journal of Analytical Atomic Spectrometry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

Jo
ur

na
lo

fA
na

ly
tic

al
A

to
m

ic
S

pe
ct

ro
m

et
ry

A
cc

ep
te

d
M

an
us

cr
ip

t



19 

 

The species released from the dissolution of QD705 are Cd, Se, Te, and Zn, ions, all of 

which have been found, after intravenous administration, to perturb signaling pathways in 

the kidney,58,59 induce metallothionein production in renal epithelial cells,50 and disrupt 

the cellular antioxidant system that leads to hepatotoxicity.31 In addition to majorly 

concerning the released Cd ions, our results suggested that after QD705 dissolution, all of 

the constituent elements are candidates for disclosing their dissolution behaviors and 

eliciting adverse biological effects in vivo. Using the unique species-dependent effects of 

NaBH4 on the reduction on Te species, our chemical VG-based scheme allows 

unambiguous differentiation of the Te species released from residual QD705 

nanostructures. Because the chemical VG strategy can convert various elements, 

including silver (Ag), gold (Au), copper (Cu), platinum (Pt), titanium (Ti), arsenic (As), 

mercury (Hg), and zinc (Zn), into volatile species,60 we anticipate that, after suitable 

optimization of experimental conditions for each element and associated NM, our 

proposed analytical scheme should be capable of differentiating many other kinds of 

released ionic species from their parent MNs. 
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4. Conclusions 

We have developed a new analytical scheme for the differentiation of released Te species 

and those in residual QD705 nanostructures based on the species-dependent vaporization 

behavior of Te species reduced using NaBH4. After optimizing each parameter, we 

demonstrated that the analytical capability of this chemical differentiation method is 

superior to that of the conventional filtration-based separation method. We observed an 

apparent discrepancy in the element-based biodistribution patterns after intravenous 

administration; the dissolution of QD705 and the redistribution of released species 

proceeded continuously in rat organs and tissues. Accordingly, our results have important 

implications for the current nanotoxicological research into QDs; we suggest that more 

emphasis be placed on investigating the long-term chemical fate of administrated NMs. 
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Fig. 2. Intensity ratios of TeO3
2– to QD705 plotted with respect to the NaBH4 and HCl 

(carrier solution) concentrations for the established chemical VG scheme. Values are 

expressed as the ratio of the signal intensity of TeO3
2– to that of QD705 under the 

condition of an equal concentration (1 µg Te L–1) of the two species. Error bars represent 

SDs (n = 5). 
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Fig. 3. Relative intensities of TeO3
2– and QD705 plotted with respect to (A) rat serum 

concentration in samples and (B) HCl treatment (0.5% rat serum sample) for the chemical 

VG scheme. Concentration of both Te species: 1 µg Te L–1. The signals were all 

normalized to the values of their respective maximum intensities [QD705 in serum-free 

PBS for (A), and TeO3
2– at a condition of 5M HCl for (B)]. Error bars represent SDs (n = 

5). 
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Fig. 4. Correlations between expected and experimentally measured TeO3
2–/Tetotal ratios 

determined using our developed HG–ICP-MS system. The totally spiked Te 

concentrations of the two species were fixed at 0.5 µg L-1. Error bars represent SDs (n = 

5). 
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Fig. 5. Signal profile of Te (m/z 125) for the control rat spleen sample (A), treated rat (2 

weeks post-administration) spleen sample (B), control rat spleen spiked with TeO3
2- (C), 

and control rat spleen spiked with QD705 (D). Each sample was respectively treated with 

10 M HCl and PBS solutions before the chemical vaporization of ether the released or 

total Te species. The spike concentration was 0.1 µg Te L-1. 
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Table 1. Operation sequence of the established HG-ICP-MS differentiation system 

Step Valve/Position Time point Function 

1 A/Inject 0:55 
Deliver the sample mixed with 10 M 

HCl for vaporization of total Te 

2 A/Load 1:00 
Load the sample mixed with 10 M HCl 

into sample loop 

3 B/Inject 1:55 
Deliver the sample mixed with PBS for 

vaporization of released Te 

4 B/Load 2:00 
Load the sample mixed with PBS into 

sample loop 
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Table 2. Optimized parameters for the developed HG-ICP-MS differentiation method 

