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Abstract Ag2S quantum dots (Qds) are a new type of near-infrared Qds and hold

great potential for in vivo imaging. There is great demand for versatile, practical,

and environmentally-friendly processes for formation of hydrophilic Ag2S Qds. The

present study prepared hydrophilic Ag2S near-infrared Qds using a simple, easy,

one-step method. The Qds were characterized by TEM, XRD, FT-IR, UV–Visible

and PL spectroscopy and the effect of the reaction variables of time, temperature,

precipitation agent feeding rate, and S:Ag molar ratio on the size and PL spectrum

of the Ag2S Qds was investigated. The Qds exhibited near-infrared photolumines-

cence and good photostability, which was evaluated under different conditions.

Cytotoxicity tests were carried out on human A549 and Hep G2 cell lines at con-

centrations of 6.25–200 lg/ml. MTT assay revealed that the Qds showed no sig-

nificant toxicity. The effect of plasma and corona proteins on the hemolytic activity

of Ag2S Qds in four concentrations was evaluated for rat and human red blood cells.

In vivo imaging showed that the Ag2S Qds penetrated the body of mice with

excellent brightness. The hydrophilic Ag2S Qds can be safely applied as near-

infrared optical imaging probes for nanodiagnostics or in vivo imaging.
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Introduction

In recent decades, inorganic nanostructures such as super-paramagnetic nanopar-

ticles [1], gold nanoparticles [2], mesoporous silica nanoparticles [3] and quantum

dots (Qds) have been developed for use in biomedical applications and cancer

nanotechnology [4–7]. Among these nano-platforms, Qds have been intensively

investigated for tumor diagnostics or as imaging markers [8], bio-indicators [9],

drug delivery systems [10], and therapeutic medicine [11]. Qds are luminescent

semi-conducting nanocrystals 2–100 nm in diameter that contain coupled elements

such as II B–VI A, III A–V A, and IV A elements [12]. When compared with other

common organic dyes, Qds have shown optical advantages, including intense

brightness caused by an extinction coefficient and quantum yield, high sensitivity,

broad absorption properties, a narrow emission band, and size dependent emission

spectra.

Despite these advantages, Qds with luminescence in the visible region (400-

700 nm) has not been preferred for use because it is affected by scattering

interference of biological materials such as water, hemoglobin, and deoxyhe-

moglobin, autofluorescence of native tissues in this region, and the low depth of

penetration of visible light. Near-infrared (NIR) region I (700–900 nm) and II

(1000–1300 nm) are suitable fluorescence imaging windows because they offer

minimal body autofluorescence, negligible tissue scattering interference, and

maximal penetration depth [13, 14]. The types of NIR Qds reported thus far are

CdSeTe [15], CdHgTe/CdS [16], CdTe/CdSe/ZnSe [17], and PbS [18]. Although

the fluorescence properties of these Qds are appropriate for in vivo imaging, leakage

of toxic elements (Cd, Hg, Pb, Te and Se) is an important limitation to their

practical use.

Ag2S Qds are a new type of NIR Qds that are free of toxic elements and are

highly stable (Ksp = 6.3 9 10-50). They have been applied by researchers for

anatomical imaging [19], tumor diagnosis [20–23], drug delivery [24, 25], and are

conjugated with different targeting moieties for tumor targeting [24, 26, 27]. A

number of synthesis methods have been reported for Ag2S Qds [20, 23, 28–32];

however, most suffer from drawbacks such as long reaction time, high temperature,

use of harmful organic solvents, and multi-step procedures [33, 34].

A method was developed by Martinez-Castanon et al. [35] for synthesis of Ag2S

utilizing aqueous media, but the resulting particles were larger than 30 nm and no

data on optical characteristics was available. Hocaoglu et al. [36] and Jiang et al.

[23] prepared hydrophilic Ag2S Qds under an argon atmosphere. Yang et al. [29]

prepared hydrophilic Ag2S Qds in the presence of bovine serum albumin, but the

reaction time was lengthy and the purification method was tedious. There remains

great demand for versatile, simple, and environmentally-friendly processes for

formation of hydrophilic Ag2S Qds under simple and practical conditions.
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The present study developed an easy, one-step, and simple method for

preparation of hydrophilic Ag2S in aqueous media. The effect of reaction variables

such as time, temperature, precipitation agent feeding rate, and S:Ag molar ratio on

the size and photoluminescence (PL(of Ag2S Qds was demonstrated. The

photostability of the Qds was examined under various conditions.

