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Abstract

Silver sulfide nanoparticles (Ag2S NPs) have gained considerable interest in the biomedical field 

due to their photothermal ablation enhancement, near-infrared fluorescence properties, low 

toxicity levels, and multi-imaging capabilities. Silver telluride nanoparticles (Ag2Te NPs) have 

similar properties to Ag2S NPs, should also be stable due to an extremely low solubility product 

and should generate greater X-ray contrast since tellurium is significantly more attenuating than 

sulfur at diagnostic X-ray energies. Despite these attractive properties, Ag2Te NPs have only been 

studied in vivo once and at a low dose (2 mg Ag per kg). Herein, for the first time, Ag2Te NPs’ 

properties and their application in the biomedical field were studied in vivo in the setting requiring 

the highest nanoparticle doses of all biomedical applications, i.e. X-ray imaging. Ag2Te NPs were 

shown to be stable, biocompatible (no acute toxicity observed in the cell lines studied or in vivo), 

and generated higher contrast, compared to controls, in the two X-ray imaging techniques studied: 

computed tomography (CT) and dual-energy mammography (DEM). In summary, this is the first 

study where Ag2Te NPs were explored in vivo at a high dose. Our findings suggest that Ag2Te 

NPs provide strong X-ray contrast while exhibiting excellent biocompatibility. These results 

highlight the potential use of Ag2Te NPs in the biomedical field and as X-ray contrast agents for 

breast cancer screening.
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Nanomaterials are known for their unique physical and chemical properties including their 

exceptional optical characteristics, ability to be engineered to obtain desired properties 

through the modification of their surface, size, and composition, as well as their tunable 

pharmacokinetics. These unique characteristics have led to the exploration of nanomaterials 

in biomedical applications,1 such as fluorescence imaging and sensing probes,2 drug 

delivery vehicles,3 theranostic agents,4 and contrast agents for several medical imaging 

techniques,5–8 and have been key to innovation and progression in the field. Recently, 

several groups, including ours, have studied silver chalcogenides such as silver sulfide 

(Ag2S NP) and silver selenide nanoparticles (Ag2Se NP) in the biomedical field due to their 

photothermal ablation enhancement, near-infrared fluorescence properties, low toxicity 

levels, and X-ray contrast generation.9–14

In addition to Ag2S and Ag2Se, the silver chalcogenide group also includes silver telluride 

(Ag2Te). Ag2Te has an extremely low solubility product (Ksp = 2 × 10−72),15 much lower 

than those of Ag2S and Ag2Se (6 × 10−50 and 3 × 10−65, respectively), and could 

consequently also have excellent stability and biocompatibility.16,17 Moreover, tellurium 

generates similar X-ray attenuation to silver, whereas the attenuation of sulfur and selenium 

is negligible at diagnostic energies, therefore the X-ray attenuation of Ag2Te should be 

substantially higher than for Ag2S and Ag2Se.18 However, despite their outstanding 

properties, Ag2Te NPs have been rarely explored in biomedical applications. Ag2Te NPs 

have been explored as surface-enhanced Raman sensors and their NIR-II imaging properties 

have been characterized.19,20 However, only one other study to date has explored the 

biomedical application of Ag2Te NPs in vivo, and at a low Ag2Te NP dose.21

In this study, we propose taking advantage of the attractive properties of Ag2Te NP to further 

explore their application in the biomedical field. We, therefore, tested Ag2Te NPs in the 

setting that requires the highest nanoparticle doses of all biomedical applications, i.e. X-ray 

imaging.22 We hypothesized that Ag2Te NPs can be excellent contrast agents for two main 

X-ray imaging modalities: computed tomography (CT) and dual-energy mammography 

(DEM). CT is the most widely used X-ray imaging technique for whole-body imaging, 

while DEM is a newly developed multi-energy mammography technology approved for 

breast cancer screening. Currently, both X-ray imaging modalities rely on iodine-based 

contrast agents, which have been linked with contrast-induced nephropathy and allergic 

reactions.23 We hypothesize that Ag2Te NPs will meet the needs of both X-ray imaging 

techniques, with higher contrast than Ag2S NPs due to the presence of tellurium, while 

exhibiting excellent biocompatibility. In addition to silver chalcogenides, other metal 

nanoparticles including gold (Au) and Bismuth (Bi) have been widely used in X-ray imaging 

owning their high k-edge and X-ray attenuation coefficient in addition to their good 

biocompatibility.5,24 However, the k-edges of these materials are not suitable DEM X-ray 

imaging for breast cancer screening, where Ag2Te exhibits high contrast.18 In addition, 

silver chalcogenides are of significantly lower cost than Au nanoparticles (i.e. $63 per g Au 

vs. $0.89 per g Ag), and thus could be more accessible to patients.

In this study, Ag2Te NPs were characterized using transmission electron microscopy (TEM), 

dynamic light scattering (DLS), UV-vis spectroscopy, energy dispersive X-ray spectroscopy 

(EDX), X-ray powder diffraction (XRD) as well as inductively coupled plasma optical 
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emission spectroscopy (ICP-OES). We tested the biocompatibility of the nanoparticles 

through a series of experiments both, in vitro, through cell viability in different cell lines, 

and in vivo, through histology analysis. Moreover, their ability to be used as X-ray contrast 

agents was explored in an in vitro setting using different X-ray imaging modality phantoms, 

as well as in vivo through CT imaging of breast cancer tumor-bearing mice. Furthermore, 

the biodistribution of these nanoparticles in mice was also analyzed.

