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Abstract

The effect of ligand structure on the cytotoxicity of cationic CdSe/ZnS quantum dots (QDs) was 

systematically investigated using mono- and bidentate ligands. Monothiol-functionalized QDs are 

more cytotoxic than dithiol-functionalized QDs.

The cytotoxicity of QDs has become a major obstacle for their safe use in biomedical 

applications, 1 including imaging 2 and delivery3. QD toxicity strongly depends on QD 

physicochemical parameters including size,4 charge,5and stability. 6 The role of surface 

chemistry of QDs in determining toxicity is an important consideration since surface 

functionalization is required for biological applications. 7 A number of organic ligands, e.g. 

thiolate ligands, have been introduced on the surface of QDs to provide water solubility and 

colloidal stability. 8 Recently, multiple chelating groups have been employed to produce 

stronger affinity to the QD surface and concomitant increase of the stability.9 As an 

example, Mattoussi et al. have demonstrated that multidentate ligands provide enhanced 

stability for CdSe/ZnS QDs under extreme conditions.10 These studies focus on the stability 

of QDs, however, the effect of ligand structure on QD toxicity has not been systematically 

investigated.

Cationic QDs possess higher cellular permeability than uncharged (neutral) and negatively 

charged QDs, and also provide a complementary surface binding for negatively charged 

biomolecules (e.g., proteins11 and nucleic acids12) for biological applications.13 Cationic 

QDs, however, face challenges associated with toxicity compared to anionic and neutral 

QDs. 14 To investigate the cytotoxicity of cationic QDs with different surface ligand 

structures we used two types of cationic QDs featuring different anchoring groups (Fig. 1a). 

Our studies revealed that dithiol-functionalized QDs are substantially less toxic than 

monothiol-functionalized QDs. QD-induced cytotoxicity was systematically investigated via 

several determining factors, including the intracellular factors (i.e. cellular uptake and 

liberation of cadmium ions) and extracellular factor (i.e. cellular membrane damage), with 

acute toxicity primarily derived from membrane damage.
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Quaternary ammonium ligands presenting monothiol and dithiol anchoring groups were 

used to investigate the effect of coordination number on the stability and cytotoxicity of 

QDs. The ligand design features a tetra(ethylene glycol) (TEG) spacer to minimize non-

specific protein and cell interactions, 15 and dihydrolipoic acid16 or undecanethiol-based 

anchors17. (See ESI† for synthesis and characterization). Note that dithiolate ligands have 5 

carbons in the hydrophobic alkane chain, while monothiolate ligands have 11 carbons. This 

is because the monothiolate ligand with shorter alkane chain (5 carbons) cannot stabilize 

QDs.18 Thus, monothiolate ligands with longer alkane chain were synthesized to optimize 

the ligand packing density and the colloidal stability of monothiolate QDs.

Green fluorescent CdSe/ZnS QDs (emission at 535 nm) were used to prepare the cationic 

QDs through a ligand exchange process. (See ESI† for preparation and characterization). 

The photophysical properties of QD 1 and QD 2 are shown in Fig. 1b. The absorption peak 

positions of the QDs were very similar but the emission peaks showed modest differences, 

as is commonly observed after surface modification.19 Moreover, the monothiol-

functionalized QDs were less fluorescent compared to dithiol-functionalized QDs. This 

lower quantum yield of monothiol-functionalized QDs presumably arises from the higher 

density of thiolate ligands on the QD surface.20 Dynamic light scattering (DLS) data 

indicated that the hydrodynamic size of monothiol-functionalized QDs (16 nm) was slightly 

larger than dithiol-functionalized QDs (9 nm) while the zeta potentials of these two types of 

QDs were quite similar (+27 mV) (Fig. 1b).

The coordination number of the monothiolate and dithiolate ligands can generate different 

ligand coating properties on particle surfaces, particularly the ligand density. The ligand 

amounts on monothiolate QD 1 and dithiolate QD 2 were measured using thermal 

gravimetric analysis (TGA). As shown in Fig. 2a, the weight loss in QD 1 was 62% while 

QD 2 was 43%, providing a calculated ligand amount for QD 1 of 320 and QD 3 of 220. 