Ag2S Qds was investigated for toxicity and interaction with cells before

consideration for bioapplications. To evaluate the biocompatibility of the Qds,

hemolysis and cytotoxicity tests were carried out on rat and human RBCs and

human A549 and Hep G2 cell lines, respectively. The effect of plasma and corona

proteins on the hemolytic activity of Ag2S Qds at various concentrations was also

evaluated. Dawson et al. reported that the adsorption of the plasma component onto

the surface of nanoparticles leads to formation of a stable coating called a protein

corona [37]. This coating could alter the interaction between nanoparticles and

RBCs. To the best of our knowledge, no literature reports on the role of the protein

corona in the interaction of Ag2S Qds with RBCs. The present study also

demonstrated the in vivo imaging ability of Ag2S Qds.

Experimental

Materials and Physical Measurements

Chemical reagents used in the experiments were purchased from Merck Co.

(Darmstadt, Germany) and were used without further purification. Fourier transform

infrared (FTIR) spectra were obtained using a Shimadzu FT-IR 8300 spectropho-

tometer. X-ray powder diffraction (XRD) analysis was conducted on a Bruker AXS

D8-advance X-ray diffractometer using Cu Ka radiation (k = 1.5418 Å). Trans-

mission electron microscopy [38] images were obtained on a Philips EM208

transmission electron microscope with an accelerating voltage of 100 kV.

Preparation of Ag2S Qds

Hydrophilic Ag2S Qds were prepared by coprecipitation. In a typical procedure,

0.2 g of AgNO3 was dissolved in a solution of ethylene glycol and water (20:80 v/v)

and the resultant solution was stirred continuously at 100 �C and 800 rpm for 0.5 h.

Mercaptoacetic acid [39] was then added dropwise under vigorous stirring. After a

few minutes, the color of solution changed from yellow to milky and finally to

brown. The Qds were cooled to room temperature and then centrifuged at

14,000 rpm for 20 min. The influence of reaction time, temperature, MAA:Ag

molar ratio, and feeding rate were investigated. Table 1 shows the conditions of the

reactions in detail. The goal of producing Ag2S Qds was their application as an

in vivo imaging marker; therefore, sample 13 was chosen for further characteri-

zation because it emitted at a higher wavelength (785 nm) when compared with the

other samples.

The particle sizes of Qds was calculated by Brus equation [40] (Eq. 1) as:
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Eg ¼ EgðbÞ þ
h2

8R2

1

me

þ 1

mh

� �
ð1Þ

where Eg and Eg(b) are the band gap energy of the nano and bulk nanocrystal,

respectively (for bulk Ag2S, Eg(b) = 0.85), R is the radius of the nanocrystals, me

(0.286 m0) and mh (1.096) are the effective electron and hole masses of the Ag2S,

respectively [41], and h is Plank’s constant (4.13 9 10-15 eV). Equation 2 was

obtained by substituting the these values in Eq. 1,

R ¼ 10:3577

Eg � 0:85

� �1=2

ð2Þ

The band gap energy of the Qds [35] was calculated as:

Eg ¼
1240

kmax

ðeVÞ ð3Þ

Stability of Ag2S Qds

The PL stability of Ag2S Qds was studied under different conditions. To evaluate

the effect of storage temperature on the PL spectra, 0.2 lg/ml of Qds were

Table 1 Experimental conditions for the preparation of Ag2S Qds (mean ± SD, n = 3)