Materials and methods

Materials

Silver nitrate (AgNO3), sodium borohydride (NaBH4), and sodium citrate (Na3C6H5O7) 

were purchased from Sigma-Aldrich (St Louis, MO). Sodium tellurite (Na2TeO3) was 

purchased from Alfa Aesar (Haverhill, MA). Hydrazine (N2H4) 80% and nitric acid (HNO3) 

were purchased from Acros Organics (Thermo Fisher Scientific, NJ) and Fisher Chemical 

(Thermo Fisher, Waltham, MA), respectively. Monofunctional PEG thiol (mPEG-SH) 5 K 

was purchased from Creative PEGworks (Chapel Hill, NC). Milli-Q deionized water (18.2 

MΩ cm) was used throughout the experiments.

Nanoparticle synthesis

Silver telluride nanoparticles.—The synthesis protocol of silver telluride nanoparticles 

(Ag2Te NPs) was adapted from a previous report.20 In brief, a 9 mL aqueous solution 

containing 5 mM of sodium tellurite, 10 mM of silver nitrate, and 30 mM of mPEG-SH 5 K 

was prepared. 1 mL of hydrazine was quickly added to the previous solution. The mixture 

was then heated to 90 °C for 30 minutes under constant magnetic stirring. After the reaction 

was completed, the product was washed thrice, with DI water, by centrifugation using 10 

kDa ultrafiltration molecular weight cut-off tubes (MWCO) at 4000 rpm. Following the third 

wash, the nanoparticles were dispersed in DPBS and then washed by centrifugation at the 

above-mentioned speed and using the same size MWCO tubes. The nanoparticles were then 

concentrated to a final volume of 1 mL and filtered through a 0.22 μm filter. The filtered 

nanoparticles were then stored at 4 °C for further use.

Silver nanoparticles.—Silver nanoparticles (Ag NPs) were prepared as described in our 

previous work.25 In brief, 1.25 mL of 0.1 M sodium citrate were added to 500 mL of DI 

water, followed by the addition of 1.25 mL of 0.1 M silver nitrate and 5 mL of 0.1 M sodium 

borohydride. Next, 5 mL of 12.5 mg mL−1 mPEG-SH-5 K were added to the reaction, which 

was left to stir overnight. The resulting particles were purified thrice with DI water and 

concentrated by centrifugation using 10 kDa MWCO tubes at 4000 rpm. Following the third 

wash, the nanoparticles were dispersed in DPBS and then washed by centrifugation at the 

above-mentioned speed and using the same size MWCO tubes. The nanoparticles were then 

concentrated to a final volume of 1 mL and filtered through a 0.22 μm filter. The filtered 

nanoparticles were then stored at 4 °C for further use.

Silver sulfide nanoparticles.—Silver sulfide nanoparticles (Ag2S NPs) were prepared 

by mixing 0.375 mmol of AgNO3 and 0.012 mmol of mPEG-SH 5 K in 75 mL of DI water, 

followed by the rapid addition of 0.38 mmol of Na2S in 25 mL of DI water at ambient 
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conditions. The reaction was allowed to stir overnight at room temperature. The resulting 

particles were purified three times with DI water and concentrated by centrifugation using 

10 kDa MWCO tubes at 4000 rpm. Following the third wash, the nanoparticles were 

dispersed in DPBS and then washed by centrifugation at the above-mentioned speed and 

using the same size MWCO tubes. The nanoparticles were then concentrated to a final 

volume of 1 mL and filtered through a 0.22 μm filter. The filtered nanoparticles were then 

stored at 4 °C for further use.

Nanoparticle characterization

Dynamic light scattering and zeta potential.—The hydrodynamic diameter and zeta 

potential of the nanoparticles were measured using a Zetasizer (Nano-ZS 90, Malvern 

instrument, Malvern, UK). The number mean was reported for the hydrodynamic diameter. 

All measurements were performed at 25 °C.

Transmission electron microscopy.—Nanoparticle core size was measured as 

described previously.9,26 JEOL 1010 and Tecnai T12 electron microscopes were used with 

an acceleration voltage of 80 and 100 kV, respectively. 10 μL of the sample were placed onto 

Formvar carbon-coated copper grids with 200 mesh (Electron Microscopy Sciences, 

Hatfield, PA) and allowed to dry before imaging. ImageJ (National Institutes of Health, 

Bethesda, MD) was used to measure the core diameter of individual nanoparticles.

UV/visible absorption spectroscopy.—UV/visible spectra of silver telluride 

nanoparticle were recorded using a Genesys 150 UV/visible spectrophotometer (Thermo 

Scientific, USA). In brief, 5 μl of the nanoparticle stock were diluted with 995 μl of DI 

water.

Silver telluride nanoparticle stability study.—Silver telluride nanoparticles solutions 

with a concentration of 0.5 mg mL−1 were prepared in water, PBS and PBS + 10% FBS, in 

triplicate. UV/visible absorption spectra were obtained for each of the solutions in triplicate 

using the UV/visible spectrophotometer described above. The absorbance spectrum was 

normalized to a maximum absorbance of 1. The hydrodynamic diameter of the solutions was 

measured using the Zetasizer described above. The number mean was reported for the 

hydrodynamic diameter. Solutions were maintained at 25 °C. Both UV/visible spectra and 

hydrodynamic size were measured at different time points; 0, 1, 3, 7, and 14 days post-

dilution.

