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A B S T R A C T   

The AuNPs have been used in biomedicine as therapeutic tools for cancer. However, its role in the context of 
respiratory physiology has been little studied. This study aimed to determine the impact of AuNPs on respiratory 
smooth muscle tone, using a model of isolated tracheal rings from female and male rats precontracted with 
acetylcholine (ACh). AuNPs exerted a contractile effect only in the concentration of 100 ug/ml. This contractile 
effect was not modified by gender. The possible mediator +could be nitric oxide (NO), measured in a physio-
logical solution containing the tracheal rings treated with different concentrations of AuNPs. The results obtained 
in this study show that the AuNPs are bio-inert in a concentration range of 0.1− 10 μg/mL; however, 100 μg/mL 
could trigger airway hyperresponsiveness. Similar effects were obtained in isolated trachea rings treated with 
100 μg/mL HAuCl4. An evaluation of HAuCl4 in physiological buffer at various HEPES concentrations (0–20 
mM) showed the formation of AuNPs that could explain the contractile effect on the tracheal smooth muscle.   

1. Introduction 

Nanotechnology includes metallic nanoparticles as structures with at 
least one of their dimensions within the nanoscale range (1− 100 nm), 
with unique properties that differ from bulk materials (Chen & 
Schluesener, 2007). Among metallic nanoparticles are the gold nano-
particles (AuNPs) that, by their nature and intrinsic properties, such as 
optoelectronic and sizeable surface-area-to-volume ratio, have been 
proposed as an excellent material for biomedical applications [1]. 

AuNPs have been historically used in stained glass and lusterware 
pottery art to confer wine red color. In this context, AuNPs found in red 
glasses dated back to the Late Bronze Age and art pieces like the famous 
Roman Lycurgus Cup dated from the 4th century [2]. The first 
description of gold nanoparticles was attributed to Michael Faraday 
(1857), who discussed the ruby color of colloidal gold obtained from a 
gold salt and citric acid reaction. About 100 years later, Turkevich et al. 
reported that particles of 6 nm were responsible for the ruby color of 
colloidal gold [3]. Besides Turkevich’s methods, other chemical 

methods are available to obtain AuNPs, such as synthesis with NaBH4, 
Brust-Schiffrin method, seeding-growth method, various green synthesis 
methods, among others [4]. Current studies with AuNPs from 10 to 100 
nm consider the use of colloidal nanospheres [5], non-spherical AuNPs 
[6], nanohybrids with silica-coated Au nanoshells, polymer-Au nano-
hybrids [7], and chitosan-Au complexes [8]. In the last decade, 
AuNPs-based nanomaterials have demonstrated their potential as 1) 
drug delivery vehicles for antitumoral [9–12], antimicrobial [13–15], 
and analgesic molecules [16–18], as well as DNA [19–21], peptides and 
proteins [22–25], 2,) as constituents of scaffolds in tissue engineering 
[26,27], 3) as biosensor [28–30], 4) for the thermal ablation therapy of 
solid tumors [31–33], and 5) imaging and theragnostic devices [34,35]. 

However, the nanotoxicology of AuNPs remains controversial since 
various parameters (particle size, concentration, chemistry onto the 
particle surface, functionalization molecules, time of exposure) are 
involved in the overall effect on biological systems, and evaluations 
conducted in cell cultures, isolated organs, and animal models. For 
instance, AuNPs of ̃10 nm induce a toxic effect in healthy cell cultures 
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causing impairment of lysosome degradation in rat kidney (NRK) cells 
[36], but no considerable effects on the cell viability when human 
dermal microvascular endothelial cells and human cerebral microvas-
cular endothelial cells treated with AuNPs with the same size and sur-
face charge [37]. Moreover, surface chemistry variations result in 
different effects on cell cultures. [38] demonstrated in glioma U87 cell 
and fibroblast cells treated with 100 μg/mL AuNPs with 25 nm of 
diameter with cetyl trimethyl ammonium bromide (CTAB), poly-
ethyleneglycol (PEG), or human serum albumin, being CTAB the most 
toxic component and PEG the less toxic. On the other hand, 5 and 30 nm 
AuNPs coated with PEG showed relatively low toxicity in male mice 
(intraperitoneal administration of 4000 μg/kg), while 60 nm AuNPs 
with the same coating induce severe damage to the liver and kidney 
[39]. Other in vivo models showed no evidence of atrophy, hyperplasia, 
or inflammation in any organ of nude female mice (Athymic 
Nude-Foxn1nu) treated with a single dose (1 mg/kg) of 21 nm 
dextran-coated AuNPs [40]. Thus, contradictory evidence and the use of 
different biomodels clarify the need for systematic evaluation of novel 
nanomaterials, such as AuNPs and AuNPs-hybrids. 

