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Abstract 

 

Gold nanoparticles (AuNPs) are a fundamental building block of many 

applications across nanotechnology as they have excellent biosafety which make them 

promising for a broad range of biomedical applications. Here we explore their in vivo 

toxicity, cytotoxicity and proliferative capacity in human keratinocyte HaCaT cells, their 

ability to induce gene expression and their antiviral properties against a surrogate of 

SARS-CoV-2. These nanoparticles were characterized by transmission electron 

microscopy, dynamic light scattering and zeta potential. The results showed that these 

AuNPs with sizes ranging from 10 to 60 nm are non-toxic in vivo at any concentration up 

to 800 µg/mL. However, AuNP cytotoxicity in human HaCaT cells is time-dependent, so 

that concentrations of up to 300 µg/mL did not show any in vitro toxic effect at 3, 12 and 

24 h, although higher concentrations were found to have some significant toxic activity, 

especially at 24 h. No significant proliferative activity was observed when using low 

AuNP concentrations (10, 20 and 40 g/mL), while the AuNP antiviral tests indicated 

low or insignificant antiviral activity. Surprisingly, none of the 13 analyzed genes had 

their expressions modified after 24 h's exposure to AuNPs. Therefore, the results show 

that AuNPs are highly stable inactive materials and thus very promising for biomedical 

and clinical applications demanding this type of materials. 
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1. Introduction 

 

Gold nanoparticles (AuNPs) are the subject of ever-growing interest in the field 

of nanotechnology due to their versatility and tunability in terms of size, morphology, 

surface chemistry and other properties [1,2]. They have also been recognized for their 

biocompatibility for health-related applications [3].  

AuNPs are now being used in drug-delivery systems, cancer therapy, catalysis, 

chemical sensing, cosmetics, biomedicine, food products and many more applications [4–

7]. They are inert, possess low or none toxicity and can be made stable in a range of 

solvents and pH values, desirable features from a biological standpoint [8–10].  

Today AuNPs can be synthesized reproducibly and modified with seemingly 

limitless chemical functional groups [11].  

AuNPs have excellent antibacterial efficacy alone against Enteric Bacterial 

Human Pathogen [12] or in combination with panchagavya, mainly against Gram-

negative bacteria such as Escherichia coli or Klebsiella pneumoniae and against Gram- 

positive Bacillus subtilis[13]. However, other studies have shown that AuNPs are 

generally not bactericidal [14].  

Advanced antimicrobial agents based on AuNPs can be produced combining these 

metal nanomaterials with antibiotics [14] or with antimicrobial peptides [15].  

AuNPs have shown also antiviral effect against the influenza virus [16] and 

anticancer properties against glioblastoma cells [17]. The antiviral activity of 

nonfunctionalized AuNPs against herpes simplex virus type-1 was revealed in another 

study[18].  

However, Rainer Haag and his collaborators have also found that the antiviral 

effect of AuNPs is highly dependent on their sizes [19]. 

Delivery of antiviral small interfering RNA has been performed with AuNPs to 

successfully inhibit dengue virus infection [20]. 

This paper outlines our achievements with AuNPs in several biological properties 

that have not been tested before such as proliferative activity of human keratinocyte 

HaCaT cells and their ability to induce cell gene expression of a wide range of genes 

(SOD1, CAT, MMP1, TGFB1, GPX1, FN1, HAS2, LAMB1, LUM, CDH1, COL4A1, FBN 

and VCAN). These 13 genes are involved in different metabolic routes which are very 

relevant for biomedical applications such as oxidative stress, extracellular matrix, 

synthesis of proteins related to the maintenance and repair of different tissues. 

We explore also their cytotoxicity and in vivo toxicity using the Caenorhabditis 

elegans model for the first time. 

 Finally, the antiviral properties of AuNPs are study against bacteriophage phi6. 

This bacteriophage is an enveloped double-stranded RNA virus[21] that is a biosafe 

model of enveloped viruses such as SARS-CoV-2, Influenza or Ebola [22,23]. 