No. Time (h) Tem. (�C) MAA:Ag

molar ratio

F.Ra (ll/min) kmax Eg (eV) kem

1 1 RT 4 10 255.7 ± 1.5 4.85 ± 0.03 538.7 ± 1.1

2 1 50 4 10 347.6 ± 1.5 3.57 ± 0.02 547.2 ± 1.2

3 1 100 4 10 350.3 ± 0.6 3.53 ± 0.01 550.3 ± 0.6

4 2 RT 4 10 346.3 ± 1.5 3.58 ± 0.02 646.3 ± 1.5

5 2 50 4 10 350.7 ± 1.2 3.54 ± 0.01 651.6 ± 1.5

6 2 100 4 10 356.3 ± 1.5 3.48 ± 0.01 656.3 ± 1.5

7 3 RT 4 10 357.7 ± 1.5 3.46 ± 0.02 657.3 ± 2.1

8 3 50 4 10 378.7 ± 1.5 3.27 ± 0.01 751.6 ± 2.1

9 3 100 4 10 391.3 ± 1.5 3.16 ± 0.03 784.6 ± 0.6

10 3 100 2 10 280.3 ± 1.5 4.42 ± 0.02 541.7 ± 2.0

11 3 100 2 100 321.3 ± 1.5 3.85 ± 0.02 544.6 ± 1.5

12 3 100 2 1000 366.3 ± 1.1 3.38 ± 0.01 643.3 ± 2.5

13 3 100 4 100 484.7 ± 1.5 2.58 ± 0.01 785.5 ± 2.3

14 3 100 4 1000 570.7 ± 0.6 2.17 ± 0.01 –

15 3 100 6 10 482.7 ± 2.5 2.56 ± 0.01 –

16 3 100 6 100 561.7 ± 1.5 2.21 ± 0.01 –

17 3 100 6 1000 602.3 ± 2.5 2.06 ± 0.01 –

a Feeding rate
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incubated with phosphate buffer saline (PBS; 1 mM; pH 7.0) at either � or 37 �C for

24 h. The PL intensity of the Qds was recorded at different concentrations (0.01,

0.1, and 0.2 lg/ml) and time intervals (immediately, 48 h, and 2 weeks) at 4 �C
following storage in either transparent or opaque vials. The 0.5 lg/ml of Ag2S Qds

were incubated in human serum at 37 �C and the PL intensity of the QDs were

measured immediately and at 48 and 72 h after incubation.

Cell Hemolysis

Hemolysis Assay in the Absence of Plasma Protein

The hemolysis assay was carried out according to ISO 10993-4:2002 [29]. Rat or

healthy human blood (300 ll) was immediately mixed with 15 ml of normal

physiological saline and centrifuged at 3000 rpm for 15 min. The supernatant was

removed and the erythrocytes plates were washed with normal saline until the

supernatant was clear. Erythrocytes were dispersed in normal saline to form a 2 %

(wt) erythrocyte suspension. For the hemolytic assay, various concentrations of Ag2S

Qds were prepared by dissolving in a suspension in normal saline; 20–100 lg/ml of

Ag2S Qds were added to 1 ml erythrocyte suspension and incubated at 37 �C
thermostatic water bath for 2 h. The samples tubes were centrifuged for 10 min at

3000 rpm and the optical density (OD) of the supernatants was measured at 550 nm.

Samples of deionized water and normal saline were used as positive and negative

control groups, respectively. The hemolysis index of each sample was calculated as:

Hemolysis index %ð Þ

¼ ðmean absorbance of test sample�mean absorbance of negative controlÞ
ðmean absorbance of positive control�mean absorbance of negative controlÞ
� 100

ð4Þ

In accordance with ISO 10993-4:2002, the test sample was considered hemolytic if

the hemolysis index was greater than 5 % [29]. For comparison of hemolysis

activity, this method was repeated for AgNO3.

Hemolysis Assay in the Presence of Plasma Proteins

To investigate the effect of plasma protein on cell hemolysis, hemolysis testing was

repeated in the presence of 20 % plasma and protein corona. For preparation of the

protein corona, the plasma was centrifuged at 3000 rpm for 15 min. Ag2S Qds

(20–100 lg/ml) were then incubated with the supernatant of centrifuged plasma)

70 % (for 2 h at 37 �C. The samples were then centrifuged at 3000 rpm for 10 min

and the protein-coated Qds were washed three times with normal saline solution to

remove the excess unbound plasma protein. The hemolysis assay was then repeated

using corona Qds.
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Cell Toxicity

Cell Culture

Human cell lines A549 (lung carcinoma) and Hep G2 (hepatocellular carcinoma)

were obtained from Pasteur Institute Cell Bank of Iran (Tehran, Iran) and cultured in

RPMI-1640 medium supplemented with 10 % fetal bovine serum (FBS) and 1 %

penicillin streptomycin solution. The cells were incubated at 37 �C in a humidified

atmosphere containing 5 % CO2.