In this respect, physiological models of isolated organs could 
generate accurate information in real-time regarding nanomaterials’ 
impact on tissues and cells and establish a safe range of nanomaterial 
concentration. The isolation of the lung, liver, aorta, heart, intestine, 
among other organs, maintains the focus on nanoparticles mechanism of 
action in a target system since alterations in the organ (contraction, 
relaxation, changes in biomarker levels) can be measured within few 
hours. Later, the tissues can be processed for histopathologic studies. 
Notably, few studies in aorta smooth muscle cavities such as isolated 
aortic and trachea rings have been conducted to determine the metallic 
nanoparticles biosafety. Holland et al. [41] isolated coronary artery and 
aorta vessel segments from Sprague Dawley rats previously exposed to 
200 μg (oral administration) of either 20 or 110 on gold core silver 
nanoparticles covered with a cationic polyvinylpyrrolidone (PVP) 
polymer. The stimuli with phenylephrine (Phe) and serotonin 
(constrictor agents), and ACh (vasodilator agent) showed that aortic 
rings exhibited impaired endothelial independent NO relaxation seven 
days after exposure [41]. Alkilany et al. [42] also reported the strong 
relation between surface chemistry and nanoparticle toxicity in aortic 
rings isolated from male Wistar rats exposed to gold nanorods modified 
with either polyelectrolyte-CTAB or thiolated PEG. Thiolated capped 
gold nanorods did not alter the aortic function (biocompatible), while 
polyelectrolyte-CBAT capped gold nanoparticles decreased NO produc-
tion and impaired endothelium-dependent relaxation (toxic effect) [42]. 
To our knowledge, no evaluations of AuNPs have been reported in iso-
lated rings of the trachea. However, our research group has determined 
the impact of other metallic nanoparticles, such as the 45 nm silver 
nanoparticles (AgNPs) in the trachea, in which contractile effect was 
observed and associated with the alteration of acetylcholine muscarin 
receptor and increasing on the production of NO [43,44], suggesting 
that AgNPs (0.1–100 μg/mL) could sensitize the trachea. 

Thus, this study aimed to determine the effect of AuNPs as regulators 
of tracheal smooth muscle tone, using a model of isolated rings of male 
and female rat trachea. 

2. Methodology 

2.1. Synthesis and characterization of AuNPs 

AuNPs synthesized as described by Moreno-Alvarez et al. [45]. 
Briefly, solutions of 0.001 M gold (III) (HAuCl4•3H2O; Sigma-Aldrich, 
St. Louis, MO, USA) and 0.001 mol of gallic acid (Sigma-Aldrich, St. 
Louis, MO, USA) were prepared with deionized water. Then, 100 mL of 
gold (III) solutions and 10 mL of the gallic acid solution were placed into 
a flask under magnetic stirring and ambient temperature, adjusting pH 
to 10 using a basic solution of 1.0 M NaOH. The reaction was monitored 
by UV–vis spectroscopy (Ocean Optics S2000 UV–vis fiber optic 

spectrometer) following the development of the golf nanoparticle plas-
mon. The gallic acid solution attachment was compared with a UV–vis 
spectrum obtained after the centrifugation of the sample’s dispersion. A 
decrease in the absorption of gallic acid peak (262 nm) confirmed the 
molecule’s adsorption onto the AuNPs surface [45]. 