Inductively coupled plasma optical emission spectroscopy (ICP-OES).—ICP-

OES (Spectro Genesis ICP) was used to determine the silver and tellurium concentration in 

the nanoparticle formulation as previously described.9,26 In brief, 10 μL of Ag2Te NP stock 

solution were placed in 15 mL falcon tubes. The nanoparticles were dissolved in 10% nitric 

acid. The final silver and tellurium concentrations in the stock solution were obtained by 

multiplying the concentrations obtained by the ICP-OES by their dilution factor.

Energy dispersive X-ray spectroscopy.—Similar to the transmission electron 

microscopy methodology, samples were dried onto Formvar carbon-coated copper grids with 
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200 mesh. The samples were then imaged using a FEI Quanta 600 field emission gun 

scanning electron microscope equipped with EDX detectors. The equipment was operated at 

15 kV.

X-ray powder diffraction.—The diffraction patterns of dried samples were recorded 

using a Rigaku GiegerFlex D/Max-B X-ray diffractometer. The parameters used while 

operating the diffractometer were the following: 45 kV, 30 mA, monochromatized Cu Kα 
radiation wavelength of 1.5406 Å, scan range of 20–60° and 2° per minute scan rate.

Cell assays

Cell culture.—Hep G2 (human hepatocellular liver carcinoma), J774A.1 (murine 

macrophage), and MDA-MB-231 (human breast cancer) cells were purchased from ATCC 

(Manassas, VA, USA). Cells were cultured according to the supplier’s instructions at 37 °C 

and 5% CO2.

In vitro cytotoxicity.—Cell viability studies were performed as described elsewhere.9,26 

In brief, 80 000 cells were seeded in 35 mm dishes with 20 mm bottom well. These cells 

were incubated for 24 hours in the appropriate cell culture media. After 24 hours, the cell 

culture media was removed, cells washed with DPBS, and a solution of Ag2Te, Ag2S, or Ag 

nanoparticles diluted in cell media at different concentrations was added. The concentrations 

used in this experiment were 0.1, 0.5, and 1 mg Ag mL−1. Cells were incubated for 4 hours 

with the appropriate nanoparticle type and concentrations. Cell viability was determined by 

LIVE/DEAD assay (Invitrogen Life Technologies, Grand Island, NY). Following the 4-hour 

incubation period, cells were washed with sterile DPBS, and 400 μL of a solution containing 

the live cell dye calcein-AM, dead cell dye ethidium-1 homodimer, and nuclei dye Hoechst 

33342 in DPBS was added. Cells were incubated with this dye solution for 20 minutes. The 

cells were then imaged using a Nikon Eclipse Ti-U fluorescence microscope with DAPI (ex: 

359, em: 461 nm), FITC (ex: 495, em: 519 nm), and Texas Red (ex: 595, em: 613 nm) filters 

to image nuclei, live cells, and dead cells, respectively. Four phase images, as well as four 

images per filter, were taken for each plate. The number of live and dead cells was measured 

using an in-house developed MATLAB (MathWorks, Natick, MA) code. The viability 

percentage was determined by the ratio of live cells to dead cells. The relative cell viability 

(% control) is presented as mean ± standard deviations for each concentration and cell line.

Phantom imaging

Computed tomography.—For CT phantom studies, solutions composed of Ag2Te NPs, 

silver (AgNO3), tellurium (Na2TeO3), and iodine (iopamidol) at concentrations ranging from 

0 to 10 mg of the element of interest per mL were prepared and placed in small vials. PBS 

was used as a negative control. Each solution was prepared in triplicate. These vials were 

then secured in a plastic rack. The rack was then submerged in a plastic container holding 21 

cm of water to simulate the human abdominal cavity. The samples were imaged using a 

Siemens SOMATOM Force clinical CT scanner. The images were obtained at tube voltages 

ranging from 80 to 140 kV in 20 kV increments with a tube current of 360 mA. The field of 

view used measured 37 × 37 cm while the slice thickness was 0.5 mm and the matrix size 
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was 512 × 512. The obtained images were then analyzed using OsirixMD. The attenuation 

rates were calculated from the average of three slices per sample.

Dual-energy mammography.—Dual-energy mammography images in a custom-

designed wedge phantom (ESI Fig. 20†) were acquired for the study. The phantom consists 

of a 4 cm-thick continuous gradient section composed of tissue-equivalent materials ranging 

in composition from 100% glandular tissue to 100% adipose tissue, as previously described.
27 Solutions of Ag2Te NPs, iodine (in the form of iopamidol), silver salt (AgNO3), and 

tellurium salt (Na2TeO3) were loaded into polyethylene tubes at a concentration of 10 mg of 

the element of interest per mL; PBS was used as a control. The tubes were inserted into the 

phantom in the direction of varying tissue composition.

Images of the phantom were then acquired using a prototype DE Hologic Selenia 

Dimensions mammography system. The imaging system consists of an X-ray source with a 

tungsten target and an energy-integrating selenium detector. Low-energy (LE) images of the 

phantom were acquired at 29 kV using a silver filter at 100 mAs; High-energy (HE) images 

of the phantom were acquired at 38 kV using a copper filter at 90 mAs. Each tube was 

imaged in triplicate.

