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Abstract

Bacterial infections and cancer are two of the most significant concerns that the current healthcare 

system should tackle nowadays. Green nanotechnology is presented as a feasible solution that is 

able to produce materials with significant anticancer and antibacterial activity, while overcoming 

the main limitations of traditional synthesis. In the present work, orange, lemon and lime extracts 

were used as both reducing and capping agents for the green synthesis of tellurium nanoparticles 

(TeNPs) using a microwave-assisted reaction. TeNPs showed a uniform size distribution, and rod- 

and cubic-shapes, and were extensively characterized in terms of morphology, structure and 

composition using TEM, SEM, XPS, XRD, FTIR and EDX analysis. TeNPs showed an important 

antibacterial activity against both Gram-negative and -positive bacteria in a range concentrations 

from 5 to 50 μg/mL over a 24-hour time period. Besides, nanoparticles showed anticancer effect 

towards human melanoma cells over 48 hours at concentrations up to 50 μg/mL. Moreover, the Te 

nanostructures showed no significant cytotoxic effect towards human dermal fibroblast at 

concentrations up to 50 μg/mL. Therefore, we present an environmentally-friendly and cost-

effective synthesis of TeNPs using only fruit juices and showing enhanced and desirable 

biomedical properties towards both infectious diseases and cancer.
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Introduction

The widespread use of antibiotics has led to the development of antibiotic-resistant bacteria, 

threatening our global healthcare system. Because of our over dependence and over 

prescription of antibiotics, humankind now lives in the post-antibiotic era, where diseases 

that were easily treated can now kill again 1,2. According to the Centers for Disease Control 

(CDC), antimicrobial-resistance to antibiotic (AMR) infections affect 2 million people in the 

United States annually, and it is predicted that more people will die from AMR pathologies 

than all diseases combined, including cancer, by 2050, culminating into one person dying 

from an infection every three seconds3.

Cancer, understood as the abnormal growth of cells and tissue within biological systems, is 

another socking concern that society should face where cancerous cells are also developing a 

resistance to commonly used chemotherapeutics. Using mechanisms such as drug target 

alteration, drug efflux, DNA damage repair and cell death inhibition, these resistant cells are 

not killed by conventional cancer therapies4. Data from the National Cancer Institute (NCI) 

shows that in 2018, an estimated 1.7 million new cases of cancer will be diagnosed in the 

United States and around 600,000 people will die from the disease5.

Nanotechnology emerged in the 1980s, and soon enough, it was applied to medicine, 

causing the birth of nanomedicine6. Since then, nanomedicine has been reported to decrease 

bacterial survival, cancerous cell activity and can simultaneously be compatible or even 

promote mammalian cell functions due to a combination of properties, especially depending 

on the interfacial layer of the nanoparticles7,8. Nanoparticles fundamentally exhibit higher 

reactivity compared to their respective bulk materials due to high surface area to volume 

ratios9. Moreover, due to their size, nanoparticles can penetrate bacterial and cancer cell 

membranes in a relatively simple way10. A wide variety of metallic nanoparticles that 

exhibit this behavior are composed of elements widely studied, including silver11, gold12, 

titanium and zinc oxides13,14, silica15, and carbon16.

On the other hand, chalcogens, such as selenium (Se) and tellurium (Te) are gaining special 

interest in nanomedicine for biomedical applications17,18,19. Previous research on the 

antibacterial properties of tellurium started as early as 1932, and the antimicrobial activity of 

the metalloid was even reported before the wide-spread use of antibiotics20. Primarily, 

tunable tellurium nanoparticles (TeNPs) and nanotubes have been recently researched and 

produced for solar energy cells21,22. In the biomedical field, tellurite ions (TeO3
2-) have 

been previously researched and have long been known to be toxic and kill most Gram-

negative bacteria at concentrations lower than other poisonous metals/metalloids23,24.

Tellurium-based nanomaterials can be synthesized using different physical and chemical 

procedures25. However, traditional chemical and physical synthesis methods can have 

significant drawbacks, including the use of high temperature and pressure, acidic pH of the 

medium, the use of harsh and expensive chemicals, and the formation toxic-by-products26. 

For instance, some reducing agents used for the synthesis of nanomaterials, such as 

hydrazine or ammonia, represent a real concern not only for the laboratory is which they are 

used, but also for the environment27. Besides, most of them are not accessible to research 
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facilities in developing countries, where antibacterial solutions are vitally needed to fight 

against the spread of bacteria that are resistant to antibiotics28,29.

Therefore, new methods for nanoparticle synthesis are increasingly in demand to meet the 

need for clean, cost-effective, environmentally-friendly, and efficient synthesis processes30. 

Compared to traditional synthesis approaches, green nanoparticles are clean, inexpensive, 

and utilize eco-friendly and non-toxic materials and methods31. The biological routes for 

nanoparticle synthesis can be relatively easy and performed in ambient conditions32. Living 

organisms (such as bacteria33, fungi34 and human cells35) have shown the ability to reduce 

metallic ions to elemental nanoparticles. In addition, dietary compounds and natural 

components have been used, such as honey36 or tea extracts37.

Importantly during the green synthesis of nanoparticles, the biomolecules presented in the 

raw materials (such as proteins, cytokines, growth factors, ligands, etc.), may coat 

nanoparticles acting as natural stabilizers to prevent the formation of clusters of 

nanoparticles38. Aggregation is an extremely detrimental property when discussing 

nanoparticles and their bioavailability within living organisms and can be a major drawback 

for the use of nanoparticles in medicine. When aggregated, nanomaterials lose their ability 

to, for instance, act as antibacterial or anticancer agents since they may not enter cells, clog 

membrane pores, or may even be cleared by the immune system if too large. Besides, more 

dispersed nanoparticles have a higher cytotoxic effect. The availability of the particles to be 

internalized by the cells seems to be strongly dependent on the size and morphology of the 

structures39,40.

In this study, different citric juices are used as unique reducing and stabilizing agents for the 

formation of nanoparticles. On a molecular level, citric juices are composed of organic 

acids, sugars and phenolic compounds that are able to reduce metallic ions to their elemental 

form. While the main organic acids are citric, malic and ascorbic, the most important sugars 

are sucrose, glucose and fructose. Besides, there are between 10 and 15 phenolic compounds 

in these juices, including flavanones and hydroxycinnamic acids which can serve as 

reducing agents41–43.