The AuNPs used in this study are characterized by transmission electron 

microscopy, dynamic light scattering (DLS) to evaluate their particle hydrodynamic size 

in water solution and in Dulbecco's modified Eagle medium (DMEM), used for the 

biological characterization, and zeta potential in water as a function of pH.  

 

 

2. Materials and Methods 

 

2.1. Materials 

 



Gold nanopowder (< 100 nm particle size, Product Code 636347, 99.9% trace 

metals basis) were purchased from Sigma-Aldrich (Switzerland). Fetal bovine serum 

(FBS), DMEM low glucose, peniciline-streptomicine (P/S), L-glutamine and Epidermal 

Growth Factor (EGF) were obtained from Life Technologies (Gibco, Karlsruhe, 

Germany), MTT reagent from Sigma-Aldrich (Switzerland), RNA purification kit from 

Norgen (Canada), and PrimeScript™ RT Reagent Kit (Perfect Real Time) from Takara 

Bio Inc. Bacteriological agar, tryptic soy broth (TSB) and tryptic soy agar (TSA)  from 

Scharlau (Ferrosa, Barcelona, Spain). 

 

2.2. Material characterization 

 

Transmission electron microscopy (TEM) was performed with JEL 2100 (Tokyo, 

Japan) equipment with a LaB6 thermoionic gun operated at 200 kV. The sample was 

prepared in aqueous solution dropped onto a copper grid. The zeta potential (ζ) of the 

AuNPs was analyzed in water solutions as a function of pH. The zeta potential (ζ), DLS, 

and polydispersity index (PdI) values were obtained from a Zetasizer NanoZS (Malvern, 

United Kingdon). For the ζ measurements, pH was adjusted with solutions of NH4OH 

(Synth, 24%) and HNO3 (Synth, 70%). The dynamic light scattering (DLS) technique 

was used to evaluate the particle hydrodynamic size of the AuNPs in water solution and 

in DMEM, used for the biological characterization. 

 

2.3. Culture manteinance 

 

HaCaT, an immortalized human keratinocytes cell line provided by La Fe Health 

Research Institute (Valencia, Spain), was used to perform the in vitro assays. The culture 

stock was maintained in an incubator in a humidified atmosphere at 5 % CO2 and 37 ºC.  

A culture medium was used for growth based on DMEM low glucose, supplemented with 

FBS 10 %, L-glutamine 2% and P/S 1 %. The medium was renewed three times per week 

and cells were maintained under 80 % confluence in the flask culture.  

 

2.4. Preparation of nanoparticle stock solution 

 

To prepare gold nanoparticle stock solutions for the experimental assays, they 

were resuspended in the same medium used for the stock culture but without FBS. The 

mixes were sonicated for 2 hours at room temperature to obtain a homogeneous solution. 

A medium vial without nanoparticles was also exposed to the same conditions as the 

homogenates to ensure that any possible changes due to sonication did not affect its 

integrity, as it would later be used as the medium for the control groups.  All the sonicated 

solutions were used immediately after the end of this process. 

 

2.5. Cytotoxicity Assay 

 

2.5.1 In vitro cytotoxicity 

 

 

AuNPs cytotoxicity was evaluated through 3-(4, 5-dimethylthiazol-2-yl)-2, 5-

diphenyl tetrazolium (MTT) assay. HaCaT cells were detached from the culture flask, 

and counted for seeding in 96-well plates at a density of 1 x 104 cells per well. After 

growing for 24 hours in the incubator (same conditions as cell culture stock) the medium 

was replaced with 100 uL of each experimental solution plus a control group. Each 



AuNPs concentration was tested in sextuplicate for three different periods of time in order 

to evaluate the different 3, 12 and 24 hour endpoints. The range concentration selected to 

calculate the EC50 at 3 hours was 40, 80, 150, 300, 500 to 800 µg/mL, and 0, 40, 80, 150, 

300, 500 and 800 µg/mL at 12 and 24 h. The medium was removed after the different 

incubation periods,  the cells were washed with PBS 1x and MTT reagent was added to 

each well for 5 hours. The MTT reagent was then replaced by DMSO to solubilyze 

formazan crystals and absorbance was measured by a Varioskan multiwell plate reader 

(ThermoScientific, Canada) at 550 nm.  