DE image subtraction was performed to eliminate variations in the tissue background so that 

we could differentiate the attenuation of the contrast agent signal from the soft tissue signal. 

DE images of the phantoms were obtained by a weighted logarithmic subtraction of the HE 

and LE image pairs. The DE subtraction process and contrast-to-noise (CNR) calculations 

are described in further detail in our previous works.26,27

In vivo experiments

Animal tumor model.—All animal procedures were performed following the Public 

Health Service (PHS) Policy on Humane Care and Use of Laboratory Animals (Public Law 

99–158) in accordance with the University of Pennsylvania Guidelines for Care and Use of 

Laboratory Animals and approved by the Institutional Animal Care and Use Committee 

(IACUC) of the University of Pennsylvania under protocol number 805593.

For in vivo assessments, an orthotopic tumor model was developed. For this, 2.5 × 106 

MDA-MB-231 cells were implanted in the fourth mammary pads of 12 nude female mice. 

Tumor growth and mouse health were monitored weekly. Tumor volume was measured with 

calipers and calculated using the following equation: tumor volume = ½ (length × width2). 

Mice with tumors with an average volume of 100 mm3, were injected via the tail vein with 

Ag2Te NPs or Ag2S NPs (as a control) at a dose of 250 mg kg−1 (190 μL injection volume). 

This dose was chosen since it is comparable to the iopamidol dose used for patients.28 

Isoflurane was used to anesthetize mice during all experiments.

†Electronic supplementary information (ESI) available: Synthesis and characterization of Ag NPs and Ag2S (TEM micrographs, EDX 
spectra, UV-visible absorption spectra, XPS spectra, and XRD patterns), FT-IR spectra of the different nanoparticles formulations, 11-
mercaptoundecanoic acid coated Ag2Te as z-potential and stability controls, Ag+ ion release from Ag2Te NPs, photograph of DEM 
phantom, DEM energy pair optimization data, and the quantification of the change in CT attenuation in organs of mice injected with 
Ag2S NPs. See DOI: 10.1039/d0nr05489e
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Computed tomography.—In vivo CT imaging was performed using a Molecubes X-

Cube micro-CT scanner. Images were acquired using the following parameters: 50 kVp, 100 

μA, 85 ms exposure, and 480 projections. Images were reconstructed through a software 

provided by the manufacturer and using 100 μm isotropic voxel reconstruction with a noise 

regularization factor of 3. Mice were scanned before injection, 2 hours post-injection and 24 

hours post-injection. The obtained images were analyzed using OsirixMD. For the analysis, 

ROIs were drawn in the organs of interest and the attenuation values (HU) were recorded. 

The data is presented as the change in attenuation from pre-injection scans as mean ± 

standard deviation.

Biodistribution.—The biodistribution experiment was performed in 10 female wild-type 

mice. 24 hours post-injection, mice were euthanized with CO2 gas for 10 minutes according 

to the IACUC approved protocol. Mice were then dissected and tissue from the heart, liver, 

kidney, spleen, and lungs were collected and their weights were recorded. These tissues were 

then minced and subjected to acid digestion with 2 mL of nitric acid overnight at 75 °C. The 

samples were then diluted to a final volume of 10 mL with DI water. The silver and 

tellurium concentrations were measured for the tissue of mice injected with Ag2Te NPs 

while the silver concentration was measured for tissue from mice injected with Ag2S NPs. 

The concentration of metals was determined through ICP-OES. An average of 5 mice per 

group were analyzed. Biodistribution data is presented as mean ± standard error of mean 

(SEM).

Histology.—Following mice euthanasia, tissues from the major organs (heart, liver, spleen, 

lung, and kidney) of 2 mice per group, were collected and sliced into 5–6 mm in thickness 

while placed in chilled PBS. Tissues were immediately fixed in a 10% formalin solution at 4 

°C overnight. The samples were then dehydrated, embedded, sectioned, and stained with 

hematoxylin and eosin (H&E) by the Children’s Hospital of Philadelphia Pathology Core.

Statistical analysis

All the experiments were performed independently at least three times. In all figures, data 

points represent the mean, while the error bars represent standard deviations from the mean 

or the standard error of mean, as specified. Tukey’s multiple comparisons test was used 

when comparing the stability of Ag2Te NPs via size measurements, the CNR of different 

solutions in the DEM phantom, and the attenuation rate of the different solutions under CT. 

Unpaired t-tests were used to compare between cell viability data from Ag and Ag2Te NPs 

and when comparing among Ag2Te and Ag2S in vivo CT attenuation. P values ≤0.05 were 

considered statistically significant. Statistical analysis was carried out using GraphPad Prism 

8 software (San Diego, California USA).

Results and discussion

Synthesis and characterization of Ag2Te NPs

Ag2Te nanoparticles were synthesized as depicted in Fig. 1A, where silver nitrate and 

sodium tellurite were used as silver and tellurium precursors, respectively, and reduced by 

hydrazine dihydrate. The Ag2Te NPs were coated with 5K polyethylene glycol thiol (PEG-
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SH) for improved stability, biocompatibility, and blood circulation half-life. An electron 

micrograph from the resulting nanoparticles is shown in Fig. 1B and ESI Fig. 3A.† The 

nanoparticle core size, measured from the electron micrographs, was found to be 8 ± 2 nm in 

diameter, while the hydrodynamic diameter was determined to be 17 ± 5 nm via DLS 

measurements. This difference in diameter between the core and the hydrodynamic diameter 

is expected due to the PEG coating and is in agreement with previous reports of PEG-SH 5K 

coated nanoparticles. For example, Silvestri, et al. has reported a difference of 11 nm while 

Chen et al. reported an increase of 6 nm.25,29 The Z-potential of the nanoparticles was also 

measured and resulted in −14.9 ± 0.8 mV, which is consistent with other reports of slightly 

negative or neutral PEGylated nanoparticles.26,30–32 These results are summarized in Fig. 