Therefore, we report the successful synthesis of TeNPs for the first time, using a green and 

environmentally-friendly approach employing citric extracts from the fruits as unique 

reducing and stabilizing agent. TeNPs with a uniform size distribution were synthesized 

using lemon (LEM-TeNPs), lime (LIM-TeNPs), and orange extract (OR-TeNPs). Once 

purified, a pioneer study of TeNPs made by green means was done through an extensive 

characterization in terms of composition and morphology and tested as antimicrobial agents 

against both antibiotic-resistant Gram-positive and Gram-negative bacteria, showing 

different degrees of bacterial inhibition. Furthermore, cytocompatibility tests were 

conducted to determine and quantify the effects of the nanoparticles on both healthy and 

cancerous human cells, showing no significant cytotoxicity for healthy cells yet promising 

anticancer activity at an acceptable concentration range.
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Materials and Methods

Te nanoparticle synthesis and purification

For Te nanoparticle synthesis, a stock concentration of sodium tellurite (Na2TeO3) (Sigma 

Aldrich, St. Louis, MO) was prepared in deionized (DI) water. The different extracts were 

collected from fresh fruits (specifically, orange, lemon and lime) bought in a local 

supermarket. The fruits were squeezed, and the liquid was collected. Different metallic salt 

concentrations (100, 75, 50 and 25 mM) were added to a constant volume of the citric 

extract in a glass vial. Samples were named depending on the citric extracts used for the 

synthesis: orange-mediated (OR-TeNPs), lemon-mediated (LEM-TeNP) and lime-mediated 

(LIM-TeNPs) synthesis. Once mixed, a microwave-assisted reaction was followed. The vials 

were placed inside the microwave (Whirlpool WMC20005 YB) and a single cycle of heating 

at 750 W was completed for 10 s, followed by a cool-down of the reaction until reaching 

room temperature.

The purification process used was the following: the content of each one of the glass vials 

was transferred to a conical tube and centrifuged at 10,000 rpm for 30 min, generating a 

black pellet at the bottom of the tube. The solid was washed twice with DI and autoclaved 

water and the final solid was re-suspended in DI and autoclaved water inside a glass vial that 

was lyophilized for 24 h. The resulting black powder was weighed, and a specific amount of 

deionized and autoclaved water was added in order to obtain the desired concentration. The 

final suspension of Te nanostructures was stored in a fridge in the dark for further 

experiments.

The samples were centrifuged using both an Eppendorf™ Model 5430 Microcentrifuge and 

Eppendorf™ Model Centrifuge 5804 R, refrigerated, with Rotor A-4-44 incl. adapters for 

15/50 mL conical tubes, a keypad, and at 230 V/50 – 60 Hz. A FreeZone Plus 2.5 Liter 

Cascade Console Freeze Dry System was used to lyophilize the samples and obtain the final 

powder. In addition, an ultrasonic homogenizer (model 150VT) with a power source of up to 

150 W was used to homogenize the samples.

Characterization

Morphological characterization of the different nanomaterials was accomplished by 

transmission electron microscopy (TEM) using a JEM-1010 TEM (JEOL USA Inc., MA). 

To prepare samples for imaging, nanoparticles were dried on 300-mesh copper-coated 

carbon grids (Electron Microscopy Sciences, Hatfield, PA). A FEI Verios 460 Field 

Emission Microscope (FE-SEM) (FEI Europe B.V., Eindhoven, Netherlands) using selective 

secondary/backscattered electrons detection was also used for morphological 

characterization. For observation, 7 μL of a solution of citric-TeNPs on DI water were 

deposited on clean Si substrates and were allowed to dry for more than 24 h. The images 

were taken with 2 kV acceleration voltage and a 25 pA electron beam current. Electron 

dispersive X-Ray spectroscopy (EDX) was performed using an EDX detector EDAX Octane 

Plus, Ametek B.V., Tilburg, Netherlands) coupled to the SEM previously mentioned, for the 

verification of the presence of elemental tellurium in the structures. SEM conditions for 

EDX measurements were 10 kV acceleration voltage and 400 pA beam current.
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Structural analysis of the nanoparticles systems were carried out by infrared spectroscopy 

using a Fourier transform infrared spectrometer, Perkin Elmer 400 FT-IR/FT-NIR in 

attenuated total reflectance (ATR) mode. The samples for FT-IR analysis were prepared by 

drop casting the TeNPs colloids on a sample holder heated at ~ 50 °C. 5 mg were used to 

carry out the measurement. The IR spectra were scanned in the range of 500 to 4000 cm-1 

with a resolution of 4 cm-1. The spectra were normalized, and the baseline corrected using 

Spectrum™ software from Perkin-Elmer.

Powder XRD patterns were obtained with a Rigaku MiniFlex 600 operating with a voltage 

of 40 kV, a current of 15 mA, and Cu-Kα radiation (λ = 1.542 Å). All XRD patterns were 

recorded at room temperature with a step width of 0.05 (2θ) and scan speed of 0.2 °/min. 

The preparation of the sample for XRD analysis was done by drying 8 mL of TeNPs colloids 

on the sample holder.

For X-Ray photoelectron spectroscopy (XPS) experiments, drops of the compounds 

dispersed in DI water were deposited on clean copper substrates for sample preparation. 

After water evaporation, the samples were loaded in a vacuum loadlock chamber and then 

transferred in the XPS Ultra High Vacuum chamber with a base pressure in the low of 10-10 

mbar range. The XPS chamber was equipped with a hemispherical electron energy analyzer 

(SPECS Phoibos 100 spectrometer) and a Mg-Kα (1253.6 eV) X-ray source. The angle 

between the hemispherical analyzer and the plane of the surface was kept at 60°. Wide scan 

spectra were recorded using an energy step of 0.5 eV and a pass-energy of 40 eV while 

specific core level spectra (Te 3d, O 1s and C 1s) were recorded using an energy step of 0.1 

eV and a pass-energy of 20 eV. Data processing was performed with CasaXPS software 

(Casa software Ltd, Cheshire, UK). The absolute binding energies of the photoelectron 

spectra were determined by referencing to the Te 3d 5/2 metallic core level at 573 eV44,45. 

