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ABSTRACT: Doped nanocrystals such as manganese – doped zinc sulfide (ZnS:Mn) are useful 

nanomedicine probes for cancer cell labelling and anticancer drug delivery. However, the synthesis and 

retention of fluorescence of these nanocrystals is highly indispensable for efficient cell theranostics. 

Herein, we report a modified synthesis of highly fluorescent hydrophobic ZnS:Mn nanocrystals with the 

advent of dual-ligands. Our results demonstrate that the alkylamine ligand with the carbon chain length 

of C18 promotes the diffusion of Mn from surface into interior of ZnS nanocrystals. Optical measurements 

show that the quantum yield of Mn (QYMn) can reach as high as 80% in the presence of a dual ligand 

combination of oleylamine–octadecylamine, due to the increased probability of 4T1→6A1 emission, 

originating from the energy transfer of ligated nanocrystals. These doped nanocrystals after ligand 
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exchange of organic ligands with glutathione exhibited a high retention of quantum yield (QY: ~50-60%), 

and further coating with silica showed the QY of ~35-40%. Finally, we show the application of these 

doped nanocrystals for cancer theranostics such as HeLa cell labeling, and anti-cancer drug delivery.  

KEYWORDS: Doped nanocrystals, zinc sulfide, Mn dopant, ligand chemistry, cancer nanotheranostics 
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1. INTRODUCTION 

Nanoparticles and nanostructures based on metals, oxides and polymers have been widely studied for 

theranostics of cancer1-3 and neurodegenerative disorders.4-7 On the other hand, semiconductor 

nanocrystals or quantum dots (e.g. CdSe/ZnS) have been well exploited for biological applications over 

the last decade.8-10  However, the toxicity due to carcinogenic Cd has been a major concern, which 

warrants the development of visible emitting Cd-free quantum dots for biological applications. Previously, 

aqueous dispersions of blue emitting ZnO quantum dots with a high photoluminescence quantum yield 

(PL-QY) were reported.11 Conversely, NIR based Ag2S QDs are superior to visible emitting nanocrystals 

owing to their potential for in vivo bioimaging.12-14  

The aim of our current work was to synthesize highly fluorescent-doped nanocrystals as a counterpart 

to the most studied CdSe/ZnS QDs. Doped nanocrystals are preferred over visible emitting CdSe and NIR 

emitting PbS QDs, because the latter QDs involve heavy carcinogenic metals.  

In recent years, doped semiconductor nanocrystals owing to their optical and magnetic properties, 

are attracting significant attention in diverse fields such as spintronic15-16 and biological applications.17-20 

The underlying mechanism that controls doping is the adsorption of impurities (dopants) on the surface 

of nanocrystal, which is determined by surface morphology, nanocrystal size/shape and ligands in the 

growth solution.21-22 In particular, manganese (Mn) has been studied widely as an impurity because of its 

multifunctional optical and magnetic properties.23-24  

Over the years, several research groups have used different experimental strategies to gain better 

control and understanding of the doping mechanisms. Pradhan and co-workers have investigated the 

nucleation-doping strategy and found that the decoupling of doping from nucleation and growth is a key 

to the achievement of highly luminescent doped nanocrystals.25-31  

Although most of the work in the literature focused on the nanocrystal growth time, temperature, 

Mn dopant concentration and Zn to S molar ratio of the precursors,32-35 less efforts devoted to the effects 

of ligands on Mn-doping. Hence it is extremely important to discern the contribution of a particular ligand 

to the doping effect and to obtain quantitative information on the kinetics of dopant adsorption process, 

which is crucial for establishing a trapped-dopant model.36 This model suggested that the binding energy 

of ligand relative to the host or dopant is an important factor for impurities incorporation. 

Until now, the highest PL-QY of Mn (QYMn) in as-synthesized doped semiconductor nanocrystals 

(e.g. ZnSe, CdS/ZnS) reported is around 50%.25-31, 37 Here we report a dual ligand approach to the 

synthesis of doped nanocrystals and provide a mechanistic study based on ligand base strength and orbital 
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interactions of dopant-ligand complex for obtaining highly fluorescent ZnS:Mn nanocrystals with a QYMn 

of ~80% for the first time.  