1D. 11-Mercaptoundecanoic acid (11-MUA) coated Ag2Te NPs were synthesized as a 

control nanoparticle with an anionic surface and their Z-potential was found to be −48 ± 10 

mV (ESI Fig. 1†). To further characterize the Ag2Te NPs, their UV-vis spectrum was 

recorded and is shown in Fig. 1C. This broad spectrum reveals a profile characteristic of 

Ag2Te nanoparticles where no prominent peak is observed,16,33 as compared to pure silver 

nanoparticles (Ag NPs) that have a peak at a wavelength of near 400 nm (ESI Fig. 2†). A 

high-resolution TEM micrograph of the Ag Te NPs is presented in ESI Fig. 4A.† We further 

characterized the optical properties of our Ag Te NP formulation, specifically their 

fluorescence properties. Although other silver chalcogenide nanoparticles have been 

previously reported to yield fluorescence in the NIR regions, we did not observe 

fluorescence from this formulation.34,35 We hypothesize that this is due to the synthesis 

being carried out in aqueous conditions, which have been previously reported to result in 

low fluorescent yields.34,36

To investigate the composition of the Ag2Te NPs further, we performed energy dispersive X-

ray spectroscopy (EDX). The obtained spectrum is presented in Fig. 2A. In this spectrum, 

we can observe peaks at an X-ray energy of 2.98 keV, 3.77 keV, and 2.3 keV corresponding 

to silver, tellurium, and sulfur, respectively. Furthermore, the silver and tellurium peaks 

show a 2: 1 ratio as expected. ICP-OES measurements also confirmed the 2: 1 ratio of silver 

to tellurium (data not shown). To further characterize the Ag2Te NPs, an XRD spectrum was 

obtained and shown in Fig. 2B. Although broad peaks are observed due to the small size of 

the nanoparticle core, the strong peaks at 27, 36, and 41 2θ degrees closely matches that of 

previously reported Ag2Te XRD patterns,37,38 while the peak at 24 2θ degrees matches that 

of PEG.39,40 Moreover, the Ag2Te nanoparticles were further characterized using XPS. The 

resulting spectra are presented in ESI Fig. 5.† This data further confirms the oxidation of Ag 

and the presence of Te in the samples. The peaks at 366.4 eV and 372.4 eV correspond to 

Ag 3d 5/2 and Ag 3d 3/2, respectively while those at 570.4 eV and 581.4 eV correspond to 

Te 3d 5/2 and Te 3d 3/2, respectively.

An important characterization assay to aid in predicting the nanoparticle’s in vivo 
performance is the determination of their stability in biologically relevant media. To test this, 

the nanoparticles were incubated in DI water, PBS, and PBS + 10% FBS to assess their 

stability in the absence and presence of ions as well as in the presence of both ions and 

serum proteins. These different solutions were analyzed with UV-vis (Fig. 3A–C) and DLS 

(Fig. 3D–F) since these two techniques are sensitive to particle size and concentration. The 

solutions were incubated at room temperature for fourteen days. As shown in Fig. 3, there 
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was no significant change in the UV-vis spectra from the initial incubation time over this 

time period. Similarly, no significant difference was observed in the hydrodynamic diameter 

in any of the media tested. These results show the high stability of these nanoparticles in the 

different conditions and more importantly, in PBS + 10% FBS, which more closely 

represents the in vivo conditions. Complementary, the stability of Ag2Te NPs was monitored 

by TEM and XRD. Results are presented in ESI Fig. 6 and 7.† The constant size of the NPs 

observed in TEM samples and the consistent peaks near 27, 36, and 41 2θ degrees observed 

with XRD throughout 14 days, further confirms the high stability of the NPs. The peaks at 

32, 45, and 56 2θ degrees correspond to NaCl found in PBS, while the peak at 24 2θ degrees 

corresponds to mPEG-SH 5K, as previously mentioned. ESI Fig. 8† shows the stability of 

Ag2Te NPs coated with 11-MUA as a control. The decrease in absorbance for 11-MUA 

coated Ag2Te NPS indicates aggregation and therefore inferior stability. To further 

investigate the degradation of Ag2Te nanoparticles, we incubated them in water and 

simulated lysosomal fluid, and measured the release of Ag+ ions. Results are presented in 

ESI Fig. 9.† Our results are in agreement with previous reports where Ag2S released less Ag
+ ions in both conditions compared to Ag nanoparticles.10 The stability data of PEG-SH 5K 

coated Ag2Te NPs, together with other characterizations including the close to neutral Z-

potential (ESI Fig. 1†), XRD peak at 24 2θ degrees, EDX sulfur peak, and FT-IR (ESI Fig. 