2.2. Transmission electron microscopy analysis 

AuNPs obtained were characterized using transmission electron 
microscopy (TEM) JEM -1230 (JEOL company, Peabody, MA) at an 
acceleration voltage of 100 kV. Physical characterization of synthesized 
AuNPs was performed by transmission electron microscopy (TEM) using 
JEM -1230 (JEOL company, Peabody, MA) instrument working at an 
accelerating voltage of 100 kV. Samples for TEM were deposited as 
suspensión in water onto carbon-coated grids. Images obtained were 
used to determine the average particle diameter using ImageJ software 
(Version 1.50, National Institutes of Health, Bethesda MD, USA), where 
over 100 particles in random view fields were counted. 

2.3. Dynamic light scattering analysis 

The hydrodynamic diameter and potential (ZP) of AuNPs were 
determined by dynamic light scattering (DLS) in a Malvern Zetasizer 
NanoZS (Instruments Worcestershire, United Kingdom). The equipment 
operated with a He-Ne laser, the wavelength was set at 633 nm, the 
detection angle at 90 degrees, and temperature at 25 ◦C. The lapse of the 
sample’s analysis was 60 s. 

2.4. Dispersion of AuNPs for physiological evaluations 

A stock (197 μg/mL) of AuNPs previously characterized (diameter 
11.6 nm ± 2.82) was dispersed by sonication (Sincor, Model Number SC- 
50TH) and stirred for 10 min to obtain a homogeneous suspension. 
Then, various AuNPs concentrations (0.1, 1.0, 10, and 100 μg/mL) were 
prepared for the physiological evaluation in trachea rings isolated from 
rats. 

2.5. Evaluation of AuNPs-induced smooth muscle tone in isolated rat 
trachea 

According to Rosas Hernández et al., 2009, muscle tone was evalu-
ated using a model of isolated tissue from male and female rat trachea of 
the Wistar strain (300− 350 g). The rats were anesthetized with an 
intraperitoneal sodium pentobarbital administration (50 mg/kg) and 
heparin (500 U). Later, the trachea was quickly removed, placed in 
physiological solution, and sectioned into 3–4 mm segments. Subse-
quently, the rings contained in physiological solution at a pH of 7.4 and 
37 ◦C were coupled to isometric transducers and equilibrated for one 
hour [46]. The physiological solution contained NaCl 118 mM (Sig-
ma-Chemical Company. St. Louis, MO, USA), KCl 4.6 mM, CaCl2 1.75 
mM (Sigma-Chemical Company. St. Louis, MO, USA), MgSO4 1.2 mM 
(Sigma-Chemical Company. St. Louis, MO, USA), KH2PO4 1.2 mM 
(Sigma-Chemical Company. St. Louis, MO, USA), dextrose (Sigma--
Chemical Company. St. Louis, MO, USA) 10 mM, indomethacin (Sig-
ma-Chemical Company. St. Louis, MO, USA) 3 μM and 
(4-2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) (Sigma--
Chemical Company. St. Louis, MO, USA) 20 mM. Once stabilization was 
achieved, the rings were precontracted with 10 μM ACh, and subse-
quently, different single and/or cumulative concentrations of either 
HAuCl4 (ionization control) or AuNPs (0.1, 1.0, 10 and 100 μg/mL) were 
administrated. The data obtained were collected in real-time and 
analyzed in the Polyview Data Acquisition and Analysis System software 
(Astro-Med, Inc Grass Instrument Division, West Warwick, RI). The use 
of animals was according to Ethical Protocols, CEID2014033, and 
CEID202003 approved evaluations. 