Doped nanocrystals with a high QY in water or biological buffer are highly desirable for biological 

applications.18, 38-40 It is worth mentioning here some of the common surface functionalization methods 

that exist in the literature for the preparation of water-soluble nanoparticles, nanoclusters and quantum 

dots. Among these, silica coating has been considered as one of the well-developed methods for quantum 

dots and nanoparticles.41-49 Other most common coating methods involve either polymer,50-52 peptides,10, 

53 lipids/liposomes,54-55 or proteins56, 57 for the stabilization of nanoparticles.  

In this report, we have demonstrated the retention of a higher QYMn in water or biological buffers (up 

to 60%) upon ligand exchange with a short chain peptide, glutathione (GSH). Later, we have incorporated 

these ZnS:Mn@GSH nanocrystals into mesoporous silica, resulting in ZnS:Mn@GSH@silica 

nanocrystals with a QYMn of up to 40%. Finally, we have shown the applications of these doped 

nanocrystals for the labelling of cancer cells and drug delivery.   

 

2. EXPERIMENTAL SECTION 

Materials. Zinc chloride (ZnCl2, 98%), Manganese(II) chloride tetrahydrate (MnCl2.4H2O, 98%), Sulfur 

powder (S, 99.999%), 1-octadecene (ODE, 90%), oleylamine (OAm, 70%), dodecanethiol (DDT, 98%), 

oleic acid (OAc, 99%), stearic acid (SA, 95%), octadecanethiol (ODT, 98%), octadecylamine (ODA, 

97%), Rhodamine 6G (dye content 99%), 2-aminopyridine (99%), sulphuric acid (H2SO4, 95-98%), 

chloroform (CHCl3, 99%) and methanol (MeOH, 99.8%), glutathione and tetraethyl orthosilicate were 

purchased from Sigma-Aldrich.   

Synthesis of Highly Fluorescent Hydrophobic ZnS:Mn Doped Nanocrystals.  In most of the syntheses, 

the primary ligand (L1) used was OAm. Other secondary ligands (L2) used were DDT, OAc, SA, ODT, 

ODA or OAm. First, ZnCl2 (0.4 mmol) and MnCl2.4H2O (0.08 mmol) were dissolved in 10 mL of DI 

H2O. An equivalent volume of 800 µL (0.5 M of ZnCl2) and 800 µL (0.1 M of MnCl2.4H2O) was 

transferred into a 100 mL three neck round bottom flask and heated to 120 oC to evaporate water. After 

cooling down to room temperature, S (0.4 mmol), 5 mL of OAm and 3 mmol of a secondary ligand was 

added to the reaction vessel for each experiment. The mixture was heated up to 250 oC and held for 20 

min under Argon atmosphere.  

Synthesis of Mn-doped ZnS with ODE as solvent and other secondary ligands (L2): Similar procedures 

used as described above, except that the solvent OAm replaced by ODE.    
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Synthesis of Mn-doped ZnS with OAm and varying molar concentration of ODA: Similar procedures 

used as described above except that the concentration of ODA varied at 3, 6 and 12 mmol for three 

different samples.  

Synthesis of Mn-doped ZnS with one (OAm or ODA) or two excess alkylamines (OAm+ODA): An 800 

µL of 0.5 M of ZnCl2 and 800 µL of 0.1 M of MnCl2.4H2O added into 100 mL three neck round bottom 

flask and heated up to 120 oC, and later cooled down to room temperature. In order to see the effects of 

individual ligand on Mn-doped ZnS nanocrystal, three experiments were further designed as in the 

following: (i) To the cooled mixture, S (0.4 mmol), and OAm (18 mmol) added; (ii) cooled mixture, S 

(0.4 mmol), ODA (18 mmol); (iii) cooled mixture, S (0.4 mmol), OAm:ODA (15 mmol : 3 mmol). Finally, 

the mixture heated at 250oC for 20 min under argon atmosphere.   