The contributions of the MgKα satellite lines were subtracted and the spectra were 

normalized to the maximum intensity.

A SpectraMax M3 spectrophotometer (Molecular Devices, Sunnyvale, CA) was used to 

measure the optical density of the bacterial cultures. Growth curves and other bacterial 

analysis were performed in a plate reader SpectraMax® Paradigm® Multi-Mode Detection 

Platform.

For cell fixation studies, a Cressington 208HR High Resolution Sputter Coater and a 

Samdri®-PVT-3D Critical Point dryer was used to prepare the samples, that were imaged 

using a Hitachi S-4800 SEM instrument was used with a 3 kV accelerating voltage and 10 

μA beam current.

Stability analysis

In order to analyze the stability of the samples, TEM and Zeta-potential measurements were 

completed in fresh and 60-days old TeNPs synthesized using a Te-precursor solution 

concentration of 50 mM and the three different citric extracts.
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Bacteria cultures

Multidrug-resistant (MDR) Escherichia coli (ATCC BAA-2471; ATCC, Manassas, VA) and 

Methicillin-resistant Staphylococcus aureus (MRSA) (ATCC 4330; ATCC, Manassas, VA) 

bacteria were selected for the antimicrobial tests to determine the effect of TeNPs 

synthesized with orange, lemon, and lime extracts. The cultures were maintained on agar 

plates at 4 °C. Bacteria were inoculated into 5 mL of sterile Tryptic Soy Broth (TSB, sigma) 

in a 50 mL Falcon conical centrifuge tube and incubated at 37 °C/200 rpm for 24 h. The 

optical density was then measured at 600 nm (OD600) using a spectrophotometer. The 

overnight suspension was diluted to a final bacterial concentration of 106 colony forming 

units per milliliter (CFU/mL) prior to measuring the optical density.

Antimicrobial activity of TeNPs

The colony of each bacterial strain was re-suspended in TSB media. The bacterial 

suspension was placed in a shaking incubator to grow overnight at 200 rpm and remained at 

a constant 37 °C. The overnight suspension was diluted to a bacterial concentration of 106 

CFU/mL and a spectrophotometer was used to perform optical density measurements at 600 

nm (OD600). Moreover, the seeding density was determined in each experiment using a 

colony forming unit assay. Different concentrations of nanoparticles were mixed with 100 

μL of bacteria in TSB medium and added to each well of a 96-well plate for the specific 

antimicrobial assay (Thermo Fisher Scientific, Waltham, MA). The control group consisted 

of bacteria mixed with 100 μL of TSB culture media without the presence of any Te 

nanoparticles. The final volume per each well was 200 μL. Once the plate was prepared, the 

absorbance values of all samples were measured at 600 nm every 2 min on the absorbance 

plate reader for 24 h. The values coming from the Te nanoparticles system were measured 

preparing negative controls made of nanoparticles and medium only. For the conversion of 

OD to CFU/mL, standard curves were used for each one of the bacteria.

The bacterial growth curves were obtained and fitted into the Gompertz model46 by 

subtracting the initial values to the entire curve and shifting them to the starting point. For 

the application of Gompertz distribution, re-parametrization was needed in order to describe 

the biological parameters (A, μ, and λ) (Equation 2) rather than the mathematical ones (a, b, 

c…) (Equation 1).

y = a ∗ e−e(b − ct)

Equation 1. Gompertz equation in terms of mathematical parameters.

The Gompertz equation in terms of mathematical parameters was modified through a series 

of derivations to obtain the modified equation that was used for the fitting of the curves. The 

resulting equation describes a sigmoidal growth curve.

y = A ⋅ e−e

μ ⋅ e
A (λ − t) + 1

Medina Cruz et al. Page 6

Green Chem. Author manuscript; available in PMC 2020 April 21.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



Equation 2. Gompertz equation in terms of biological parameters.

Where the parameter y is related to the number of bacteria (corresponding to the optical 

density reading), A is the maximal possible value of y, μ is the maximal growth rate and λ is 

the lag time. The parameters A, μ and λ were estimated according to a least-squares 

estimation algorithm using a GRG nonlinear solver.

The colony counting assays were done by seeding the bacteria in a 96-well plated mixed 

with different concentrations of TeNPs. The plates were incubated at 37 °C during 8h and, 

after that period of time, the plates were removed from the incubator and diluted with PBS 

in a series of vials x105, x106 and x107. Three drops of 10 μL were taken of each dilution 

and deposited in a TSB-Agar plate. After a final period of incubation of 8 h inside the 

incubator at 37 °C, the numbers of colonies formed were counted at the end of the 

incubation.

In vitro cytotoxicity assays with Te nanoparticles

Cytotoxicity assays were performed with primary human dermal fibroblasts (TCC® 

PCS-201-012TM, Manassas, VA)) and melanoma (ATCC® CRL-1619, Manassas, VA) 

cells. Cells were cultured in Dulbecco’s Modified Eagle Medium (DMEM; Thermo Fisher 

Scientific, Waltham, MA), supplemented with 10% fetal bovine serum (FBS; ATCC® 

30-2020™, American Type Culture Collection, Manassas, VA) and 1% penicillin/

streptomycin (Thermo Fisher Scientific, Waltham, MA). MTS assays (CellTiter 96® 

AQueous One Solution Cell Proliferation Assay, Promega, Madison, WI) were carried out to 

assess cytotoxicity. Cells were seeded onto tissue-culture-treated 96-well plates (Thermo 

Fisher Scientific, Waltham, MA) at a final concentration of 5000 cells per well in 100 μL of 

cell medium. After an incubation period of 24 h at 37 °C in a humidified incubator with 5% 

carbon dioxide (CO2), the culture medium was replaced with 100 μL of fresh cell medium 

containing concentrations from 5 to 100 μg/mL of green-synthesized OR-TeNPs, LEM-

TeNPs, and LIM-TeNPs. Cells were cultured for another 24 and 48 h at the same conditions 

and then washed with PBS, the medium was then replaced with 100 μL of the MTS solution 

(prepared using a mixing ratio of 1:5 of MTS:medium). After the addition of the solution, 

the 96-well plate was incubated for 4 h in the incubator to allow for a color change. Then, 

the absorbance was measured at 490 nm on an absorbance plate reader (SpectraMAX M3, 

Molecular Devices) for cell viability after exposure to the TeNPs concentration. Cell 

viability was calculated by dividing the average absorbance obtained for each sample by the 

one achieved by the control sample, and then multiplied by 100. Controls containing cells 

and media, and just media, were also included in the 96-well plate to identify the normal 

growth of cells without nanoparticles and to determine the absorbance of the media itself.