MTT Assay

The cytotoxicity of Ag2S Qds for the A549 and Hep G2 human cell lines was

evaluated by 3-(4,5-dimethyl-thiazol-2yl)-2,5-diphenyltetrazolium bromide (MTT)

assay. For this purpose, 1 9 104 cells were seeded in each well of 96-well culture

plates and incubated for 24 h at 37 �C in a 5 % CO2 atmosphere. Next, the cells

were treated with different concentrations (6.25–200 lg/ml) of Ag2S Qds and

further incubated for 24 h and 48 h. Each well was washed three times with PBS

(pH 7.0), then replaced with 100 ll of culture medium and 20 ll MTT solution

(5.0 lg/ml) and incubated for another 4 h at 37 �C and 5 % CO2 atmosphere. After

removal of the MTT solution, 150 ll DMSO was added to each well and the

absorbance of MTT was recorded at 490 nm using an automatic ELISA analyzer.

Cell viability was calculated by following equation as:

Cell viability

¼ ðMean absorbance of test wells � Mean absorbance of control wellsÞ
ðMean absorbance of untreated wells�Mean absorbance of control wellsÞ
� 100

ð5Þ

In Vivo Imaging

A NMRI mouse weighting 30 g was shaved carefully and then anesthetized with

ketamine:xylazine (80–120:10–16 mg/kg IP). Afterwards, 2 mg/kg of Ag2S Qds was

injected into the peritoneal cavity of a mouse and it was imaged using an in vivo F Pro

imaging system (Bruker; USA) under excitation at 535 nm and collection at 750 nm.

To confirm the Qd signal, the mouse was imaged before injection of Ag2S Qds as a

control. Animal experiments were approved by the ethics committee for animal

experiments at the Shahid Beheshti Medical University, Tehran, Iran.

Statistical Analysis

The results were expressed as the mean ± standard deviation and were analyzed by

one-way ANOVA with Tukey post hoc test using SPSS 17.0 software.
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Results and Discussion

Characterization of Ag2S Qds

Hydrophilic Ag2S Qds were prepared using a simple one-step method at 100 �C.

Figure 1a shows a TEM image of the prepared particles. As demonstrated, the

particles were spherical in shape and their size was\5 nm. Figure 1b shows the FT-

IR spectrum of the Ag2S Qds. The strong bands at 1283 and 1705 cm-1 are typical

of asymmetric and symmetric stretching modes of the carboxylate group,

respectively. The peaks at 2898 and 2922 cm-1 correspond to asymmetric and

symmetric C–H stretching of mercaptoacetic acid, respectively. The lack of an

obvious absorption peak at 2490–2560 cm-1 corresponding to a free SH group [36]

was noted in the FT-IR spectrum. It was concluded that the mercaptoacetic acid

molecules were bound to the surface of the Ag2S Qds by an Ag–S bond and their

surfaces were carboxylic acid-terminated. The crystal structure of the Ag2S Qds was

investigated by XRD and the results are shown in Fig. 1c. The nano size of the

particles produced a broad amorphous spectrum similar to those reported by

Hocaoglu et al. [36]. The absorption spectrum of the Ag2S Qds is shown in Fig. 1 d.

Equations (2) and (3) were used to calculate the sizes of the Ag2S Qds under

different experimental conditions and the results are shown in Fig. 2.

The Ag2S Qds were synthesized at three temperatures (room temperature, 50 and

100 �C) and at reaction times of 1–3 h. The crystal size and PL spectra of the Qds

are shown in Figs. 2a and 3, respectively. Figure 2a shows that reaction time and

Fig. 1 a TEM image, b FT-IR spectra, c XRD pattern and d UV–Visible absorption of Ag2S Qds
(sample no. 13)
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temperature significantly affected Qd growth and, hence, their fluorescence.

Increasing the temperature or time of the reaction caused a red shift in the

absorption onset (kmax or kem), indicating an increase in Qd size with an increase in

temperature or reaction time (samples 1–9; Table 1). Due to the quantum

confinement effect, the smaller particles have a bigger band gap than larger

particles and therefore smaller absorption wavelength.

The effect of the MAA:Ag molar ratio and the feeding rate of MAA on the

particle size and PL spectra of the synthesized Qds were investigated and results are

shown in Figs. 2b, 4, respectively. An increase in the MAA:Ag molar ratio (from 2

to 6) and feeding rate (10–1000 ll/min) increased the rate of crystal growth and,

consequently, the size of the particles and caused a red shift in the PL spectra.