Purification of Nanocrystals. All hydrophobic nanocrystals were purified three times with 

chloroform/methanol (1:3 volume ratio) and centrifuged at 3500 rpm for 10 min, and finally stored in 5 

mL of chloroform for further analysis.  

 

Water-soluble Nanocrystals. Glutathione (GSH)-coated doped nanocrystals (ZnS:Mn@GSH) were 

synthesized as follows: An aqueous GSH solution (300 µL; 120 mg/mL) added to the ZnS:Mn 

nanocrystals solution (1 ml of 1 mg/mL), and then 100 µL TMAH (tetramethyl ammonium hydroxide in 

2-propanol/methanol mixture) added to deprotonate the carboxyl and thiol groups. The mixture was 

stirred overnight and the aqueous layer containing the ZnS:Mn@GSH particles was carefully separated 

and purified by adding ~ 2 mL of ethanol and centrifuged at 6000 rpm for 5 min. The recovered fluorescent 

pellet dispersed in cyclohexane and ethanol (1:1 volume ratio) was centrifuged twice and finally dispersed 

in water.     

ZnS:Mn@GSH@Silica nanocrystals were prepared as in the following: GSH-coated doped nanocrystal 

(ZnS:Mn@GSH; 500 µL) was added to a solution containing 100 µL of 20 % tetraethyl orthosilicate 

(TEOS), cetyltrimethyl ammonium bromide (CTAB; 7.5 mL of 0.8 mM), and 200 µL of 0.1 M NaOH, 

and stirred for 2 days. Finally, ZnS:Mn@GSH@Silica nanocrystals were purified by routine 

centrifugation and re-dispersion cycles, and dispersed in water or buffer. 

 

Materials Characterization. Transmission electron microscopy (TEM) and high-resolution (HR)-TEM 

analyses were performed with JEOL TEM 2100. The UV-visible absorption spectra were recorded using 

UV3600 Shimadzu UV-Vis-NIR spectrophotometer and photoluminescence (PL) spectra were acquired 

with a Shimadzu RF-5301PC fluorescence spectrophotometer. Inductively Coupled Plasma-Optical 

Emission Spectrometry (ICP-OES) analysis was acquired with the Dual-view Optima 5300 DV ICP-OES 
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system. The Fourier Transform Infrared Spectroscopy (FTIR) (Perkin Elmer Spectrum 2000) was used to 

obtain the spectra for nanocrystal solution dropped onto the KBr pellets. Powder X-ray diffraction (XRD) 

measurements were acquired with Bruker GADDS instrument.  

 

Determination of Photoluminescene Quantum Yield. Mn-doped ZnS nanocrystals were excited at 325 

nm and their emissions were observed at 405 nm and 585 nm. 2-aminopyridine and Rhodamine 6G dye 

were used as reference standards for bandgap (BG) blue emission at 405 nm and dopant Mn orange 

emission at 585 nm, respectively. Optical densities of the nanocrystal solution and dyes were kept below 

0.12 at 325 nm. The quantum yield ratio, QYMn/QYBG was extracted from the above optical spectra where 

QYMn is the quantum yield of Mn and QYBG is the quantum yield of bandgap emission. This ratio 

represents the amount of Mn per nanocrystal.33, 37  

Life-Time Measurements. Time resolved emission measurements were performed using Edinburg Laser 

Flash photolysis spectrometer (LP920-KS) in multiple emission map configuration.  The samples were 

excited with a flash lamp pumped Q-switched Nd: YAG laser operating in a third harmonic wavelength 

of 355 nm (Ekspla NT 341A) and the emission spectra were acquired with an i-CCD (Andor) controlled 

by the computer. The emission spectra for different time delays after the laser excitation were measured. 

The average emission lifetimes were estimated by slicing and converting the spectral data into kinetic plot. 