Cell fixation and SEM imaging

Primary human dermal fibroblasts and melanoma cells were seeded in a 6-well plate with a 

glass coverslip (Fisher Brand) attached to the bottom. After an incubation period of 24 h at 

37 °C in a humidified incubator with 5% carbon dioxide (CO2), media was removed and 

replaced with fresh one containing a concentration of 50 μg/mL of OR-, LEM- and LIM-

TeNPs. Cells were cultured for another 24 h at same conditions. After, the coverslips were 
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fixed with a primary fixative solution containing 2.5% glutaraldehyde (Electron Microscopy 

Sciences, EMS) and 0.1 M sodium cacodylate buffer solution (Electron Microscopy 

Sciences, EMS) for 1 hour. Subsequently, the fixative solution was exchanged for 0.1 M 

sodium cacodylate buffer and the coverslips were washed 3 times for 10 min. Post-fixation 

was done using 1% osmium tetroxide (OsO4) solution (Electron Microscopy Sciences, 

EMS) in buffer for 1 hour. Subsequently, the coverslips were washed three times with buffer 

and dehydration was progressively achieved with 35, 50, 70, 80, 95 and 100% ethanol (three 

times for the 100% ethanol). Finally, the coverslips were dried by liquid CO2-ethanol 

exchange in a Samdri®-PVT-3D Critical Point dryer. The coverslips were mounted on SEM 

stubs with carbon adhesive tabs (Electron Microscopy Sciences, EMS) after treatment with 

liquid graphite, and then sputter coated with a thin layer of platinum using a Cressington 

208HR High Resolution Sputter Coater. Digital images of the treated and untreated bacterial 

cells were acquired using a SEM microscope.

Reactive oxygen species (ROS) analysis of samples

For ROS quantification, 2′,7′-dichlorodihydrofluorescein diacetate (H2DCFDA) was used. 

Human melanoma cells were seed in a 96 well-plate at a concentration of 5 × 104 cells/mL 

in presence of different concentrations of the TeNPs as well as in a control without any 

nanoparticles. The cell were cultured under standard culture conditions (37 °C in a 

humidified incubator with a 5% carbon dioxide (CO2) atmosphere) for 24 h before the 

experiment. Briefly, the ROS indicator was reconstituted in anhydrous dimethylsulfoxide 

(DMSO) to make a concentrated stock solution that was kept and sealed. The growth media 

were then carefully removed and a fixed volume of the indicator in PBS was added to each 

one of the wells at a final concentration of 10 μM. The cells were incubated for 30 min as 

optimal temperature and the loading buffer was removed after. Fresh media were added and 

cells were allowed to recover for a short time. The baseline for fluorescence intensity of a 

sample of the loaded cell period exposure was determined. Positive controls were done 

stimulating the oxidative activity with hydrogen peroxide to a final concentration of 50 μM. 

The intensity of fluorescence was then observed by flow cytometry. Measurements were 

taken by an increase in fluorescence at 530 nm when the sample was excited at 485 nm. 

Fluorescence was also determined in the negative control—untreated loaded with dye cells 

maintained in a buffer.

Statistical analysis

All experiments were repeated in triplicate (N = 3) to ensure reliability of results. Statistical 

significance was assessed using student’s t-tests, with a p < 0.05 being statistically 

significant. Results are displayed as mean ± standard deviation.

Results and Discussion

Synthesis and purification of TeNPs

A facile and quick synthesis of TeNPs using orange, lemon and lime extracts was 

successfully completed, showing the ability of the extracts as both reducing and stabilizing 

agents for the generation of elemental tellurium-based nanomaterials. The reduction of Te 

from ionic state (Te4+) to elemental form (Te0) is achieved with the appearance of a dark 
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color within the solution. A change of color from light to dark yellow was observed for all 

the Te-precursor solution concentrations after a few seconds of reaction (Figure S1 in 

Supplementary information). However, there was no noticeable difference in tone between 

the different citric extracts.

Therefore, a green and cost-effective approach can be achieved using the microwave-assisted 

method. The reduction of metallic ions within the solution of nanomaterials is only 

accomplished in the presence of both reducing and stabilizing agents47. Thus, these agents 

must be present in the reaction and come from the juice extracts.

Characterization of the Te nanoparticles

After purification, the synthesized TeNPs using different Te-precursor solution 

concentrations and citric extracts were characterized by TEM in terms of size and 

morphology with the aim to understand the effect of the extracts (Figures S2, S3 and S4 in 

Supplementary information). TEM images show that, for all metallic salt concentrations, 

there is no difference regarding these two properties. Therefore, for the following 

characterization and further experiments, a concentration of 50 mM of metallic salt has been 

chosen (see Supplementary information for other concentrations).

TEM images (see Figure 1) showed that the nanostructures synthesized by different extracts 

had different morphology and shape. Thin nanorods with both sharp ends were found for 

OR-TeNPs, with around 50-200 nm in length and a 2-15 nm wide (Figure 1A). LEM- and 

LIM-TeNPs yielded a mixture of cubic-shaped nanoparticles with 100-200 nm in length 

(Figures 1B and 1C, respectively).

The only effect of the metallic salt precursor concentration, as determined by TEM, is that 

larger concentration leads to the formation of bigger and more numerous aggregates of 

nanoparticles (Figures S2, S3 and S4).