Green QDs were 2.9 ± 0.5 nm in diameter based on the transmission electron microscopy 

(TEM) image.18 Therefore, the ligand packing densities on QD 1 and QD 2 were 12 and 8 

nm−2, respectively (Fig. 1b and see ESI† for the calculation of ligand coverage), indicating 

monothiolate QD 1 presented a 1.5-fold increase in charge density compared to dithiolate 

QD 2. The higher packing density observed in QD 1 was presumably contributed from both 

of the smaller footprint of monothiols and stronger hydrophobic interactions between the 11-

carbon alkyl chains.

Colloidal stability in physiological media is a significant challenge for biological 

applications of QDs. QD 1 and QD 2 were incubated in low glucose Dulbecco's Modified 

Eagle's Medium (DMEM) supplemented with 10% serum and their fluorescence was 

monitored over time. All QDs maintained their fluorescence and no aggregation were 

observed after 24 h, demonstrating their stable nature (Fig. 2b).

†Electronic Supplementary Information (ESI) available: materials, instruments, preparation of cell culture, mass spectrametry, 
syntheses of surface ligands and cationic QDs, MALDI-MS spectra of QDs, cellular uptake and cytotoxicity of additional QDs after 
incubation with HeLa cells for 24 h, cell viability after QD incubation with HeLa cells for 24 h in the absence and presence of NAC, 
necrosis-mediated cell death experiments.
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To probe the effect of ligand coordination on the cellular response, cationic QDs (25 nM) 

were incubated with HeLa cells and their subsequent cellular uptake was measured by 

inductively coupled plasma mass spectrometry (ICP-MS). As shown in Fig. 3a, cellular 

uptake of QD 1 was significantly lower than QD 2. Cytotoxicity of the cationic QDs was 

determined through Alamar blue assays. QD 1 presented the cytotoxicity in a dose-

dependent manner while no toxic effect was observed on QD 2 (up to 1.2 μM) (Fig. 3b). 

These results revealed that the dithiol-functionalized QDs were much less toxic than 

monothiol-functionalized QDs, in spite of their increased uptake efficiency. Similar uptake 

and toxicity results were obtained with analogous QDs featuring dimethylhexyl ammonium 

terminal functional group (Fig. S2†), indicating that these ligand-particle coordination 

effects are general within this particle family. Our findings are consistent with previous 

reports that indicate that reduction of surface charge decreases cytotoxicity, 21 however it is 

difficult to generalize our findings to uptake and toxicity of other particle core materials/

sizes and monolayer structures.22.

The leaching of cadmium ions (Cd2+) from QD core can induce significant cell death. 23 To 

further investigate the role of intracellular liberation of Cd2+ on QD-induced cytotoxicity, 

cells were pretreated with N-acetylcysteine (NAC) for 2 h prior to QD addition and 

maintained continuously in the media. 24 After incubation for 24 h, cell viabilities did not 

show a significant change afterQD treatment in the absence and presence of NAC (Fig. 

S3†), indicating limited intracellular reactive oxygen species (ROS) generation by free Cd2+ 

release. The ZnS shell provided an effective barrier for the release of Cd2+ from the inner 

CdSe core, limiting cytotoxicity, which was consistent with reported studies.25

We further studied the QD toxicity at a short-term (3 h) incubation period to probe the acute 

cytotoxicity of QDs. As shown in Fig. 4a and 4b, cellular uptake of QD 1 was also lower 

than QD 2 after incubation for 3 h, and QD 1 still presented a higher toxicity compared to 

QD 2. To explore the potential determining factors in the short-term toxicity, we examined 

if these cationic QDs generated different degrees of cellular membrane damage. Cationic 

nanoparticles can induce bilayer disruption and form nanoscale holes on cell membranes,26 

which is one of the significant factors in the mechanism of toxicity for QDs. 27 Cellular 

membrane damage induced from different cationic QDs was quantified by monitoring the 

leakage of the cytosolic enzyme glucose-6-phosphate dehydrogenase (G6PD) into the 

media. After 3 h of incubation, the G6PD release with QD 1 was ~2.5-fold higher than that 

of QD 2 (Fig. 4c), demonstrating monothiol-functionalized QDs damaged the cell 

membranes to a greater extent compared to dithiol-functionalized QDs.