Cell Culture and Cytotoxicity Assays. All cell culture materials and reagents were procured from 

Invitrogen, Singapore. We followed our protocol reported earlier.38 Briefly, both HeLa (human cervix 

adenocarcinoma) and CHO-K1 (Chinese Hamster Ovary) cells were grown in Dulbecco’s modified 

Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum, 100 units/mL penicillin, and 100 

μg/mL streptomycin and cultured in a 5% CO2 humidified atmosphere at 37°C. For cell cytotoxicity, 104 

cells per well were seeded in a 96-well plate. Following the incubation overnight, the cell culture medium 

was removed and 100 μL of either ZnS:Mn@GSH or ZnS:Mn@GSH@Silica nanocrystals diluted in 

phenol-free DMEM were added to the cells. The cells treated with the above nanocrystals were used for 

assessing the metabolic activity of cells using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 

bromide (MTT) colorimetric assays. A Tecan Infinite 200 microplate reader was used for the 

measurement of absorbance at 450 nm.   

The percentage of cell viability38 was calculated for cells treated with ZnS:Mn@GSH and 

ZnS:Mn@GSH@Silica samples at different concentrations by using the following equation:   

(At – Ab/Ac – Ab) x 100 
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Where At is the absorbance of the test compound (nanocrystals), Ab is the absorbance of the blank (culture 

medium and MTT solution), and Ac is the absorbance of the control (culture medium with cells and MTT 

solution).   

Cell labelling. The HeLA cells were grown in 6-well plates (cell density of 1x 105 cells) with sterilized 

cover slips for 24 h with the respective media as described earlier. Nanocrystal samples of 

ZnS:Mn@GSH@Silica (100-150 μL of 0.1 mgmL-1 stock solution) were added to each well containing 

cells and incubated for 2 h. After incubation, the cover slips were thoroughly washed with PBS and the 

cells were fixed by adding 4% paraformaldehyde. Finally, the cover slips were mounted on slides with 

one drop of Hydromount (National Diagnostics, USA). Olympus-Live Cell Inverted microscopy (IX81; 

CoolSNAP HQ camera and metal halide lamp; Metamorph software; 40x lens) was used with DAPI, 

Wheel QD580 and Wheel RFP filters. The images were exposed for different exposure times starting 

from the lowest until the best image was seen. The estimated exposure time of 10 ms (DIC), 2000 ms 

(Wheels RFP and QD580) were used for both nanocrystal-treated and control cells to rule out the 

autofluorescence. Finally, the image analysis was performed using the FUJI version 2.8 software.  

 

3. RESULTS AND DISCUSSION  

Design of Ligands and Characterization of Nanocrystals. The synthesis protocol for hydrophobic and 

water-soluble nanocrystals is shown schematically in Figure 1. Briefly, a mixture of ZnCl2, MnCl2.4H2O, 

sulfur (S), oleylamine and octadecylamine (OAm+ODA) was heated at 250 oC under argon atmosphere 

to initiate the nucleation and growth of Mn-doped ZnS nanocrystals (denoted as ZnS:Mn). Glutathione 

(GSH), a short chain peptide was used to obtain water-soluble ZnS:Mn@GSH nanocrystals by a facile 

ligand exchange method. In order to further improve the photostability and prepare as a carrier for drug 

loading, mesoporous silica coating was employed to obtain ZnS:Mn@GSH@Silica. These water-soluble 

nanocrystals were finally explored for biological applications. Purification of nanocrystals is highly 

essential for biological applications, which is generally accomplished through centrifugation and dialysis. 