SEM characterization on OR-TeNPs (Figure 2A) showed a homogeneous rod structure while 

for the LEM-TeNPs (Figure 2B) and LIM-TeNPs (Figure 2C), cubic-shaped structures were 

clearly observed. Importantly, a non-metallic organic matrix was observed surrounding the 

nanoparticles for all samples. The presence of the organic coating embedding the cubes for 

LEM- and LIM-samples made difficult the observation of very small nanoparticles together 

with the bigger structures in standard conditions, i.e. imaging with secondary electrons. 

However, when the images are obtained using back-scattered electrons, whose signal 

depends on the atomic number Z, structures composed of Te (Z=52) can also be 

distinguished with brighter contrast than the organic coating (Z=6 and 8 for C and O, 

respectively). For instance, Figures 2D-2F show representative back-scattered electrons 

images of OR-, LEM- and LIM-TeNPs. Only Te nanorods are seen in the OR-TeNPs sample, 

in agreement with the TEM characterization, while for the LEM- and LIM- samples both big 

crystal cubes and very small nanoparticles (around 10 nm size) immersed in the organic 

matrix can be observed. For the LEM-TeNPs sample, some nanorods can be discerned too.

To determine the elemental composition and structure of the Te nanostructures, EDX, XRD 

and XPS measurements were performed. EDX characterization confirmed that the electron-
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dense structures were composed of tellurium as proven by the presence of specific tellurium 

peaks in all samples (Figures S5, S6 and S7 in Supplementary information). Besides, 

significant peaks for carbon and oxygen were found, as well as sodium, indicating the 

presence of an organic coating and reaction products surrounding the nanostructures 

However, it was difficult to determine if these peaks come either form the embedding matrix 

or from inside the rods and cubes. Summarizing, both SEM and EDX characterization 

allowed determining that in LEM- and LIM-samples both cubic crystals and small particles 

containing tellurium coexist, while in OR-samples no cubes but well-formed Te nanorods 

were observed.

XRD patterns are shown in Figure 3. The diffraction peaks for the OR-TeNPs XRD pattern 

(Figure 3a) can be indexed to the hexagonal Te structure (h-Te, space group P3121)48. The 

XRD analysis indicated the presence of foreign phases, probably tetraoxotelluric acid and/or 

telluric oxide (the diffraction peaks appeared at diffraction angles 2θ < 20°, not shown in 

Figure 3). The lattice parameters calculated for the hexagonal OR-TeNPs are in good 

agreement with the reported values for h-Te48, as shown in Table S1. In the case of the XRD 

analysis of LEM-TeNPs and LIM-TeNPs (Figure 3c and d) both XRD patterns can be 

indexed to orthorhombic β-TeO2 (space group Pbca)49. The diffraction peak at 2θ ≈ 25.7° 

may correspond to the crystallographic plane (110) of tetragonal α -TeO2 (space group 

P43212)50. The lattice parameters calculated for the orthorhombic LEM-TeNPs and LIM-

TeNPs are also reported in Table S1 in Supplementary information.

XPS was used to characterize the chemical composition and electronic states of the different 

Te nanomaterials. Figure 4 presents the wide energy range scan of the Te nanoparticles 

obtained from the orange, lime and lemon juices. As seen, the three samples present the 

same elements. Apart from the tellurium, carbon, oxygen, nitrogen and sodium were 

detected. Copper from the substrate was also detectable, but not considered in the 

quantification depicted in Table S2 in Supplementary information. A comparison of the 

three samples evidenced that the highest Te concentration was detected in the lemon 

dispersion, which doubled the orange one. A detailed analysis of the core level peaks 

enabled the observation of certain differences between the samples, as shown in Figure S8 

and values from Table S3 in Supplementary information.

FT-IR spectroscopy measurements were completed in order to identify the capping agents in 

the Te nanoparticles. The FT-IR spectra of OR-, LEM- and LIM-TeNPs are shown in Figure 

5. The signals found in each of the IR spectra correspond to the most representative 

functional groups found in the juice from the rag and pulp of citrus fruits, i.e., sugars (e.g. 

sucrose, glucose, and fructose), flavonoids (e.g. hesperidin) and water-soluble pectin 

molecules (e.g. protopectin, calcium and magnesium pectates)51–54. For all of the FT-IR 

spectra, the bands are assigned to the antisymmetric stretching vibration of –OH, –CH3 and 

–CH2 at 3284, 2918 and 2840 cm-1, respectively. The signal at 1634 cm-1 was associated to 

the deformation vibrations of water in the sample. The signals within the region of 800–

1500 cm-1 were due to the deformation vibrations of O–H and C–H bonds of pyranose rings. 

The peak at 1042 cm-1 was assigned to the vibration absorption of C–O55. In the case of 

LEM–TeNPs and LIM–TeNPs, medium absorption bands due to tellurium dioxide (TeO2) 

around 720 and 564 cm-1 were observed, while in OR–TeNPs only weak signals at same 
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regions were identified, which may correspond to the presence of TeO2 in the sample56. 

These two bands are related to the symmetrical equatorial and asymmetrical axial stretching 

vibrations of the Te–O bonds, respectively57.

Stability analysis of the TeNPs after 60-days of their synthesis (using 50 mM Te-precursor 

solution concentration) by TEM imaging (Figure S9 in Supplementary information) and 

Zeta-potential measurements (Table S4 in Supplementary information) was completed. In 

both cases, the aged samples kept their original features.

Antimicrobial activity of TeNPs

The antimicrobial activity of the nanostructures was tested against two different bacterial 

strains, MDR-Escherichia coli and MRSA in order to evaluate their antibacterial potential 

against both Gram-negative and -positive bacteria, respectively. Experiments using 24 h 

growth curves (Figure S10 in Supplementary information) showed a promising antibacterial 

effect in a range of nanoparticle concentrations between 5 and 50 μg/mL due to a decrease 

and inhibition in bacterial growth for both strains. This decay seemed to increase with a rise 

in concentration.