D.A. Maldonado-Ortega et al.                                                                                                                                                                                                                



Toxicology Reports 8 (2021) 1412–1418

1414

2.6. Quantification of NO production 

The production of NO was indirectly quantified through the forma-
tion of NO2/NO3 by the Griess method. Measurements were conducted 
in samples (500 μL) of a physiological solution containing the tracheal 
rings under the various treatments. Thus, the incubation time was fixed 
to 1 h at 37 ◦C in the presence of sulfonyl amide and N-(1-naphthyl)- 
ethylenediamine (Sigma-Chemical Company. St. Louis, MO, USA). 
Subsequently, the absorbance was quantified in a Bio-Rad microplate 
spectrophotometer (Hercules, CA, USA) at a wavelength of 490 nm, and 
the readings were interpolated in a calibration curve to calculate the 
concentration of NO2/NO3 (Rosas Hernández et al., 2009). 

2.7. Analysis of data 

Data were reported as the mean ± standard error of three indepen-
dent experiments and analyzed by ANOVA using GraphPad Prism 5 
software, with a confidence level of P < 0.05 or <0.001. 

3. Results and discussion 

3.1. AuNPs are spherical and stable particles 

DLS and TEM analysis revealed that spherical AuNPs have a slightly 
narrow size distribution with a mean particle size of 11.6 nm ± 2.82 
(8.82 nm–14.46 nm) (Fig. 1A). The determination of hydrodynamic 
diameter (13.5 nm) indicated a monodisperse colloid (Fig. 1B), while 
zeta potential analysis determined a mean surface charge of -23.5 mV. 

3.2. Contractile effect of AuNPs is concentration-dependent, but gender 
independent, and NO is involved in its mechanism 

Treatments with cumulative concentrations (0.1, 1, 10 and 100 μg/ 
mL) of HAuCl4 showed that only those corresponding to 10 and 100 μg/ 
mL exerted a contractile effect in trachea rings isolated from male rate, 
precontracted with 10 μM ACh (Fig. 2A), while in the treatments with 
cumulative concentrations of AuNPs, only the concentration of 100 μg/ 
mL triggers a transient contraction (Fig. 2B). Furthermore, a differential 
effect was found for ACh contraction at the end of the respective treat-
ments. For instance, HAuCl4 limited the transient contractile effect 
exhibited by the second administration of 10 μM ACh (Fig. 2A). How-
ever, the AuNPs did not block this agent’s second administration after 
administering the AuNPs, although the magnitude of the contractile 

effects was less than that observed in the first administration before the 
treatment with AuNPs (Fig. 2B). In contrast, the treatments with 10 and 
100 μg/mL of HAuCl4 displayed a contractile effect of 52 and 65 %, 
respectively, while lesser effects were observed at 100 μg/mL AuNPs, 
being the contractile impact less than 40 % (Fig. 3A). A possible medi-
ator of these contractile actions could be NO, since, in the treatments 
carried out with both HAuCl4•3H2O and AuNPs, it was observed an 
increment in the NO production (higher than 100 μM) at concentrations 
of 100 μg/mL (Fig. 3B). Similarly, data obtained in precontracted tra-
chea rings isolated from female rats, where treatments with cumulative 
concentrations of HAuCl4•3H2O in a range of 10 and 100 μg/mL showed 
a contractile effect (Fig. 4A). In comparison, the cumulative adminis-
tration of AuNPs exerted contraction at 100 μg/mL (Fig. 4B). When the 
concentrations of 10 and 100 μg/mL of HAuCl4•3H2O displayed again a 
contractile effect of 55 % and 65 %, respectively (Fig. 5A). Moreover, the 
contractile effect of AuNPs treatments was less evident at 100 μg/mL, 
being the highest percentage of contraction of 40 % (Fig. 5B). These 
findings could also be associated with an increment in the NO levels 
since treatments with both HAuCl4•3H2O and AuNPs at 100 μg/mL 
resulted in significant differences in controls (260 and 265 μM, 
respectively). 