The hydrodynamic diameter and zeta potential of ZnS:Mn@GSH nanocrystals were estimated to be 

around 94.75 nm and -38.6 mV, respectively. However, the hydrodynamic size of ZnS:Mn@GSH@Silica 

nanocrystals were relatively larger (>200 nm) with the zeta potential values ranging from -10.5 mV to 

+25 mV. We further noted that our centrifuge-purified (but non-dialysed) silica-coated samples showed 

a large particle size distribution with the hydrodynamic diameter of 500 nm – 1 µm. The fluorescent 

digital images of nanocrystals are shown in the Supporting Information (Figure S1). 
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Figure 1. A schematic representation for the synthesis of highly fluorescent Mn-doped ZnS nanocrystals 

using dual ligands, oleylamine and octadecylamine (Step 1); water-soluble nanocrystals through 

glutathione ligand exchange (Step 2), and silica-coated nanocrystals (Step 3). See experimental section 

for detailed synthesis. 

 

First, we delineate the role of ligands in dictating highly fluorescent hydrophobic ZnS:Mn nanocrystals. 

Figures 2A and 2B depict the schematic representation of different combinations and structures of ligands, 

respectively, used in this study. Representative high-resolution transmission electron microscopy 

(HRTEM) and scanning TEM (STEM) images of ZnS:Mn nanocrystals are shown in Figures 2C and 2D. 

The nanocrystals synthesized from a dual ligand combination of oleylamine and octadecanethiol  

(OAm+ODT), are quasi-spherical in shape with a mean diameter of ca. 5 nm (Figure 2C). The STEM 

image (Figure 2D) of nanocrystals synthesized from another dual ligand combination – oleylamine and 

octadecylamine (OAm+ODA) shows that the mean particle size is around 3.4 nm.   

Here oleylamine (OAm) is the primary ligand (denoted as L1). The size of doped nanocrystals with 

different ligand combinations (L1: OAm and secondary ligand, L2: DDT, OAc, SA, ODT, ODA) ranged 

from ca. 3.5-6 nm (Figures S2 and Figure S3). Although most of the doping methods in literature resulted 

in zinc-blende nanocrystal, our X-ray diffraction patterns exhibited wurtzite structure (Figure 2E and 

Figure S4) in consonance with previous reports on wurtzite-type alloy ZnxCd1-xS nanocrystal58 and 

wurtzite Mn-doped ZnS nanorod.24  
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Figure 2. (A) Different combinations of ligands and solvents (oleylamine, OAm or octadecene, ODE) 

and (B) Structures of ligands. (C) Typical transmission electron microscopy (TEM) image of doped 

ZnS:Mn nanocrystals with dual ligands, oleylamine and octadecanethiol  (OAm+ODT). (D) Scanning 

TEM (STEM) image of doped nanocrystals with oleylamine and octadecylamine  (OAm+ODA). (E) X-

ray diffraction (XRD) pattern of doped nanocrystals with the dual ligand combination of (OAm+ODA).  

 

Optical Properties of Nanocrystals. In order to see the concentration effect of ODA on the optical 

properties of doped nanocrystals, a fixed volume of 5 mL OAm as dopant-growth solution was used, but 

with a variation in the concentration of ODA from 3, 6 to 12 mmol in the synthesis. The absorption spectra 

(Figure 3A) are identical with a broad band at around 310 nm for all the three concentrations. However, 

the PL spectra (Figure 3B) are different, exhibiting the blue emission bandgap quantum yield (QYBG) of 

ZnS (1-23%) and orange emission quantum yield of Mn, QYMn (17-79%). At the initial concentration of 

3 mmol ODA, the QYMn was 52%. When more ODA was added into the reaction, the QYBG of ZnS (23%) 

was found to be quenched to 1% and the QYMn reached an optimum value of 79% at the moderate 

concentration of 6 mmol, followed by a decrease in QYMn (17%) at the highest concentration, 12 mmol. 
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It is obvious that the increase in ODA concentration (6 mmol) increased the binding strength of Mn to 

ZnS nanocrystal surface and incorporation of more surface Mn2+ ions into the lattice host, thereby 

contributing to an enhanced QYMn of 79%. However, an excess of Mn2+ ions substituted into the ZnS host 

might have caused the Mn-Mn spin interaction,59  and therefore decreased the QYMn to 17% at the highest 

concentration of 12 mmol ODA. 

