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Abstract Electrical responses of olfactory sensory

neurons to odorants were examined in the presence of

zinc nanoparticles of various sizes and degrees of

oxidation. The zinc nanoparticles were prepared by

the underwater electrical discharge method and

analyzed by atomic force microscopy and X-ray

photoelectron spectroscopy. Small (1.2 ± 0.3 nm)

zinc nanoparticles significantly enhanced electrical

responses of olfactory neurons to odorants. After

oxidation, however, these small zinc nanoparticles

were no longer capable of enhancing olfactory

responses. Larger zinc oxide nanoparticles (15 nm

and 70 nm) also did not modulate responses to

odorants. Neither zinc nor zinc oxide nanoparticles

produced olfactory responses when added without

odorants. The enhancement of odorant responses by

small zinc nanoparticles was explained by the

creation of olfactory receptor dimers initiated by

small zinc nanoparticles. The results of this work will

clarify the mechanisms for the initial events in

olfaction, as well as to provide new ways to alleviate

anosmia related to the loss of olfactory receptors.

Keywords Olfaction · Olfactory receptors ·
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Introduction

Previous studies have demonstrated that zinc metal

nanoparticles, at low concentrations, can enhance

electroolfactogram (EOG) or whole cell patch-clamp

responses to odorants (Viswaprakash et al.

2006, 2009). Introducing these particles along with

an odorant can increase responses by about 3-fold.

Zinc nanoparticles, create no odor effects alone, but

increase the odor response if mixed with an odor. In

small concentrations, effects are dose-dependent and

reversible. The particles are spontaneously eliminated

from the olfactory mucosa; providing a specific,

sensitive, and efficient way of olfactory response

control. Some other metal nanoparticles such as

copper, gold, and silver do not present the results

observed for zinc. Gold and silver nanoparticles

created a transient enhancement, while copper

nanoparticles did not affect the relative EOG
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amplitude, but prolonged the overall stability of the

signals (Viswaprakash et al. 2009). When zinc

nanoparticles were replaced by Zn2+ ions at the

same concentrations, a decrease in receptor neuron

response was recorded. When the enzymatic decom-

position of the second messenger cyclic adenosine

monophosphate (cAMP) was eliminated by the

membrane-permeable phosphodiesterase inhibitor

3-isobutyl-1-methylxanthine (IBMX), the increased

cAMP produced EOG signals that were not

enhanced by zinc nanoparticles (Moore et al.

2012). Based on these findings, we determined that

zinc nanoparticles function at the olfactory receptor

level and engage in the initial events of olfaction. A

kinetic model of olfactory receptor/odorant/metal

interactions based upon experimental results

described a stoichiometry of metal nanoparticles

and receptors, and the mode of their action

(Vodyanoy 2010). The kinetic olfactory model

estimated that one metal nanoparticle binds two

receptor molecules to make a dimer. Our canine

functional magnetic resonance imaging (fMRI)

results indicate that the addition of zinc nanoparti-

cles results in a significant increase of brain

excitation in response to odorants, consistent with

the increase in excitation of olfactory sensory

neurons observed in response to higher vs. lower

concentrations of odorants (Jia et al.

2012, 2014, 2016). These results agree well with

our in vitro electrophysiological results. We showed

that most of the atoms of small zinc nanoparticles

were not oxidized (Vodyanoy et al. 2016). In the

present work, we will examine the effect of zinc

nanoparticles oxidation on their ability to enhance

odorant responses. Furthermore, we will determine

if zinc oxide nanoparticles evoke significant

responses in olfactory sensory neurons when deliv-

ered without odorants.

Methods

Metal nanoparticles

Metal nanoparticles were produced by a modified

method (Kruyt 1952; Tokushige et al. 2010). The

system consists of a water container, having a high-

voltage generator connected to two metal electrodes

submerged in water. By controlling the voltage and

distance between electrodes, the plasma created

under water produces a very fine dispersion of the

metal into nanoparticles. Two metal electrodes (Alfa

Aesar, 99.9999 %) of 2 mm diameter are positioned

in a large Pyrex jar ≈7 mm below the gas–water

interface at the distance between electrodes of

≈0.5 cm. 750 mL of LC–MS grade water (Omnisolv)

are used in this procedure. Before the experiment, to

remove dissolved oxygen, the water was heated up to

boiling point and boiled until the large vapor bubbles

appeared. The water then cooled to 298.15 K (25 °C)
and for 20 min percolated with nitrogen gas produced

by evaporation of liquid nitrogen. The jar filled with

nitrogen gas was placed in the water bath with

running water to prevent overheating. An alternating

voltage of 15 kV and 60 Hz, was applied to the

electrodes, and the electric discharge was sustained

for 1 h. The water suspension was collected in a 1 L

glass beaker and placed in the refrigerator for 12 h to

allow large metal particles to sediment. Suspended

particles were separated from the sediment and

subjected to centrifugation at 147,099.75 m/s2

(15,000 gn) for 2 h at 298.15 K (25 °C). After

centrifugation, the pellet was discarded, and the

supernatant was subjected to further centrifugations

to produce fractions of nanoparticles enriched in

particles of particular sizes. The centrifuge speed and

time to separate nanoparticles by size was estimated

with Stock’s equation.

U ¼ gnd
2ðD� qÞ=18g;

where U was the rate of sedimentation, gn—acceler-

ation, d—diameter of the nanoparticle, D and ρ are

densities of metal and water, respectively, and η is the
viscosity of water.