When OR-TeNPs were added to a culture of MDR-Escherichia coli, significant bacterial 

inhibition was found for the whole range of concentrations (Figures S10A in Supplementary 

information), while for LEM-TeNPs and LIM-TeNPs, the antimicrobial effect was slightly 

less significant (Figures S10C and S10E in Supplementary information, respectively). No 

significant inhibition was found for the minimum concentration (5 μg/mL) for both cases, 

with dose-dependent trend in bacterial inhibition. For MRSA experiments, OR-TeNPs 

showed again the highest antimicrobial effect compared to the other nanosystems, with an 

important impact in the bacterial cell proliferation over time (Figure S10B in Supplementary 

information). LEM-TeNPs and LIM-TeNPs showed a slight impact on the growth, with 

higher TeNPs concentrations meaning an increased antimicrobial effect for lemon-mediated 

Te nanoparticles (Figure S10D in Supplementary information), but no significant change for 

the lime-mediated Te nanostructures (Figure S10F in Supplementary information). The 

dose-dependent antibacterial effect on both bacterial strains was confirmed after 

modelization of the growth curves with Gompertz analysis (Figure S11 in Supplementary 

information).

Colony forming unit assays were also performed to assess the interaction between the 

synthesized TeNPs and the bacterial strains MDR-Escherichia coli and MRSA. When MDR-

Escherichia coli was growth with OR-TeNPs (Figure 6A), a significant inhibition effect over 

the cell proliferation was found, with a similar activity of all the Te nanoparticle 

concentrations, achieving a 50% inhibition compared to the control. For LEM-TeNPs 

(Figure 6C), no significant inhibition was found for lower concentrations, while higher than 

15 μg/mL caused an inhibition above 50%. Similar situation was found for LIM-TeNPs 

(Figure 6D), where Te nanoparticle concentrations over 10 μg/mL showed an important 

inhibition of the bacterial proliferation.

Experiments with MRSA showed a significant inhibition effect with a constant trend when 

OR-TeNPs were present in the bacterial culture (Figure 6B), while no significant inhibition 
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(or not at all) was found for lower concentrations of LEM-TeNPs (Figure 6D) and LIM-

TeNPs (Figure 6F). Only concentrations over 15 μg/mL seemed to develop a slight 

antimicrobial effect for both nanomaterials.

Consequently, OR-TeNPs seem to have the most important antimicrobial effect over both 

bacterial strains, with inhibition of the bacterial population over 50% for most of the TeNPs 

concentrations. This effect is especially noticeable for MDR-Escherichia coli, closely 

followed by the gram-positive bacteria. However, no significant antibacterial effect was 

found when LEM- and LIM-TeNPs were cultured with MRSA, while showing an important 

inhibition for MDR-Escherichia coli. Overall, all the Te nanoparticles have better 

antimicrobial properties against Gram-negative bacteria.

IC50 values were obtained with the aim to show the minimum inhibitory concentration for 

each one of the bacterial tests (Table 1).

These values differ from others found in literature, showing a decrease of the IC50 values for 

our Te nanosystems. For example, Zare et al.58 have investigated the antibacterial effect of 

Te nanorods (TeNRs) using Minimum Inhibitory Concentration (MIC) as quantifying values. 

The TeNRs, produced by the Bacillus sp. BZ were tested against Staphylococcus aureus 
(MIC 250 μg/mL), P. aeruginosa (MIC 125 μg/mL), S. typhi (MIC μg/mL), and K. 
pneumonia (MIC 125 μg/mL).

The bactericidal effect of Te nanoparticles has been studied19, and it can be related to the 

production of reactive oxygen species (ROS) upon exposure of the bacterial cultures. 

Besides, evidence so far suggests that the antimicrobial activity seems to be directly linked 

to the dimensions of the nanoparticles: indeed, the highest activity was shown by 

nanoparticles of smaller sizes. As nanoparticles decrease in size, their surface to volume 

ratio increase, confirming smaller is better for improving the biological reactivity. 

Nevertheless, size is not the sole parameter influencing antimicrobial properties of the 

nanoparticles: other important features are both the elemental composition and the shape59. 

Besides, it is hypothesized that the presence of the natural coating surrounding the 

nanoparticles can have an important effect of the biomedical properties.

Moreover, tellurium oxyanions have also been found to trigger the generation of ROS, with 

both elements capable of reacting with intracellular thiols and forming intermediates that 

cause oxidative stress because of the formation of superoxide radicals60. Thus, even if 

reactive oxygen species are involved in the toxicity of TeNPs, other mechanisms may be 

responsible for the antimicrobial activity of these nanostructured metals. For instance, it 

seems that Te nanoparticles can contribute to functional damages of cell membrane or wall 

by disrupting the integrity of these important envelopes61. Some other mechanism related to 

the surface features of the nanoparticles may be involved, however, in conferring toxicity to 

TeNPs. For instance, the presence of a natural and organic-based coating surrounding the 

nanoparticles can be closely related to the enhancement of the bacterial activity towards 

other nanoparticles systems.
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In vitro cytocompatibility and cytotoxicity of TeNPs with healthy and cancer cells

With the aim to determine the cytotoxicity associated with the green-synthesized TeNPs in 

mammalian cells, in vitro cytotoxicity assays were performed with human dermal fibroblasts 

(HDF) and human melanoma cells for 24 and 48 h. Experiments with fibroblast cells showed 

a decrease in the cell viability with a Te nanoparticle concentration increase for all the 

systems, with a constant cell proliferation after 48 h of growth. OR-TeNPs (Figure 7A) 

remained cytocompatible (with cell growth over 60%) for concentrations up to 50 μg/mL for 

both experimental days while an important depletion of the cell proliferation was found at 

concentrations higher than 25 μg/mL and 10 μg/mL for LEM-TeNPs (Figure 7B) and LIM-

TeNPs (Figure 7C), respectively.

The second set of experiments was carried out with cancerous melanoma cells were used to 

evaluate the potential anticancer effect of the Te nanoparticles (Figure 8). TeNPs 

concentrations from 5 to 100 μg/mL were tested in all the different nanosystems with the 

objective of observing the potential biomedical application of the nanoparticles.

OR-TeNPs (Figure 8A) showed inhibition of cell growth in the extended range of 

concentrations, nevertheless, it was accentuated at concentrations higher than 25 μg/mL. 