Time-resolved PL measurements (Figure S5) and life-time decay plots (Figures 3C, 3D) showed that 

Mn-doped nanocrystals with ODA exhibited a very fast decay of ZnS blue emission in a shorter time 

domain (on the order of nanoseconds) compared to the orange emission (on the scale of milliseconds).32 

We have found that (OAm+ODA) functionalized nanocrystals with a higher QY showed the lifetimes of 

19 ns and 0.31 ms for ZnS blue and Mn orange emissions, respectively. Nevertheless, (OAm+ODT) 

functionalized nanocrystals with a lower QY exhibited those corresponding lifetimes of 55 ns and 0.67 

ms. This implies that some of the excited defect states in the low QY sample de-excites without blue 

emission, most probably via a nonradiative energy transfer to the Mn states. In consonance with earlier 

reports,23, 32 the increase in overlap between the host and dopant wave functions in a nanocrystal may lead 

to an enhancement in the QY and a reduction of the radiative lifetime of the Mn orange emission, due to 

an enhanced energy transfer between the host and dopant levels. 

 

There are several factors governing the optical properties (emission and QYMn) of doped nanocrystals. 

First, we have to consider the Mn geometry, which plays an important role.35, 59 Earlier studies confirmed 

that the nanocrystal with tetrahedral Mn (Td-Mn) geometry produced 4T1→6A1 orange emission. On the 

other hand, doped nanocrystal with octahedral Mn (Oh-Mn) geometry failed to generate this orange 

emission. Importantly, the orange emission and QYMn are dictated by the tetrahedral Mn (Td-Mn) 

geometry resulting from the substitution of Mn into tetrahedral Zn sites inside the lattice host of ZnS 

nanocrystals.25 Next, we considered other two important factors: (i) bulkiness of the ligand and (ii) 

basicity of the ligand. These two factors can affect not only the geometry of Mn formed but also the 

binding strength of Mn to the nanocrystals.  
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Figure 3. (A) Absorption and (B) photoluminescence (PL) spectra of ZnS:Mn nanocrystals functionalized 

with different molar concentration of ODA (3, 6 and 12 mmol) in 5 mL OAm. The quantum yields of 

band gap blue emission (QYBG) and Mn orange emission (QYMn) are also given. (C, D) Life-time decay 

plots (Y-axis in logarithmic scale) of ZnS:Mn nanocrystals functionalized with (C) [OAm+ODA] and (D) 

[OAm+ODT] dual ligands. The average lifetime of ZnS and Mn emissions for [OAm+ODA] and 

[OAm+ODT] –functionalized nanocrystals are 19 ns and 0.31 ms, and 55 ns and 0.67 ms, respectively.    

 

Geometry of Metal-Ligand Complex. Both steric and electronic effects of metals and ligands dictate the 

geometry. The steric effect is caused by the size of the metal and bulkiness of the ligand, while the 

electronic effect is associated with the electronic configuration of the metal and the base strength of the 

ligand. We neglected the electronic configuration and the size of Mn2+ ions as they are consistent in all 

different samples studied. Next, we considered other two important factors: (i) bulkiness of the ligand and 

(ii) base strength of the ligand. These two factors can affect not only the geometry of Mn formed but also 

the binding strength of Mn to the nanocrystals. 

Figure 4A exhibits the FTIR spectra with two Mn-S bands at 1010 and 670 cm-1 and one Zn-S band 

at 615 cm-1 for nanocrystals functionalized with (ODE+ODA) and (OAm+ODA). Interestingly, the 
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nanocrystals functionalized with (OAm+ODA) showed an additional Zn-S band at 1110 cm-1. Since ODA 

is a good sigma () donor, it can coordinate strongly to the Mn center. Based on the molecular orbital 

theory, we assume that our ligated nanocrystals have uniform size and shape in order to possess the 

symmetry elements such as symmetry axis (principal axis, Cn) and plane of symmetry (vertical, v).  