10†) suggest the successful PEGylation of the Ag2Te nanoparticles.31,39,40

Ag2Te nanoparticles show no actute toxicity when incubated with different cell lines

Prior to in vivo testing, an in vitro assay was conducted where nanoparticles were incubated 

with different cell types. For this, we studied the effect of the nanoparticles in the viability of 

specific cell types where they are predicted to accumulate. Due to their size, these 

nanoparticles are predicted to accumulate in the reticuloendothelial system (RES) organs 

such as the liver and spleen.41–43 These nanoparticles should also accumulate in the tumor 

due to the enhanced permeability and retention (EPR) effect. For this reason, we studied the 

viability of liver, macrophage, and breast cancer tumor cell lines after incubation with the 

nanoparticles. Furthermore, the effect of Ag2Te NPs in these different cell lines was 

compared to that of pure silver nanoparticles (Ag NPs) which have been shown previously to 

be toxic to cells due to their release of pure silver ions.44 As an additional control, the 

viability of cells after incubation with Ag2S NPs was also measured. For this, Ag NPs and 

Ag2S of the same size and coating were synthesized, and their characterization is presented 

in ESI Fig. 2–4 and 11–13.† In this experiment, the different cell types were incubated with 

Ag2Te NPs and Ag or Ag2S NPs, as controls, for 4 hours (Fig. 4). The cytotoxic effect of the 

Ag NPs in all three cell lines at concentrations higher than 0.1 mg Ag mL−1 are readily 

apparent. In contrast, no acute toxicity was observed with Ag2Te NPs (no significant 

difference from control) with all three cell lines up to the highest concentration tested (i.e. 1 

mg Ag mL−1). Similar results were obtained from Ag2S NPs, in agreement with previous 

reports.9 To further look into the biocompatibility of these nanoparticles, we have included 

the data on the generation of ROS and DNA damage in macrophages and hepatocytes, 

respectively. Results are presented in ESI Fig. 14 and 15.† Increase ROS generation can be 

observed for Ag nanoparticles compared to Ag2Te and Ag2S at 0.25 mg mL−1 whereas at 

higher concentrations the decrease in ROS is supported by our cell viability data where these 

cells are no longer viable and thus we detect lower levels of ROS. These data support our 

Nieves et al. Page 9

Nanoscale. Author manuscript; available in PMC 2022 January 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



cell viability data where no acute toxicity was observed after incubation with Ag2Te 

nanoparticles as compared to Ag nanoparticles and the similarity in biocompatibility with 

Ag2S nanoparticles.

Ag2Te NPs generate higher contrast in CT and DEM phantoms compared to silver and 
iopamidol

The ability of Ag NPs to be used as X-ray contrast agents has been previously investigated.
25,42 It has been shown that Ag NPs can produce slightly less contrast in CT and 40% higher 

contrast in DEM compared to iodinated molecules currently used in the clinics.25,45 

Similarly, Hsu et al. have shown that, using the same imaging equipment as this study and 

with similar parameters, Ag2S NPs produce comparable X-ray contrast to Ag.10 Here, we 

explored the X-ray contrast of Ag2Te NPs in two main X-ray imaging modalities: CT and 

DEM. To test the contrast generation of Ag2Te NPs in comparison to Ag NPs in both X-ray 

imaging modalities, experiments using custom-made phantoms were conducted (Fig. 5).

For CT imaging, the phantom containing the different agents was imaged using a clinical CT 

system at X-ray energies ranging from 80 kV to 140 kV. Fig. 5A shows representative 

images of the different solutions acquired at an X-ray energy of 80 kV. The attenuation rate 

for Ag2Te NPs was higher than that of iopamidol and the other controls, i.e. silver nitrate 

and sodium tellurite, at all studied energies (Fig. 5B).

For the DEM experiments, the LE and HE energy combinations were explored to find the 

one yielding the highest contrast for Ag2Te (ESI Fig. 16–20†). From this optimization 

experiment, we selected the energy combination of 29 kV (LE) and 38 kV (HE). Fig. 5C 

shows phantom images at LE of 29 kV, HE of 38 kV, and the DE subtraction image. Fig. 5D 

shows the quantification of the contrast-to-noise ratio (CNR) of the DE subtraction image 

for the different solutions. Ag2Te NPs exhibit higher CNR than either silver alone or 

iopamidol, at this LE and HE energy pair (note that we used silver nitrate as a control, which 

previous experiments have shown to have identical contrast generation to Ag2S NPs10). 

Together these phantom studies show that Ag2Te NPs exhibit higher contrast than either 

iopamidol or silver nanoparticles without tellurium and suggest that they could be used as X-

ray contrast agents. Of course, this observation is due to the presence of tellurium in Ag2Te 

NPs, but underscores the benefit resulting from ensuring that both elements in the 

formulation are contrast generating.

Ag2Te MPs lead to high CT contrast in breast cancer tumor-bearing mice

Our group has previously developed several silver-based DEM and CT contrast agents.9,10,26 

Among these, silver sulfide nanoparticles (Ag2S NPs) have shown promise in their use as 

DEM and CT contrast agents since they produce contrast, in vivo, similar to that of pure 

silver nanoparticles, but without undesired side effects.9,10 To test the in vivo contrast of the 

Ag2Te NPs, we developed a mouse model by inoculating MDA-MB-231 breast cancer cells 

to the mice mammary glands. To compare the in vivo contrast generation of Ag2Te NPs with 

that of Ag2S, we developed Ag2S NPs of the same size and coating (5K mPEG-SH) (ESI 