Other authors have described the correlation between the contractile 
effect on smooth muscle and NO production. Holland et al. [41] orally 
administrated 200 μg of 20 and 100 nm of gold core and silver-PVP to 
Sprague Dawley rats. The animals were sacrificed 1–7 days after treat-
ment, and trachea rings were isolated and precontracted with Phe and 
serotonin. The authors described that impaired endothelial independent 
NO-dependent relaxation seven days after exposure [41]. Contrary, 
Silva et al. [47] found out that isolated aorta ring from male Wistar rats 
treated with 10 nm spherical AuNPs (0.3 nmol/L to 10 μmol/L) reduced 
the NO release but did not limit the vasodilator effect observed by a NO 
donor (a ruthenium complex) [47]. 

This work contributes to the understanding of the NO participation 
and association with contractile processes and tracheal hyper-
responsiveness. Notably, we have shown that 100 μg/mL of AuNPs can 
induce hyperreactivity on the airways of both female and male rats. 
However, lower concentrations have not important biological effects, 
suggesting important observations for establishing biosafety margins in 
the potential use of these metallic nanoparticles. More details are 
needed to propose an action mechanism, as our research group has re-
ported for other metallic nanoparticles in trachea rings. In this respect, 
Gonzalez et al. (2011) and Ramirez-Lee et al. (2014) determined the 
impact of 45 nm silver nanoparticles (AgNPs) (0.1–100 μg/mL) in the 

Fig. 1. AuNPs have spherical size, poly-disperse, and are stable. TEM micrographs showing the spherical shape of the AuNPs dispersed in water (A), the corre-
spondent size distribution obtained by DLS (B). 
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trachea, where the increment on the NO levels was possible to associate 
to the alteration of acetylcholine muscarin receptor [43,44]. 

3.3. AuNPs formation in a physiological solution containing HEPES 

Interestingly, this work demonstrates that 1) there is no significant 
difference for the trachea isolated rings of male and female rat, and 2) 
the profile of effects on smooth muscle with both HAuCl4 as ionization 
control and treatments with AuNPs are similar, as well as the possible 
mediator involved, NO (Fig. 5). Notably, pink to purplish physiological 
solutions were observed in chambers containing isolated trachea rings 
treated with HAuCl4. The possible obtention of AuNPs in physiological 
solution could be an explanation of similar profile effects. Therefore, an 
additional experiment performed, adding HAuCl4•3H2O (100 μg/mL or 
0.25 mM) to the physiological solution (HEPES 0, 5, 10, 15, and 20 mM) 
at pH 7.4 and 37 ◦C and monitorization by UV–vis (Jenway 7210). Final 
colloids showed pink to purplish colors (Fig. 6A), and UV–vis spectra 

showed a signal of surface plasmon resonance at 557 nm corresponding 
to the AuNPs formation (Fig. 6B) TEM image exhibited spherical AuNPs 
with an average diameter of 22.7 ± 5.82 nm (Fig. 6C). Differences in 
colloidal colors indicate various particle sizes as the HEPES concentra-
tion increased, with hydrodynamic diameter from12.4–98.9 nm and 
average zeta potential of -27.0 ± 0.6. We observed some particles 
precipitated into the HEPES 5 mM and 20 mM solutions after 30 h. The 
formation of AuNP with HEPES for reducing and stabilizing nano-
particles reported in the literature. For instance, Xie et al. [48] reported 
that 20 mM HAuCl4 and 100 mM HEPES (pH 7.4, 25 ◦C) achieved 
branched AuNPs (15–25 nm x 8 nm) after 30 min with a greenish-blue 
color colloid (surface plasmon resonance at 518 and 658 nm) [48]. 
Later, Chen et al. [49] synthesized spindle, octahedron, and decahedron 
AuNPs (20− 50 nm) using 1:10, 1:20, 1:30, and 1:40 M ratios of HAuCl4 
(10 mmol/L)/HEPES (50 mmol/L) with pH 7.4 and at room temperature 
(surface plasmon resonance at 554 nm) [49]. Saverot et al. [50] ob-
tained 30 nm branched AuNPs with 2 mM HAuCl4•3H2O and 150 mM 

Fig. 2. Effect of cumulative concentrations of (A) HAuCl4 and (B) AuNPs (0.1, 1.0, 10, and 100 μg/mL) on the muscle tone of isolated rings of male rat trachea, 
respectively. Representative trace of three independent experiments. 