The number of solvent molecules adsorbed or bound to Mn and ligand moecules coordinated to Mn 

is schematically shown in Figure 4B. As illustrated in Figure 4B (path- i), the plane of symmetry causes 

the weakening of the Mn-S band at 1010 cm-1 and disappearance of Zn-S band at 1110 cm-1 for 

nanocrystals functionalized with ODA in ODE (Figure 4A- i, and Figures S6, S7). This suggests that the 

ligand (ODA) in solvent (ODE) underperforms, resulting in weakly bound Mn. When the solvent was 

changed from ODE to OAm, the scenario is different, as depicted in Figure 4B (path ii), where the 

symmetry of plane is absent. This sample contained two ligands, OAm (L1) and ODA (L2), which are 

good  donors with a different basicity, resulting in different  back donation strength in dxz and dyz 

orientations (Figure 4C). As a result, a distinct Zn-S band at 1110 cm-1 was observed for (OAm+ODA) –

functionalized nanocrystals (Figure 4A). 

Furthermore, (OAm+ODA) -functionalized nanocrystals showed a higher amount of Mn (ca. 2.5) per 

nanocrystal than that of Mn (ca. 0.2) for the control sample (ODE+ODA), as represented by the 

QYMn/QYBG ratio (Figure 4D). These results indicate that in the presence of dual ligands (OAm+ODA), 

Mn is strongly bound to the nanocrystals, as illustrated in Figure 4B (path ii), resulting in a higher QYMn 

of 52% (Figure 4D). Furthermore, not all functionalized nanocrystals with (ODE+L2) showed orange 

emission, but other functionalized nanocrystals with (OAm+L2) showed orange emission at 302 nm 

excitation. This indicates that (OAm) is a key solvent in promoting the incorporation of Mn into ZnS 

nanocrystals.  
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Figure 4. Role of ligands on the binding strength of Mn. (A) FTIR spectra of ZnS:Mn nanocrystals 

functionalized with (i) [ODE+ODA] and (ii) [OAm+ODA]. (B) Schematic description of the binding 

strength of Mn to ZnS nanocrystals via two synthetic routes: Mn-complex containing a vacant site 

coordinates to the sulfur site on the surface of nanocrystals, forming (i) weakly bound Mn and (ii) strongly 
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bound Mn.  The vertical plane (v) denotes the ZnS nanocrystals through the plane containing the 

principal axis (Cn). (C) Orbital diagram explaining the  back donation through the coordination of ligand 

(L) to Mn, S and Zn (Zn-S-Mn). (D) The amount of Mn per nanocrystal, represented by quantum yield 

ratio of Mn and bandgap emissions (QYMn/QYBG), is given in red for samples (i) and (ii). The 

corresponding QYMn is given in blue.  

 

Biological Applications of Doped Nanocrystals. ZnS is a good host for three-photon excitation of doped 

ZnS nanocrystals. Recently, Hyeon and coworkers60 have demonstrated the three-photon biomedical 

imaging application of doped ZnS nanocrystals. First, the role of ligand is to provide a high PLQY in the 

growth solution through effective surface passivation. Secondly, it is important to retain this high PLQY 

in aqueous solution, especially for biological applications. We have coated the doped nanocrystals with 

GSH and finally incorporated them into mesoporous silica nanoparticles. We have chosen GSH (based 

on our previous experience in imparting good water solubility to CdSe/ZnS quantum dots)10 to transfer 

the doped nanocrystals into water. The GSH coating on doped nanocrystals preserved the higher PL-QY 

(ca. 50%) in water or biological buffers. However, the incorporation of nanocrystals into silica decreased 

the QY to ca. 35-40%. We believe the retention of QY could be improved further with thin silica coating 

approach discussed elsewhere61 for other nanoparticles and quantum dots.  