With similar behavior, LEM-TeNPs (Figure 8B) presented an increasing decrease in cell 

proliferation. Lower TeNPs concentrations of 10 and 25 μg/mL showed a specifically 

remarkable recession, therefore confirming that even a lower density of Te nanoparticles 

produced significant anticancer activity in comparison to the normal growth of the cells 

(presented in the graph as 0 μg/mL columns). Finally, LIM-TeNPs (Figure 8C) presented a 

different tendency in comparison to the others citric juices. Lower concentrations of metallic 

nanoparticles seemed to produce a non-notable delay on the cell proliferation, however, 50 

μg/mL and greater concentrations of TeNPs showed a sharp decrease juxtaposed with the 

control rise. Consequently, according with these results, it can be concluded that in average, 

the anticancer effect presented in these Te nanostructures is enhanced at higher nanoparticle 

concentrations. Nonetheless, low concentrations of LIM-TeNPs present also a good 

performance, allowing the use of these biogenic nanoparticles for biomedical applications 

with no cytotoxic effect associated.

The cytotoxic effect on both cell lines was evaluated, showing a dose-dependent cytotoxic 

effect over the cells after 48 h of experiments (Figure 9). The Te nanoparticles caused a 

decrease in the proliferation of cells for both healthy and cancer cell lines. However, the 

decay is more pronounced for cancer cells (Figure 9B), showing higher cytotoxicity. OR-

TeNPs showed the best cytocompatibility towards HDF cells, with a significant cytotoxic 

effect on melanoma cells over the whole range of Te nanoparticle concentrations (Figure 

9A). LEM- and LIM-TeNPs showed a similar trend when exposed to HDF cells, while the 

cytotoxic effect on melanoma cells was not so pronounced for LIM-TeNPs as it was for 

LEM-TeNPs, which shows a similar effect on cell proliferation as OR-TeNPs (even better at 

low concentrations).

Overall, results from this part of the study showed for the first time that citric-derived TeNPs 

displayed both antibacterial and anticancer effects and a negligible cytotoxic effect for 

human healthy cells within an ideal range from 5 to 50 μg/mL.
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Reactive oxygen species (ROS) analysis

ROS analysis (Figure 10) showed an increase in the ROS production when nanoparticles 

were present in the media, with a dose-dependent effect. Therefore, the increase in the 

number of reactive oxygen species is related to the dose-dependent anticancer behavior that 

was showed before.

It was hypothesized that the cytocompatibility of the Te nanostructures was associated to the 

organic coating present all over the Te nanostructures. This coating (composed of organic 

material from the synthesis) surrounding the Te surface would prevent from the ions release 

and finally avoid cell damage. Several studies have shown an enhancement of 

cytocompatibility of green-synthesized nanoparticles in comparison to chemically-

synthesized nanoparticles, showing no significant cytotoxic effect on the cells62,63.

A deteriorate ROS protective mechanisms is found in cancer cells, what explain the 

anticancer effect. Several studies have reported the anticancer effect of Te compounds64, but 

only a few, if any, studies have shown this activity in tellurium nanomaterials65. After 

synthesis, some molecules remained in the coating surrounding the surface of the 

nanoparticles (such as citric acid and vitamin C). Both compounds are known to have 

anticancer properties66,67. Thus, it is strongly believed that the synergetic effects of both 

metallic core and coating enhance the anticancer properties thus, presenting citric-TeNPs as 

a novel solution for anticancer activity with low associated cytotoxicity towards healthy 

cells. The anticancer effect of these citric TeNPs may also be attributed to the generation of 

ROS, since Te nanoparticles have been reported as strong agents for ROS-mediated 

apoptosis and genotoxicity68.

IC50 values were calculated for the anticancer effect of the nanoparticles, rendering 0.204, 

0.135 and 0.039 mg/mL for OR-, LEM- and LIM-TeNPs, respectively. Therefore, it is 

possible to compare in terms of efficacy to other metallic nanosystems reported in literature. 

For instance, Hafeez et al. studied dacarbazine laden nanoparticle (DZNP) and dacarbazine 

laden nanocream (DZNC) topical delivery system for the treatment of melanoma69. 

Dacarbazine (DZ) is poorly soluble in water with a short half-life in blood circulation, low 

rate of response with the toxic effect which ultimately limits its utilization of the treatment 

of skin cancer70. IC50 of DZNP was 0.19 mg/mL, while the IC50 was 0.63 mg/ml for 

DZNC, with higher values that the ones obtained for our nanosystems. Besides, it is possible 

to compare the Te nanostructures synthesized in this work with commercially available 

anticancer treatments in terms of cost. For instance, dacarbazine intravenous nanopowder 

has a price for injection (100 mg) of around USD $88/supply, while the price of 100 mg of 

Na2TeO3, the precursor of the Te nanoparticles, is around 1$ (plus the price of orange, 

lemon and lime, that rounds between 0.5-0.9 USD $/kg)71. Therefore, it is possible to 

conclude that the Te nanosystems presented in this work are relatively more efficient and 

cost-effective than other current nanoparticle-based treatments towards melanoma.

ROS production was compared with an inorganic nanoparticle, Iron Sucrose (IS) (Venofer®, 

American Regent, Shirley, NY). Gupta et al. found that incubation with 100 μg/mL IS 

induced significantly higher ROS generation compared to control. IS appeared to increase 

intracellular ROS in a time-dependent manner and a 60% increase from control experiments 
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was measured after incubation with IS72. For all our nanoparticles systems, after 24 hours of 

incubation, there was around 20-30% increase from control experiments.

Cell fixation and SEM imaging

The effect of the different Te nanoparticles in the morphology and proliferation of both HDF 

and melanoma cells were extensively studied using SEM microscopy (Figure 11). When 

HDF cells were cultured in presence of a fixed concentration of OR- (Figure 11B), LEM- 

(Figure 11C) and LIM-TeNP (Figure 11D) showed no significant modification on the cell 

morphology in contrast with the control (Figure 11A). Therefore, these results suggest that 

the proliferation of the cells is maintained constant when they are grown in presence of the 

Te nanoparticles. Nonetheless, it can be observed some discontinuities on the membrane 

previous to rupture (without any other change in the structure), which eventually end on cell 

death. Hence, the tendency of these results suggested a necrosis mechanism73,74.