Fig. 3 and 10†), since this should yield similar pharmacokinetics and therefore tumor 

accumulation for both formulations. Tumor-bearing mice were injected with Ag2Te NPs or 
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Ag2S NPs (as a control) at a dose of 250 mg Ag per kg (190 μL injection volume). The 

tumor-bearing mice were imaged with micro-CT prior to injection and at 2 h post- and 24 h 

post-injection. Representative CT images of the heart of tumor-bearing mice at different 

time points injected with Ag2Te NPs are displayed in Fig. 6A. As presented in Fig. 6B, an 

increase in contrast is observed in the heart 2 h post-injection. The contrast in the heart can 

still be observed 24 h post-injection. The long circulation time of Ag2Te NPs suggests their 

potential use as blood pool agents for imaging. As expected with nanoparticles of this size, 

and as shown in ESI Fig. 21,† accumulation was observed in the liver and spleen over 24 

hours in both nanoparticle formulations.26 Moreover, we found the CT attenuation to be 

higher (compared to pre-injection scans) in the tumors of mice injected with Ag2Te NPs 

than in those of mice injected with Ag2S NPs at 2 h and 24 h post-injection (Fig. 6C and D). 

No significant difference was found between the NP accumulation in the tumors of mice 

injected with Ag2S and Ag2Te (ESI Fig. 22†). This increase in attenuation is as we expected, 

given the phantom imaging results.

Ag2Te NPs accumulate in RES organs and donť show signs of acute toxicity

To further investigate the nanoparticles biodistribution, mice were sacrificed 24 h post-

injection. The organs of both mice groups were collected, and their nanoparticle content was 

measured through ICP-OES. We found substantial accumulations of Ag2Te and Ag2S NPs in 

the liver and spleen, as expected for nanoparticles of this size46 (Fig. 7A). We observed 

similar biodistributions for both nanoparticle formulations, which suggests that the observed 

differences in contrast could be attributed to the incorporation of tellurium to the 

formulation. In addition, no significant difference was found between the NP accumulation 

in the tumors of mice injected with Ag2S and Ag2Te (ESI Fig. 23†).

To examine the biocompatibility of Ag2Te NPs in vivo we collected sections of tissue of the 

tumor-bearing mice at 24 hours post-injection and performed hematoxylin and eosin (H&E) 

staining. Tissues from mice injected with PBS were used as controls (Fig. 7B). No apparent 

changes were observed in the tissue structures of Ag2Te NP-injected mice, with similar 

morphology found for Ag2S NPs and PBS-injected mice. These findings support the 

biocompatibility of the Ag2Te NPs in vivo.

Despite the beneficial optical properties of Ag2Te NPs, similar to those reported with other 

silver chalcogenides, these nanoparticles have not been widely explored for their potential 

biomedical applications. Up-to-date, only one other group has reported the application of 

these NPs for biomedical applications in vivo.21 In the study, Zhang et al. report the intense 

fluorescence signal and biocompatibility of Ag2Te quantum dots encapsulated in poly(lactic-

co-glycolic acid) (PLGA) and coated with cell membrane-derived vesicles. However, this 

double layer of encapsulation, including the use of a hydrophobic polymer, will limit the 

possibility for contact of these Ag2Te quantum dots with mammalian cells compared with 

the agents reported in our study. Moreover, the concentrations used in their study were quite 

low compared to the concentrations tested herein. A maximum concentration of particles of 

200 μg ml−1 in the biocompatibility assays and a silver dose of 2 mg kg−1 for in vivo 
experiments were reported. Although these low concentrations are appropriate for more 

sensitive applications such as fluorescence imaging, many other biomedical applications 
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require much higher doses, such as radiosensitization or photothermal therapy.47–52 Herein, 

we have explored Ag2Te NPs’ biomedical application in the setting requiring the highest 

nanoparticle dose, i.e. X-ray imaging.

In this study, we have developed Ag2Te NPs of hydrodynamic diameter of 17 ± 5 nm. These 

nanoparticles not only have excellent biocompatibility with the studied cell lines and in vivo, 

but also generate superior X-ray contrast compared to previously reported silver or silver 

sulfide nanoparticles.9,10,26,45 This excellent biocompatibility is likely due in part to their 

PEGylation, which is known to prevent adverse reactions to exogenous materials, and the 

extremely low solubility product of Ag2Te. This is evidenced from the in vitro 
biocompatibility studies, where we observed reductions in the viability of cells for pure 

silver nanoparticles, in agreement with prior reports,43,51 but not with Ag2Te or Ag2S NPs. 

Histology also shows no acute toxicity in the tissue of mice injected with Ag2Te. 

Meanwhile, the high X-ray contrast generating capacity of these NPs, both in vitro and in 
vivo, can be largely attributed to the combination of silver and tellurium in the nanoparticles. 