Interestingly, the largest particles showed a substantial increase in PL intensity.

Fig. 2 Effect of: a time and temperature of reaction; and b Ag:S ratio and feeding rate on Ag2S Qd size

Fig. 3 PL spectra of Ag2S Qds prepared at different reaction times and temperatures (MAA:Ag = 4;
FR = 10)
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Figure 4d depicts the NIR-PL spectra of the Ag2S Qds excited by a 380 nm laser

diode. The emission peak centered at 785 nm is full-width at half-maximum of

30 nm, indicating a narrow size distribution for the Ag2S Qds.

The PL stability of Ag2S Qds was investigated and results are shown in Fig. 5.

Figure 5a indicates that storage temperature markedly affected the PL spectra of the

Qds. Qds stored at 37 �C showed a lower PL intensity and a maximum emission

peak (kem) that shifted to higher wavelengths. This could be the result of the

aggregation of Qds at a higher temperature; as the size of the Qds increased, kem

shifted to higher wavelengths. The PL spectra of the Ag2S Qds in the presence of

FBS are shown in Fig. 5b. The intensity of the PL spectra of the Ag2S Qds in the

presence of FBS components decreased over time. The fluorescence intensity of the

serially-diluted Ag2S Qds (0.01, 0.1, and 0.2 lg/ml) in PBS buffer was stored at

4 �C in either transparent or opaque vials and was monitored for 2 weeks.

The samples stored in opaque vials showed more PL stability (Fig. 5c–e vs. f–h).

For example, the PL intensity of the 0.01 lg/ml sample incubated in transparent and

opaque vials for 2 weeks decreased 75 and 18 %, respectively. As expected, the PL

intensity of the Ag2S Qds was found to be concentration dependent. As the Qd

concentration increased from 0.01 to 0.2 lg/ml, the PL intensity increased.

Interestingly, there was no wavelength shift in the PL spectra of the samples,

indicating that the Qds were stable over the 2 weeks of storage in opaque vials at

4 �C.

Evaluation of the hemolytic properties of the Qds is a common and reliable test

of toxicity and evaluation of blood component interactions. The hemolytic activity

of the Ag2S Qds fort rat and human RBCs was investigated and results are shown in

Fig. 6 and Table 2. Hemolysis was evaluated for AgNO3, Ag2S Qds, Ag2s

Fig. 4 PL spectra of Ag2S Qds prepared at different MAA:Ag molar ratios and feeding rates: a sample
10; b sample 11; c sample 12; d sample 13
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Qds ? 20 % plasma, and corona Qds at 20–100 lg/ml. The hemolytic activity of

Ag2S Qds differed for rat and human erythrocytes. Figure 6a shows that, for rat

blood, maximum hemolysis was observed at 100 lg/ml. Figure 6b shows that, for

human blood, this was observed at 40 lg/ml. Figure 6a, b indicate that Ag2S Qds

showed significantly lower hemolytic activity than AgNO3 (p\ 0.005).

The hemolytic activities of Ag2S Qds were further studied in the presence of

20 % plasma protein and the results are shown in Fig. 6 and Table 2. In the

Fig. 5 Ag2S Qds stability under different conditions. Effect of: a storage temperature; b presence of
serum; c, d and e storage in transparent vial at 4 �C; f, g and h storage in opaque vial at 4 �C
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presence of plasma protein, the degree of hemolysis was significantly lower than

samples without plasma protein (p\ 0.05). These results can be attributed to

binding of proteins to the surface of the Qds and the decrease in interaction between

Qds and erythrocytes. The binding of plasma proteins to surface of the Ag2S Qds

can mask and alter the chemical nature of the surface.