Cell membrane damage is a typical hallmark for necrosis and subsequent inflammation.28 

We further confirmed the necrotic-mediated cell death by staining the cells with propidium 

iodide (PI) following QD treatment. QD 1 demonstrated a high amount of PI stained cells 

(fluorescent marker for necrotic mediated cell death) while QD 2 treated cells showed 

almost no PI positive cells (Fig. S4†). Therefore, the cytotoxicity caused by QD 1 is 

primarily due to physical cell membrane rupture/necrosis that can lead to inflammation and 

subsequent cell death.
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Cellular toxicity of nanoparticles can arise from both extracellular interactions between 

nanoparticle surface molecules and cell membranes and intracellular mechanisms that would 

be dictated by the number of endocytosed nanoparticles. Here, our cellular uptake studies 

showed that monothiol-functionalized QDs were less internalized than dithiol-functionalized 

QDs, indicating that the number of endocytosed QDs is not proportional to their 

cytotoxicity. Our results suggest that the cationic ligands on the surface of QDs can disrupt 

the cell membranes and the degree of disruption is related to the number/density of ligands 

on the QD surface.29 This result is consistent to the reported studies that higher cationic 

charged nanoparticles or polymers frequently cause higher cytotoxities.29, 30

The fact that charge density determines cytotoxicity has been demonstrated in dendrimer 

systems; higher cytotoxicity of cationic dendrimers is correlated with higher number of 

primary amino groups.31 In our monothiolate and dithiolate ligand design, the major 

difference between these two ligands is the coordination number. Thus, the lower 

coordination number of ligand can increase the ligand packing density and subsequently 

enhance the cytotoxicity of the functionalized QDs, a similar finding to the higher 

generation of cationic dendrimers. Given the ligand exchange is a widely used method for 

nanomaterial functionalization, our study provides a straightforward approach to regulate the 

cytotoxic behaviour of nanomaterials through the design of ligand coordination number.

In summary, we have investigated the toxicity of cationic QDs, focusing on the influence of 

surface ligand density in HeLa cells. Monothiol-functionalized QDs possess higher 

cytotoxicity compared to dithiol-functionalized QDs due to higher charge density and 

enhanced cellular membrane damage. Taken together, the modulation of the surface ligand 

density and cytotoxicity of nanomaterials by engineering their surface properties will enable 

the application-specific control and expand their biological utility.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
(a) Molecular structures of the cationic CdSe/ZnS QDs used in this work. (b) 

Physicochemical properties of the cationic QDs.
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Fig. 2. 
(a) Thermal gravimetric analysis of QD 1 and QD 2.(b) Stability of QD 1 and QD 2 in 10% 

serum supplemented DMEM, as determined by the fluorescence change of each QD over 

time.
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Fig. 3. 
(a) Cellular uptake of the cationic QDs after incubation with HeLa cells for 24 h. (a) Cell 

viability of the cationic QDs in HeLa cells at different concentrations after incubation for 24 

h. (*** p≤ 0.001, one-way, ANOVA).
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Fig. 4. 
(a) Cellular uptake amounts of the cationic QDs (25 nM) after incubation with HeLa cells 

for 3 h. (b) Cell viability of the cationic QDs (300 nM) after incubation with HeLa cells for 

3 h. (b) Quantifications of membrane damage in HeLa cells determined by the G6PD assay. 

Membrane damage experiments were performed after incubation with HeLa cells for 3 h, 

and the concentration of QDs was 300 nM. (** p≤ 0.01, *** p≤ 0.001, one-way, ANOVA).
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