 

2.5.2 In vivo cytotoxicity 

 

In vivo toxicity was examined in the C. elegans model. AuNP solutions were 

prepared at double the concentration tested in potassium medium (K medium) (2.36 g 

potassium chloride, 3 g sodium chloride in 1 L distilled water, autoclaved). The worms 

were preserved and disseminated on OP50 E. coli seeded nematode growth medium 

(NGM) made according to Stiernagle, T.(Stiernagle, 2006) at 25 °C. An N2 strain was 

used for these assays provided by the Caenorhabditis Genetics Center (CGC, 

Minneapolis, MN, USA). The worms and eggs were cleaned off NGM plates using 5 mL 

of distilled water and concentrated in 15 mL falcon tubes to form an L1 stage-

synchronized C. elegans population. The tubes were centrifuged at 1300 r.p.m. (2209× g) 

for 3 min and the supernatant was discarded. The C. elegans pellet was resuspended in 

100 μL of dH2O and displaced to Eppendorf tubes, adding 700 μL of a 5% bleaching 

solution. This suspension was incubated for 15 min and vortexed every 2 min. Subsequent 

to the final vortexing, the Eppendorf tubes were centrifuged at 700× g for 3 min. the 

supernatant was discarded and the pellet was washed in 800 μL of dH2O. This step was 

carried out two extra times. After the final washing step, the pellet was resuspended in 

100 μL of dH2O and displaced to NGM plates supplied with 100 μL of an OP50 E. 

coli culture. The eggs were hatched for 72 h at 25 °C. Centrifugation at 1300 r.p.m. 

(2209× g) for 3 min was performed to pellet the L1 staged worms, and resuspended in 3 

mL of potassium medium. A 48-well plate was used to prepare the wells, including 62.5 

μL of a 1:250 suspension of cholesterol (5 mg/mL in ethyl alcohol) in a sterile potassium 

medium, 62.5 μL of a 50× concentrated OP50 E. coli culture at OD600 of 0.9, pelleted by 

centrifugation at 4000 r.p.m. (6797× g) for 10 min and resuspended in a potassium 

medium, 115 μL of potassium medium and 250 μL of the corresponding AuNPs solution. 

A volume of K medium containing 50–100 worms was then mixed in the wells. The 48-

well plates were closed up with parafilm and placed in an orbital shaker at 25 °C and 120 

r.p.m. for 24 h. With a view to determining the lifespan of C. elegans, the amount of liquid 

in each well was distributed in 10 drops of 50 μL and placed under a microscope (Motic 

BA410E including Moticam 580 5.0MP) to calculate the amount of living and dead C. 

elegans. Positive and negative control were development in the K medium and bleach, 

respectively. Growth was evaluated in heat-killed portions by measuring the body length 

in an image taken under the microscope on Motic Images Plus 3.0 software. Five 

independent replicates (n = 5) were managed for this assay. 

 

 

2.6. Proliferation Assay  

 

To conduct this test, the cells were also seeded in 96-well plates but at a density 

of 5 x 103 cells per well. AuNP solutions were prepared following the protocol described 

above but in this case with FBS 0.5 %, including the control media. 2 non-cytotoxic 



concentrations were selected according to the cytotoxic results at 24 h. The cells were 

cultured at each experimental concentration for 72 hours, after which the MTT assay was 

performed to evaluate cell growth. A positive proliferation control was also included in 

each plate, exposed to epidermal growth factor (EGF) at a concentration of 15 ng/mL. 

Each experimental condition was tested in sextuplicate. 