Our results show higher contrast from Ag2Te NPs than would be expected from summing 

the contributions of the individual elements (Fig. 5D). This could be due to a phenomenon 

reported by Kim et al. where nanoparticle contrast agents composed of multiple metals 

generated higher contrast in CT than the individual elements.53

When analyzing the nanoparticle’s biodistribution, we observed high accumulation in the 

liver and spleen 24 hours post-injection. These values are expected due to the nanoparticle’s 

hydrodynamic diameter above the kidney’s glomerular filtration threshold (about 5.5 nm).46 

Thus, Ag2Te NPs are expected to undergo hepatobiliary elimination,47 which is an 

extremely slow process and therefore, Ag2Te NPs are expected to remain in the body for an 

extended period of time.54,55 Clinical translation requirements include complete clearance in 

a reasonable time.40,53 To improve clinical translatability, reducing the hydrodynamic 

diameter of Ag2Te NPs to one allowing kidney/urinary clearance, will be desired. Moreover, 

while our biocompatibility results are encouraging, more extensive studies, such as blood 

chemistry, repeated dosing, long-term biodistribution, and assessments in larger animal 

models will be needed to definitively establish safety. In addition, biocompatibility is known 

to depend on various factors, such as size, shape, and coating, therefore in vitro and in vivo 
studies will need to be completed for any new Ag2Te NP formulations. Despite the 

additional work to be done, our studies provide a good indication of the biomedical 

applications and translatability of these nanoparticles.

Conclusion

For the first time, Ag2Te NPs have been explored in the in vivo setting requiring the highest 

dose of all biomedical applications: X-ray imaging. Moreover, we have shown the potential 

utility of these nanoparticles as contrast agents for the screening of breast cancer. Ag2Te NPs 

showed no acute toxicity in vitro or in vivo as shown by cell viability studies and 

histological analysis, respectively. Their biocompatibility at this very high dose points to the 

likelihood that Ag2Te NPs will prove to be biocompatible for their many other possible 

biomedical applications that require lower doses. Furthermore, CT and DEM phantom 

studies and in vivo CT imaging of breast cancer tumor-bearing mice revealed high contrast 
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generation from Ag2Te NPs as compared to controls such as a silver salt or Ag2S NPs. 

Moreover, higher contrast was observed in tumors of mice injected with Ag2Te NPs when 

compared to Ag2S NPs in CT imaging. Ag2Te NPs’ good biocompatibility, enhanced 

contrast, as well their blood pool agent characteristics show their potential to be used in 

biomedical applications and, more specifically, as contrast agents for breast cancer 

screening.
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Fig. 1. 
Ag2Te nanoparticle synthesis and characterization. (A) Schematic depiction of Ag2Te NP 

synthesis. (B) Transmission electron micrograph of Ag2Te NPs. (C) UV-visible absorbance 

spectrum of Ag2Te NPs. (D) Table summarizing Ag2Te NP core diameter, hydrodynamic 

diameter, and z-potential values.
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Fig. 2. 
(A) Energy dispersive X-ray spectrum of Ag2Te nanoparticles. (B) XRD spectrum of Ag2Te 

nanoparticles.
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Fig. 3. 
UV-Vis spectra of Ag2Te nanoparticles incubated in (A) DI water, (B) PBS and (C) PBS + 

10% FBS for 14 days. The dark blue curve shows data from day 0, red from 24 h, blue from 

3 days, green from 7 days, and purple from 14 days post-incubation in the different media. 

The hydrodynamic diameter of Ag2Te nanoparticles in (D) DI water, (E) PBS, and (F) PBS 

+ 10% FBS. Data is presented as the mean, while the error bars represent standard 

deviations.
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Fig. 4. 
Viability of (A) Hep G2, (B) MDA-MB-231 and (C) J774A.1 cells after incubation with 

Ag2Te (black bars), Ag2S (dark gray) or Ag NPs (silver bars) for 4 hours. Error bars 

represent standard deviations. *P-value <0.05. **P-value ≤0.01 ****P-value <0.0001.
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Fig. 5. 
In vitro imaging with CT and DEM. (A) CT phantom image at an energy of 80 kV. (B) 

Quantification of the CT attenuation rate of the different solutions at different energies. Error 

bars represent standard deviation. (C) DEM phantom imaging at a LE of 29 kV, HE of 38 

kV, and DEM subtraction image. (D) DEM phantom image contrast-to-noise ratio (CNR) 

quantification. ****P ≤ 0.0001. Ag denotes AgNO3 salt, Te denotes Na2TeO3 salt, and I 

denotes iopamidol. PBS was used as a negative control. The different solutions had a 

concentration of 10 mg of the element of interest per mL (Ag2Te NPs had a concentration of 

10 mg of Ag mL−1 to facilitate comparison).
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Fig. 6. 
In vivo CT imaging of breast cancer tumor-bearing mice. (A) Representative CT scan 

images at the level of the heart from a mouse injected with Ag2Te NPs, at different time 

points: pre-injection, 2 h post-injection (2 h p.i.) and 24 h post-injection (24 h p.i.). (B) 

Quantification of the change in CT attenuation (difference between pre-injection and the 

different time point images) in the major organs of mice injected with Ag2Te NPs. (C) 

Representative images of CT scans from tumor-bearing mice injected with Ag2Te NPs (top 

row) or Ag2S NPs (bottom row). Tumors are highlighted in yellow circles. ROIs matching 

the outlines of the tumors were used for image analysis. (D) Quantification of the change in 

CT attenuation in the tumors from mice injected with Ag2Te or Ag2S NPs. Error bars 

represent standard deviation. Statistical comparisons are versus pre-injection scans. *P < 

0.05.
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Fig. 7. 
(A) Biodistribution of Ag2Te and Ag2S NPs in major tissues and organs of injected mice. 

Data is presented as percent injected dose per gram (%ID/g). Error bars represent standard 

error of mean (SEM). (B) Representative micrographs of tissue from major organs, after 

H&E staining, of mice injected with saline (top row), Ag2S NPs (middle row), and Ag2Te 

NPs (bottom row).
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