On the contrary, when melanoma cells were cultured in presence of a fixed concentration of 

OR- (Figure 12B), LEM- (Figure 12C) and LIM-TeNPs (Figure 12D) significant 

morphological changes were observed in respect with the control (Figure 12A). In all cases, 

the cell membrane suffered significant damages and showed different stages on cell death 

mechanism. Swelling on the membrane appeared due to the rearranging of the structures in 

the cytoskeleton (Figure 12C) as a consequence of the apoptosis mechanism induced by the 

cells75. Finally, these formations produce cell membrane rupture in various fragments 

(Figures 12B and 12D) that end in cell death76. Therefore, a significant decay in cell 

proliferation can be found, with important differences between the treated and untreated 

samples.

Conclusions

In this work, an effective green and environmentally-friendly synthesis route for TeNPs 

synthesis was presented, employing three citric juices (orange, lemon and lime) as unique 

reducing and stabilizing agents in a reaction that was accomplished in seconds. TeNPs, with 

either rod-like or cubic-shaped morphologies were extensively characterized in terms of 

composition and chemical structure, before being employed as biomedical agents. Inhibition 

of antibiotic-resistant bacterial growth was found in a range of concentrations between 5 and 

50 μg/mL with a main mechanism of inhibition related to ROS production. Cytotoxicity 

studies were accomplished showing a dose-dependent anticancer effect towards human 

melanoma cells in a range of concentrations up to 100 μg/mL, remaining cytocompatible 

towards human healthy fibroblast cells at concentrations up to 50 μg/mL. Therefore, citric 

juices-mediated TeNPs are shown as a novel nanosized agent with antimicrobial and 

anticancer properties, enhanced cytocompatibility, with an easy synthesis that does not 

imply the use of harsh materials or the production of toxic by-products. These findings 

suggest that green-synthesized TeNPs can overcome many of the shortcomings of 

traditionally synthesized nanomaterials, providing a promising evidence for future research 

and applications in medicine of this rare metalloid in its nanometer scale, for instance, in 

antibacterial wound dressings.
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Figure 1. 
Transmission electron microscopy (TEM) characterization of TeNPs synthesized by 
orange (A), lemon (B) and lime (C) juices with 50 mM of metallic salt concentration. 
Different morphologies and features were found when the nanomaterials were characterized 

by TEM.
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Figure 2. 
Scanning Electron Microscopy (SEM) image of OR-TeNPs (A, D), LEM-TeNPs (B, E) 
and LIM-TeNPs (C, F). The characteristic morphology of the nanostructures was observed 

using SEM. The upper images (A-C) correspond to secondary electrons micrographs and 

show the morphology of the obtained structures, while the lower ones (D-F) are taken with 

back-scattered electrons and provide compositional contrast. The scale bar is the same for all 

images (500 nm).
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Figure 3. 
Comparison between the experimental XRD patterns for (a) OR-TeNPs, (c) LEM-
TeNPs and (d) LIM-TeNPs with the calculated XRD patterns for (b) bulk hexagonal Te (h-

Te)48 and (e) orthorhombic β-TeO249. Upper panel: Miller indices for h-Te. Lower panel: 

Miller indices for β-TeO2.
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Figure 4. 
XPS wide scan of Te nanostructures obtained from orange, lime and lemon extracts.
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Figure 5. 
FT-IR spectra of (a) LEM–TeNPs, (b) LIM–TeNPs and (c) OR–TeNPs.
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Figure 6. 
Colony counting assay of MDR-Escherichia coli (A, C, E) and Methicillin-resistant 
Staphylococcus aureus, MRSA (B, D, F) after being treated for 8 h with different 
citrics-mediated synthesized nanoparticles. Data = mean +/- SEM, N = 3. *p < 0.05 

versus control (0 μg/mL concentration), **p < 0.01 versus control (0 μg/mL concentration).
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Figure 7. 
MTS assay on human dermal fibroblast (HDF) in the presence of OR-TeNPs (A), 
LEM-TeNPs (B) and LIM-TeNPs (C) ranging from 5 to 100 μg/mL. Data = mean +/- 

SEM, N = 3. *p < 0.05 versus control (0 μg/mL concentration), **p < 0.01 versus control (0 

μg/mL concentration)
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Figure 8. 
MTS assay on human melanoma cells in the presence of OR-TeNPs (A), LEM-TeNPs 
(B) and LIM-TeNPs (C) ranging from 5 to 100 μg/mL. Data = mean +/- SEM, N = 3. *p 
< 0.05 versus control (0 μg/mL concentration), **p < 0.01 versus control (0 μg/mL 

concentration).
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Figure 9. 
MTS assay on HDF (A) and melanoma (B) cells in the presence of OR-, LEM- and 
LIM-TeNPs ranging from 5 to 100 μg/mL after 48 h of experiment. Data = mean +/- 

SEM, N = 3.
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Figure 10. 
Reactive Oxygen Species (ROS) analysis. The ROS production has been evaluated for the 

different nanoparticles (OR-, LEM- and LIM-TeNPs) in experiments with Human 

Melanoma cells (A, B, C). Data = mean +/- SEM, N = 3. *p < 0.05 versus control (0 μg/mL 

concentration), **p < 0.01 versus control (0 μg/mL concentration).
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Figure 11. 
SEM images showing the interaction between HDF cells and OR- (B), LEM- (C) and 
LIM-TeNPs (D). Interaction with 0 μg/mL (A) and 50 μg/mL (B, C, D) of the respective Te 

nanoparticles and HDF cells were analyzed.
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Figure 12. 
SEM images showing the interaction between melanoma cells and OR- (B), LEM- (C) 
and LIM-TeNPs (D). Interaction with 0 μg/mL (A) and 50 μg/mL (B, C, D) of the 

respective Te nanoparticles and melanoma cells were analyzed.
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Table 1
IC50 values (in μg/mL) for different Te nanoparticles against MDR-Escherichia coli and 

MRSA.

Error values are given for each one of the parameters.

Te-nanosystems MDR-Escherichia coli MRSA

OR-TeNPs 21.38 ±3.06 21.98 ±3.96

LEM-TeNPs 8.18 ±1.25 33.51 ±9.59

LIM-TeNPs 6.23 ±0.92 34.68 ±8.12
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