 

2.7. Gene expression 

 

For the gene expression studies, the cells were seeded in 6-well culture plates at a 

density of 1.5 x 106 cells per well. As in the proliferation assays, two non-cytotoxic 

concentrations were selected based on the previously obtained results. The cells were 

incubated for 24 h with each experimental solution (preparation as described above) and 

RNA was extracted by using an RNA purification kit (Norgen, Canada). After 

determining the concentration and quality of the extracted RNA by a Nanodrop One 

(ThermoFisher, Canada), cDNA synthesis and RT-qPCR were performed. For data 

analysis the QuantStudioTM Design & Analysis Software” (ThermoFisher, Canada) was 

used. The primer design for each target gene (Table A1 in Appendix A published 

previously in reference[24]) and reference gene (β-actin/ACTB) was designed on Primer-

Blast software (available on: http://www.ncbi.nlm.nih.gov/tools/primer-blast). The data 

were normalized and analyzed according to the expression of the reference gene. 

 

2.8. Antiviral test 

 

A well-know antiviral compound such as benzalkonium chloride [25,26] was 

always used in the experiments as a positive control. AuNP stock solutions were prepared 

in sterile tryptic soy broth (TSB, Scharlau), sonicated for 2 h at maximum power to 

homogenize the solution and was used immediately after sonication. A vial containing 

TSB was also exposed to the same conditions and then used with the control groups and 

for the preparation of the different stock concentrations. 

Pseudomonas syringae (DSM 21482) and bacteriophage phi 6 (DSM 21518) were 

purchased from the Leibniz Institute DSMZ-German Collection of Microorganisms and 

Cell Cultures GmbH (Braunschweig, Germany). This Gram-negative bacterium was 

cultured in solid tryptic soy agar (TSA, Scharlau) and subsequently in liquid TSB at 120 

r.p.m. and a temperature of 25ºC. Bacteriophage phi 6 propagation was carried out 

according to the Leibniz Institute DSMZ-German Collection of Microorganisms and Cell 

Cultures GmbH specifications. The antiviral assay was performed at a dispersion of 50 

µL of TSB with phages placed at a titer of approximately 1x106 plaque forming units per 

mL (PFU/mL) onto 50 µl of each different AuNP concentrations. These suspensions were 

incubated for 24h at 25ºC and 240 r.p.m.. The different suspensions were individually 

placed in falcon tubes with a TSB volume of 10 mL to be sonicated at 25ºC for 5 min, 

followed by 1 min of vortexing. Serial dilutions were performed from each falcon tube 

for bacteriophage titration, after which 100 µL of each phage dilution was mixed with 

100 µL of the bacterial host at OD600nm = 0.5. The bacteriophage infective capacity was 

thus studied according to the double-layer assay [27]. A volume of 4 mL of top agar (TSB 

+ 0.75% bacteriological agar) from Scharlau (Ferrosa, Barcelona, Spain) with 1 mM 

calcium chloride and the bacteriophage/bacteria suspension were mixed and poured on 

TSA plates to be cultured at 25ºC in a temperature-controlled incubator for 24 h. Phage 

titers in PFU/mL of each sample were compared with the control, which consisted of 50 

µL of phage added directly to the bacterial culture without being in contact with any 

AuNP solution and without the sonication/vortexing treatment. The antiviral activity of 

http://www.ncbi.nlm.nih.gov/tools/primer-blast


the different AuNP concentrations was determined at 24 hours of contact with the 

bacteriophage phi 6 in log reductions of titers. It was ensured that the sonication/vortexing 

treatment did not affect the infectious activity of the bacteriophage phi 6 and that the 

residual disinfectants of the titrated samples did not interfere with the titration process. 

Three independent antiviral tests were performed on two different days (n = 6) to ensure 

reproducibility. 

 

2.9. Statistical analysis  

 

The results obtained in the study were statistically analyzed by ANOVA, 

followed by multiple Tukey’s post-hoc analysis. Median effective concentration 

(EC50) values were estimated by Probit analysis. The results were obtained on 

GraphPad Prism 6 software at a significance level of at least p < 0.05. 

 

3. Results  

 

3.1. Material characterization 

 

High-resolution TEM (HR-TEM) images of the AuNPs are shown in Figure 1a-c 

at different magnifications.  

 
Figure 1. Transmission electron micrographs of gold nanoparticles at three different magnifications (a, b, 

c) and the zeta potential dependency of pH (d). 