Fig. 3. (A) Comparing the percentage of contraction induced by HAuCl4 and AuNPs (0.1, 1.0, 10 and 100 μg/mL), calculated as the % of the tension with respect to 
the 100 % contraction induced by 10 μg/mL ACh. (B) Basal NO production compared to NO production in the presence of HAuCl4 and AuNPs (0.1, 1.0, 10 and 10 μg/ 
mL) in isolated rings of male rat trachea. The values represent the mean ± SEM (n = 3). * P < 0.05 and *** P < 0.001 vs ACh control. 

Fig. 4. Effect of cumulative concentrations of (A) HAuCl4 and (B) AuNPs (0.1, 1.0, 10, and 100 μg/mL) on the muscle tone of isolated rings of female rat trachea, 
respectively. Representative trace of three independent experiments. 
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HEPES with pH 7.4 and at room temperature (surface plasmon reso-
nance at 530 and 740 nm) [50]. Thus, the physiological buffer con-
taining HEPES in our ex vivo experiments acted as a reducing medium for 
HAuCl4•3H2O and exerting similar results in trachea rings that those 
groups treated initially with spherical AuNPs. Further studies in our 
group are conducting in the synthesis and characterization of AuNPs 
formation in HEPES solution and its implications in physiological 
studies. 

4. Conclusions 

AuNPs induced similar transient contraction exerted by ACh only at 
the concentration of 100 μg/mL, but not in the concentration range of 
0.1–10 μg/mL in isolated rings of male and female rat trachea. The 
contractile actions of these NPs and the potential mediator involved and 
identified was NO. Some of these effects were common and comparable 
with its ionization control, HAuCl4•3H2O, although to a different 
magnitude. Interestingly, it was observed that the cumulative 

Fig. 5. (A) Percentage of contraction induced by HAuCl4 and AuNPs (0.1 and 100 μg/mL), calculated as the % of the tension with respect to the 100 % contraction 
induced by 10 μg/mL ACh. (B) basal NO production compared to NO production in the presence of HAuCl4 and AuNPs (0.1 and 100 μg/mL) in isolated rings of female 
rat trachea. The values represent the mean ± SEM (n = 3). * P < 0.05 and *** P < 0.001 vs ACh control. 

Fig. 6. AuNPs formation in physiological solution. (A) A 100 
μg/mL solution of HAuCl4 and five different concentrations of 
HEPES in the physiological solution were tested (0, 5, 10, 15, 
and 20 mM) at 37 ◦C and pH 7.4. Formation of AuNPs was 
observable after 30 min and remained after 24 h. (B) UV–vis 
spectra of AuNPs formed in the physiological solution with 
HEPES 20 mM (37 ◦C, pH 7.4), the normal concentration of 
HEPES used in ex vivo experiments with isolated rings. 
Maximum absorption at 557 nm indicates the surface reso-
nance plasmon of AuNPs. (C) TEM micrograph of AuNPs 
formed in HEPES solution.   
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concentrations in the presence of HAuCl4•3H2O blocked the transient 
contractile effect induced by ACh at the end of this treatment, but not by 
AuNPs, a fact that could suggest a secondary or toxic effect promoted by 
this control. In the case of AuNPs, the results obtained in this study show 
that these NPs could confer a bio-inert character in a concentration 
range of 0.1− 10 μg/mL, however from 100 μg/mL, they could trigger 
hyperresponsiveness of the airways. These aspects must be studied in 
greater detail to establish the margins of biosafety. Further evaluations 
on the effect of HAuCl4 in ex vivo experiments with isolated tissues 
should be conducted since the formation of AuNPs in physiological 
buffers occur. 
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