Chemical VG-based differentiation scheme 

Sample volume 10 L 

Conditioning solution for Te ions 10 mM PBS, pH 7.4 

Conditioning solution for total Te 10M HCl 

Reductant 0.05% NaBH4 with 0.1% NaOH 

Carrier solution 0.25 M HCl 

Reductant flow rate 0.75 mL min–1 

Carrier solution flow rate 0.75 mL min–1 

Waste flow rate in GLS 2 mL min–1 

Sample loading time 5 s 

Sample throughput 60 h–1 

ICP-MS 

ICP mass spectrometer Agilent 7500a 

Ar gas flow rates  

Plasma 15 L min–1 

Auxiliary 0.9 L min–1 

Nebulizer 1.28 L min–1 

Plasma forward power 1500 W 

Sampling cone Ni, 1-mm orifice 

Skimmer cone Ni, 0.4-mm orifice 

Analysis mode Time-resolved analysis 

Integration time 50 ms 

Isotope monitored 125Te 

 

  

Page 34 of 37Journal of Analytical Atomic Spectrometry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

Jo
ur

na
lo

fA
na

ly
tic

al
A

to
m

ic
S

pe
ct

ro
m

et
ry

A
cc

ep
te

d
M

an
us

cr
ip

t



35 

 

Table 3. Analytical performance of the developed HG–ICP-MS method and routine ICP-

MS analysis method for Te (m/z 125) 

 
working range, 

ng L–1 R MDL, ng L–1 

Ionic Te 10–500 0.9994 1.8 

Total Te 10–500 0.9988 0.4 

Total Te* 10–500 0.9993 8.8 

*Experiments conducted with routine ICP-MS analysis to determine total Te 

concentrations in digested rat samples. 
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Table 4. Spike recoveries of TeO3
2- and QD705 in rat organ/tissue samples 

 Dissolved TeO3
2-, % Total TeO3

2-, % Total QD705, % 

Blood 100 ± 3 103 ± 4 96 ± 3 

Liver 107 ± 3 101 ± 1 111 ± 3 

Liver* 88 ± 4 94 ± 2 91 ± 2 

Spleen 118 ± 1 117 ± 1 103 ± 4 

Kidney 92 ± 1 94 ± 3 85 ± 6 

Lung 104 ± 2 95 ± 2 84 ± 1 

Brain 105 ± 2 108 ± 2 117 ± 2 

*Sample spiked with TeO3
2- and QD705 respectively before SolvableTM treatment. 

  

Page 36 of 37Journal of Analytical Atomic Spectrometry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

Jo
ur

na
lo

fA
na

ly
tic

al
A

to
m

ic
S

pe
ct

ro
m

et
ry

A
cc

ep
te

d
M

an
us

cr
ip

t



37 

 

Table 5. Quantitative Te-based QD705 biodistribution and dissolution 2 and 16 weeks 

post-administration in (200 pmole kg–1 body weight; n = 4) 

 2 weeks post-administration 16 weeks post-administration 

p valuec 
 

Te conc.a, 

µg kg-1 

Cd conc.b, 

µg kg-1 

Ter/Tetotal 

ratioa, % 

Te conc.a, 

µg kg-1 

Cd conc.b,  

µg kg-1 

Ter/Tetotal 

ratioa, % 

Blood 4.8 ± 1.2 5.3 ± 0.5 17 ± 5 1.2 ± 0.3 0.9 ± 0.2 96 ± 14 0.0001 

Liver 8.3 ± 1.2 1963.6 ± 187.9 55 ± 14 2.1 ± 0.3 282.4 ± 44.6 79 ± 8 0.0331 

Spleen 10.3 ± 1.9 5048.3 ± 836.6 38 ± 5 2.0 ± 0.1 349.2 ± 81.9 74 ± 13 0.0009 

Kidney 6.9 ± 1.9 1399.1 ± 554.2 73 ± 10 2.0 ± 0.4 709.3 ± 120.1 42 ± 19 0.0336 

Lung 3.8 ± 0.9 226.7 ± 25.5 29 ± 6 1.4 ± 0.3 58.1 ± 9.5 26 ± 4 0.6665 

Brain 1.1 ± 0.9 2.1 ± 0.5 35 ± 16 0.7 ± 0.4 1.4 ± 0.5 46 ± 17 0.4834 

a The values were determined by our developed HG–ICP-MS scheme. 

b The values were determined by routine ICP-MS analysis method. 

c Statistical comparisons of Ter/Tetotal ratios between the two groups. 
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