 

Figure 1d shows the zeta potential dependency of pH. The DLS technique shows 

the particle size values according to nanofluid preparation with water solution or DMEM 

in Table 1.  
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Table 1. Particle hydrodynamic sizes in nm of the gold nanoparticles in water solution and in the Dulbecco's 

modified Eagle medium (DMEM) used for the biological characterization determined by the dynamic light 

scattering technique. The polydispersity index (PdI) values of the gold nanoparticles (AuNPs) are also 

indicated 

 

Material 
      DLS (nm)           PdI 

Water DMEM Water DMEM 

AuNPs 339.9 781.6 0.369 0.579 

 

3.2. Biological properties 

 

The time-dependent cytotoxicity, proliferation and gene expression results 

determined for AuNPs, AgNPs, GNPs and CNFs in human keratinocytes HaCaT cells is 

described in the following subsections. 

 

3.2.1. Cytotoxicity Assay 

Figure 2 shows the concentration-dependence in vitro toxicity of AuNPs as a 

function of time (3, 12 and 24 h). The mean effective concentrations of HaCaT cells after 

treatment with AuNPs were calculated from these results and are shown in Table 2. 



 

Figure 2. Cell viability in human keratinocyte (HaCaT) cells, after 3 (a), 12 (b) and 24 h (c) exposure to 

gold nanoparticles (AuNPs) at different concentrations ranging from 20 to 800 µg/mL. Cell viability was 

evaluated by the MTT assay. The results are represented as a percentage of the control group. Data are 

presented as the mean ± standard deviation of six replicates. The ANOVA results of the different GO 

concentrations with respect to control are indicated in the plot. * p < 0.05; ** p < 0.01; *** p < 0.001; 

**** p < 0.0001; n.s: not significant. The red line indicates the limit below which the sample is cytotoxic 

according to the ISO-10993 standard. 

 

 
Table 2. Mean effective concentration (EC50) of HaCaT cells after treatment with gold nanoparticles 

(AuNPs) at different exposure times (3, 12 and 12 hours). Mean EC50 and confidence limits 95% (CI) are 

shown as the mass-volume concentration, µg/mL. Goodness of fit (R square) is also indicated.     

Exposure (h) EC50 (µg/mL) 95% CI R square 

3 1264.7 964.9-2301.1 0.5348 

12 975.6 652.4-2141.1 0.5113 



24 573.8 539.5-611.1 0.9407 

 

3.2.2. In vivo Cytotoxicity assay 

 

Figure 3 gives the results of the in vivo toxicity assays using C. elegans after acute (24 
hours) or chronic (72 hours) exposure: survival rate (%) and growth in length (%) . 

 

 

 
Figure 3. In vivo toxicity in C. elegans model: survival rate (%) after acute (24 h) exposure (A) and chronic (72 h) 

exposure (B) and growth in length (%) after acute (24 h) exposure (C) and chronic (72 h) exposure (D) to K medium 

positive control (C+), 150 µg/mL AuNPs in K medium (150), 300 µg/mL AuNPs in K medium (300), 500 µg/mL 

AuNPs in K medium (500), and 800 µg/mL AuNPs in K medium (800), with respect to the positive control (100%). 

Five independent replicates (n=5) were carried out. Results are shown as mean ± standard. Statistical analysis 

performed by one way ANOVA with Tukey’s correction for multiple comparisons: ns, not significant. The red line 

indicates the limit below which the sample is cytotoxic according to the ISO-10993 standard. 

 

 

3.2.2. Proliferation Assay 

 



The proliferative effect of AuNPs in human keratinocytes is shown in Figure 4.  