Fig. 6 Hemolysis of: a rat RBCs; b human RBCs; and c photograph of hemolysis of rat blood samples

Table 2 Hemolysis index of AgNO3, Qds, Qds ? Plasma and Corona Qds at different concentrations

Hemolysis index (%) Concentration (lg/ml)

20 40 60 100

Rat RBCs

AgNO3 17.70 ± 0.19 19.77 ± 0.13 10.41 ± 0.10 27.32 ± 0.98

Qds 4.39 ± 0.15 4.39 ± 0.16 4.73 ± 0.08 4.84 ± 0.20

Qds ? plasma 1.69 ± 0.01 3.49 ± 0.03 2.27 ± 0.05 2.48 ± 0.09

Corona Qds 0.78 ± 0.01 1.01 ± 0.01 0.33 ± 0.01 0.31 ± 0.09

Human RBCs

AgNO3 16.64 ± 0.91 13.47 ± 0.80 20.93 ± 0.10 22.42 ± 0.12

Qds 3.02 ± 0.05 4.88 ± 0.03 4.51 ± 0.09 4.70 ± 0.10

Qds ? plasma 0.78 ± 0.03 4.32 ± 0.06 2.64 ± 0.08 3.02 ± 0.09

Corona Qds 0.03 ± 0.01 0.41 ± 0.01 0.22 ± 0.01 0.59 ± 0.01

Significant difference was observed between the hemolysis index of AgNO3, Qds, Qds ? plasma and

corona Qds (p\ 0.05)
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To further evaluate the role of plasma proteins, hemolysis was tested in the

presence of protein coronas. Protein coronas were obtained by pre-incubating Ag2S

Qds with 70 % human plasma at 37 �C for 1 h [42]. The protein coronas formed

within minutes after Qds exposure [43]; however, a longer incubation time was

chosen to ensure protein binding. After pre-incubation, different concentrations of

protein corona Qds (depending on Ag content) were added to the RBCs and results

are shown in Fig. 6 and Table 2. The hemolytic activity of the protein corona Qds

were significantly lower than for the other samples (p\ 0.005).

Photographs of hemolysis test samples of rat blood erythrocytes are shown in

Fig. 6c. Samples with a higher degree of hemolysis released higher amounts of

hemoglobin to the supernatant. The order of hemolytic activity was: AgNO3[
Ag2S Qds[Ag2S ? 20 % plasma[ corona Ag2S. The upper limit of the

hemolysis index is 5 %, thus, the Ag2S Qds at the tested concentrations exhibited

no hemolysis.

To investigate the toxicity induced by Ag2S Qds, an MTT assay was conducted

on A549 and Hep G2 cell lines treated 24 and 48 h at various concentrations

(6.25–200 lg/mL) of Ag2S Qds (sample 13) and results are shown in Fig. 7. The

Ag2S Qds displayed no significant toxicity for the two cell lines, even at higher

doses. Furthermore, no obvious difference was observed between the 24 and 48 h

results, indicating the absence of a serious toxic effect, even in the long term. Based

on these results, the Ag2S Qds could be considered as safe nanoparticles for bio-

applications.

To evaluate the potential application of the Ag2S Qds for in vivo imaging, 2 mg/kg

of Qds (sample 13) were injected intraperitoneally into the mouse. The in vivo

imaging results are shown in Fig. 8. Compared with the control (Fig. 8a), the injected

mouse (Fig. 8b) showed bright spots of Ag2S Qds fluorescence in the injection region.

This fluorescence differed from the auto-fluorescence of the mouse body and the

results suggest that the fluorescence of the Ag2S Qds could penetrate from the body of

the mouse and is appropriate for in vivo imaging.

Fig. 7 Cell viability of: a A549; and b Hep G2 cell lines after 24 and 48 h of incubation at different
concentrations of Ag2S Qds. No significant difference was observed between control and Qds treated cells
(p[ 0.05)
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Conclusions

Hydrophilic Ag2S Qds were successfully prepared by the reaction of mercaptoacetic

acid and AgNO3. The size of the Qds increased and PL spectra shifted to higher

wavelengths with an increase in temperature, time, MAA:Ag molar ratio, and

feeding rate. The PL spectra of the samples indicate that the Qds were stable over

the 2 weeks of storage in opaque vials at 4 �C. The Ag2S Qds showed good

biocompatibility and no significant toxicity was observed for the A549 and Hep G2

cell lines. The effect of plasma and corona proteins on the hemolytic activity of the

Ag2S Qds on rat and human RBCs was investigated and no hemolysis was observed

at the tested concentrations. The ability of Qds as an in vivo imaging marker was

tested by intraperitoneal injection of mice. The results showed that the Ag2S Qds

penetrated the body of the mouse with excellent PL brightness. It was shown that

the Qds can be applied as biocompatible NIR probes for in vivo imaging.
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