In order to test the applicability of doped ZnS nanocrystals for biological application, we first 

carried out the cytotoxicity studies on HeLa and CHO cells with different concentrations of GSH-coated 

ZnS:Mn nanocrystals and found that the cells were healthy with a viability of up to 94-96% at the particle 

concentration of 0.1 µg/mL (Figure S8). Likewise, ZnS:Mn@GSH@Silica particles exhibited less 

toxicity on both cell lines at the highest concentration of 0.1 µg/mL. The cell viability at this concentration 

was close to 88 and 92% for CHO and HeLa cells, respectively (Figures 5A, 5B).  

Before performing the labelling of HeLa cells with nanocrystals, we tested the control cells (Figure 

S8) without treatment of nanocrystal samples under different conditions (transmission DIC image and 

fluorescence images with RFP and 580 nm filters). We have observed that the untreated cells showed a 

minimal auto-fluorescence (Figure S9). 

Figure 6A-D show the labelling of HeLa cells with ZnS:Mn@GSH@Silica. It is obvious that the 

cells are healthier after treatment with the nanocrystals, indicating that they are not toxic to single live 

cell imaging studies and the fluorescence intensity is quite stable to carry out long time imaging studies. 

Furthermore, it is clear that the nanocrystals are localized mainly in the perinuclear region (labelling 

around the nucleus) of the cells, which implies that the cells can carry out normal biological functions in 
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the presence of nanocrystals. The localization of coated nanocrystals at the perinuclear region is in 

consonance with our earlier work on ZnS:Cu doped nanocrystals.38 

Figure 7A compares the encapsulation efficiency of anticancer drug, doxorubicin (DOX) into 

silica nanoparticles prepared by the coating of ZnS:Mn nanocrystals with either silica alone or a dual 

coating method by GSH/mesoporous silica. At a given drug loading concentration (50-300 µg), GSH 

coated nanocrystals (ZnS:Mn@GSH@Silica) increased the encapsulation efficiency of DOX up to 90-

95% in comparison with silica coated nanocrystals (ZnS:Mn@Silica), where the encapsulation efficiency 

of DOX decreased from ca. 88% to 40% at higher drug loading. Figure 7B shows the in-vitro cumulative 

release profile of DOX over a period of 72 h at two different pH values. At pH 7.4 the release was much 

slower (< 20%) even after 72 h whereas the release was faster at pH 5.3. Most of the drug (> 90%) was 

released within the first 10 h at the ideal pH of 5.3 for cancer cells.   
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Figure 5. Cell viability of (A) HeLa and (B) CHO cells after 24 h of incubation with 

ZnS:Mn@GSH@Silica nanocrystals.  

 

 

 

 

 

 

 

Figure 6. Labelling of HeLa cells with doped nanocrystals. (A) Transmission image in DIC channel, (B) 

fluorescence under RFP filter (C) fluorescence under 580 nm filter and (D) overlaid image of HeLa cells 

labelled with ZnS:Mn@GSH@Silica. Scale bar: 20 µm.   
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Figure 7. Doped nanocrystals for drug delivery. (A) The encapsulation efficiency of anticancer drug, 

doxorubicin (DOX) in silica nanoparticles at different drug loading concentration: (i) ZnS:Mn@Silica 

and (ii) ZnS:Mn@GSH@Silica. (B) Effect of pH on the release profile of DOX over a period of 72 h for 

ZnS:Mn@GSH@Silica.   

 

 

4. CONCLUSION  

In conclusion, we have demonstrated a dual ligand (OAm and ODA) method for the synthesis of 

organic-soluble ZnS:Mn nanocrystals (QY: ~80%). This study has unravelled the effects of ligand base 

strength and dopant–ligand complex on the formation of highly fluorescent nanocrystals. We have also 
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shown the transfer of organic-soluble doped ZnS:Mn nanocrystals into water-soluble nanocrystals by 

means of either GSH and (GSH and silica) coating method with the retention of a considerable QY of 

~50% and 35%, respectively. Furthermore, the in vitro bio-labelling and drug release studies have 

demonstrated clearly the potential applications of doped ZnS:Mn nanocrystals. We believe this work will 

bring new insights into this emerging area of doped nanocrystals. 
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