 
Figure 4. Proliferation in human keratinocytes stimulated by exposure to different gold nanoparticle 

(AuNPs) concentrations (10, 20 and 40 g/mL) at 72 hours of exposure. Data are presented as the mean ± 

standard deviation (SD) of six replicates. The ANOVA results of the different AuNP concentrations and 

epidermal growth factor (EGF) with respect to control are indicated in the plot. * p > 0.05; ** p > 0.01; 

*** p > 0.001; n.s: not significant. 

 

3.2.3. Gene expression 

 

Figure 5 shows the effect of the AuNPs on the expression of 13 genes (SOD1, 

CAT, MMP1, TGFB1, GPX1, FN1, HAS2, LAMB1, LUM, CDH1, COL4A1, FBN and 

VCAN) at non-cytotoxic concentrations in human keratoncyte HaCaT cells after 24 hours.  
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Figure 5. Effect of gold nanoparticles (AuNPs) on the expression of 13 genes (SOD1, CAT, MMP1, TGFB1, 

GPX1, FN1, HAS2, LAMB1, LUM, CDH1, COL4A1, FBN and VCAN) at non-cytotoxic concentrations (20 

and 40 µg/mL) in the human keratinocyte HaCaT cell line after 24 hours. Data are presented as mean ± SD 

from three replicates. Results are given as fold-change of control and relative expression to ACTB. 

 

3.2.4. Antiviral assay 

 

AuNP antiviral properties were tested against bacteriophage phi 6, a surrogate 

virus of SARS-CoV-2 [23] (Figure 6 and 7).  
 

 
Figure 6. Bacteriophage phi 6 viability determined by the double-layer method. Titration images of 

undiluted samples for control and the different AuNPs concentrations at 24h of viral contact. 

 

Figure 7. Reduction of infection titers of the bacteriophage phi 6 (surrogate virus of SARS-CoV-2) in 

logarithms of plaque-forming units per mL (log(PFU/mL)) measured by the double-layer method. 

Bacteriophages after being in contact with gold nanoparticles at different concentrations (150, 300, 500 and 

800 µg/mL) and without being in contact (control) at 24 h of viral contact. Three independent antiviral tests 

were performed on two different days (n= 6). Significant differences with respect to control were 

determined by one-way ANOVA with Tukey’s correction for multiple comparisons: ***p < 0.001; **p < 

0.01; *p <  0.05; ns, not significant. 

 
 

4. Discussion 

 

The gold nanoparticles used in this study have an average size of 37.9±8.9 nm, 

ranging between 10 and 60 nm (see HR-TEM images in Figure 1). The Fourier Transform 



was performed to index the crystalline planes of these nanoparticles (Figure 1c). The 

planes (400) and (200) of the AuNPs are shown with reference to the interplanar distances 

of 1,020 Å and 2,355 Å, respectively. Both planes refer to the cubic structure of gold, 

with space group Fm-3m (no. 225) and lattice parameter a = 4.0786 Å. This structure 

conforms to card no. 4-784 in the Joint Committee on Powder Diffraction Standards 

(JCPDS) database [28]. 

As expected, at basic pH, the effective surface charge of AuNPs was extremely 

negative and their surface charge becomes more positive as pH increases (Figure 1d). The 

isoelectric point of these particles is around pH 4 through the projection of the curve of 

measurements of ζ as a function of pH. 

As expected, the particle size values (Table 1) show that the size values depend 

on the nanofluid used [29]. The PdI values of the samples were also measured by this 

technique to provide a particle aggregation parameter. The AuNPs showed PdI values 

slightly higher in DMEM than in water, which could be attributed to the higher 

aggregation of nanoparticles in this media, which could also explain the increase in of 

DLS size with respect to that measured in water. 

AuNP cytotoxicity in human HaCaT cells is time-dependent, since a concentration 

of up to 300 µg/mL did not show any in vitro toxic effect at 3, 12 and 24 h (Figure 2). 

However, higher concentrations (500 and 300 µg/mL) did have some toxic effects, 

especially at 24 h. 

None of the concentrations tested affected the survival rate (%) after 24 (acute 
toxicity) or 72 hours (chronic toxicity) by the in vivo toxicity assays using C. elegans 
(Figure 3A and 3B). The length of the nematodes was also monitored, and no statistical 
differences were found after 24 hours (Figure 3C) or 72 hours (Figure 3D), demonstrating 
that AuNPs are not toxic in vivo in the C. elegans model. 

No proliferative effect (Figure 4) was found at 72 hours in the HaCat cell line at 

the selected concentrations (10, 20 and 40 g/mL), despite having an effect in the 

cytotoxicity tests after 24 hours. It appears that this effect stops or matches the growth 

produced in the control group over time.  

The expression levels of the different genes involved in different tissues were 

analyzed to determine the activation or inhibition of different metabolic routes (oxidative 

stress, extracellular matrix, synthesis of proteins related to the maintenance and repair of 

different tissues) due to the exposure of the different nanomaterials in human keratinocyte 

HaCaT cells. However, none of the analyzed 13 genes (SOD1, CAT, MMP1, TGFB1, 

GPX1, FN1, HAS2, LAMB1, LUM, CDH1, COL4A1, FBN and VCAN) had their 

expression modified after exposure to AuNPs at non-cytotoxic concentrations in human 

keratoncyte HaCaT after 24 hours. These results of gene expression are very different in 

comparison to other nanomaterials such as graphene oxide[30], graphene 

nanoplatelets[31], carbon nanofibers or silver nanoparticles[24], which did not showed 

this biological inactivity. 

Cellular uptake of nanoparticles can be specific or nonspecific, depending on the 

ligand-receptor interaction [32]. Previous studies have found that this uptake and 

exchange increases with Au particle diameters of less than 10 nm [33]. In the case of 

specific uptake ligands to receptors on the cell membrane, these bind to membrane-bound 

transferrin receptors [34–36], conjugating with the surface of the gold particles. This 

specific uptake is more efficient than a nonspecific uptake, as ligand-modified Au 

particles are predominantly taken up by cells possessing the receptors for these ligands, 

but not by other cells. This is of great interest in the case of cancer cells, since these 

receptors are expressed to a greater extent on them than on the surface of healthy cells 

[37]. In the present study, when using larger diameter nanoparticles, we found that none 



of the tests produced an effect derived from exposure to this material, even though its 

cytotoxicity was very low, since it only showed adverse effects at high concentrations 

and after long periods of exposure to the compound. It is thus a material of great interest 

for the design of medical devices and minimize interaction with tissues or cells for use as 

a vehicle, together with other compounds that do interact in one way or another, according 

to the objective desired. 

 Although, there are statistically significant reductions of infection titers at AuNP 

concentrations of from 300 to 800 µg/mL (Figure 7), these reductions are lower than 1 

log unit after 24 h of viral contact, so that  AuNPs can be said to have low or insignificant 

antiviral properties, allowing for experimental uncertainty. 

The size and dispersion capacity of nanoparticles have been shown to have great 

relevance due to the scope of the effects produced by their exposure [38]. While sizes less 

than 15 nm in diameter are focused on applications linked to immunology or 

biochemistry, larger sizes between 80 and 250 nm are used in X-ray optics and electrical 

or medical applications [39]. In our case, we used nanoparticles considered to be of 

medium size (from 10 to 60 nm). Probably derived from this, it can be seen that this 

material does not cause modifications at the cellular level or in antimicrobial capacity. In 

this latter case, positive results have been observed using nanoparticles of sizes less than 

20 nm against strains such as E. coli, S. aureus, B. Subtilis, P. aeruginosa or S. epidermis 

[40–44]. 

 

 

Conclusions 

 

The results of this study demonstrate that gold nanoparticles (AuNPs) are highly 

stable inactive materials. They showed no toxicity in vivo at concentrations up 800 g/mL 

in the C. elegans model, and non-toxicity (up to 300 g/mL) in human keratinocytes. At 

10, 20, and 40 g/mL they did not have any proliferative capacity or any ability to induce 

gene expression on a battery of 13 genes after 24 hours of exposure. They also showed 

low or insignificant antiviral activity against a surrogate of SARS-CoV-2. The results 

thus demonstrate the extreme inactivity of AuNPs in human keratinocytes and against 

enveloped viruses such as SARS-CoV-2. Our research findings thus point the way to 

optimizing antimicrobial materials with AuNPs in biomedical and clinically relevant 

applications. 
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