Zinc nanoparticles were size-selected for 1 nm to

2 nm diameters. These were prepared by the electrical

discharge method as described above, a part of the

small zinc nanoparticles was oxidized by percolating

air through the suspension of nanoparticles for 20 min

at 313.15 K (40 °C). The air for the oxidation

procedure was obtained by evaporation of liquid air.

Zinc oxide nanoparticles provided by NIST with

nominal diameters of 15 nm to 70 nm (Black et al.

2012; Cline et al. 2013) were also used in olfactory

experiments.

The particle suspensions were analyzed similarly

to methods described previously (Samoylov et al.
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2005; Daniels et al. 2015; Vodyanoy et al. 2016). The

total concentration of metal in suspension was

measured by atomic absorption spectra (GTW Ana-

lytical Services), and the particle size and number

determined by the atomic force microscopy (AFM).

The crystallinity of small nanoparticles was analyzed

by the transmission electron microscopy (TEM). The

degree of nanoparticle oxidation was obtained from

the X-ray photon spectroscopy (XPS).

Zn2+ ion concentration in suspensions

of nanoparticles

Zinc ion concentration was measured in the zinc and

zinc oxide nanoparticle water suspension. The con-

centration of Zn2+ ions in suspensions of small zinc

nanoparticles was measured before and after oxida-

tion. Zn2+ measurements were carried out with

duplicate samples. Zinc ion levels were measured

using the Colorimetric Zinc Ion Quantitation Kit

(AAT Bioquest, Sunnyvale, CA) according to the

manufacturer’s instructions. Optical density values

were measured at 620 nm using a microplate reader

(Bio-Tek, Winooski, VT). The zinc ion concentration

of the sample was determined by comparison of

experimental mean values with curves generated by

standards, supplied with the assay. The minimum

detectable concentration of the assay was 0.1 μmol/L.

TEM

TEM was performed using an FEI Titan at 300 kV. A

few microliters of air-dried droplets of the Zn NP

suspension were spread onto a holey carbon substrate

on copper TEM grids. Fringes widths were measured

on different nanoparticles, and the Miller-Bravais

indices of the crystalline structures were calculated

using theCrystallography lab software (Gu et al. 2016).

AFM

Images of metal nanoparticles were taken by Bruker

MultiMode 8 (Santa Barbara, CA) atomic force

microscope in Tapping® (intermittent-contact) mode,

using PPP-SEIH Nanosensors (Neuchatel, Switzer-

land) AFM probes; the nominal values specified by

the vendor for the force constant and the resonance

frequency of these probes are 15 N/m and 130 kHz,

respectively. The AFM calibration was verified

before measurements on crystallographic 6H-SiC

(0001) steps. From the topographical micrographs of

these steps, theAFMcalibrationwas found to bewithin

3 % accuracy of the nominal height (0.75 nm) of SiC

single half-monolayers. TheAFM imagingwas used to

measure the size distribution of particles. Monolayers

of zinc nanoparticles were prepared on amica substrate

for all measurements by depositing and evaporating a

small amount of 0.01 % nanoparticles water suspen-

sion on freshly cleaved mica surfaces.

XPS

XPS was used to make quantitative spectroscopic

measurements of the elemental composition of the

nanoparticles’ surfaces. The Kratos Axis Ultra delay-

line detector (DLD) instrument in the hybrid mode

used a monochromatic Al Kα1, 2 X-ray source

(hυ = 1486.6 eV). The stoichiometry of the Zn and

ZnO components were determined from the high-

resolution spectra of Zn 2p (1017 eV to 1057 eV) and

were acquired using a pass energy of 40 eV with an

energy resolution of 0.1 eV. A Gaussian distribution

was used for peak fitting, with a full width at half

maximum (FWHM) constraint of 1.7 eV, which was

obtained from the C 1 s peak located at 285 eV (BE).

Water suspensions containing zinc and zinc oxide

nanoparticles were deposited separately on silicon

wafers and allowed to evaporate during pump down

to minimize oxidation. To examine the stability of

zinc metal nanoparticles, the particles were stored at

278 K (5 °C) for 317 days and XPS were measured at

the beginning and the end of the storage.

Animals

Animals used in this project were cared for by the

Division of Laboratory Animal Health of Auburn

University assuring compliance with all applicable

regulations. The primary regulations governing the

care and use of animals utilized in research and

teaching include the following: the Animal Welfare

Act, the NIH-PHS Policy, the Guide for the Care and

Use of Laboratory Animals, and the Guide for the

Care and Use of Agricultural Animals in Agricultural

Research and Teaching. The protocol was approved

by the Auburn University Institutional Animal Care

and Use Committee (AU IACUC) committee. Strong

efforts were made to avoid exposing animals to
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discomfort, pain, or injury. Adult male Sprague-

Dawley rats (Envigo, Dublin, VA) weighing 250 g to

300 g were used.

Odorants

Odorants were purchased from Sigma-Aldrich. An

odorant mixture containing 1.6 mmol/L each of ethyl

butyrate, eugenol, and (+) and (−) carvone in water

was mixed with a vortex and stored in a dark glass

bottle until the experiment.

Delivery of odorants and metal nanoparticles

For stimulation, a 0.25 s pulse of the odorant mixture at

55158 N/m2 (8 psi) was formed by a computer-

controlled Pneumatic PicoPump PV800 (World Pre-

cision Instruments, Sarasota, FL). A pulse of positive

pressure drove the odorant into a glass nozzle directed

at the olfactory epithelium (OE). The residual odorant

was cleared by air between each stimulus application.

The odorant pulse patterns were initiated manually at

predetermined time intervals or automatically by a

computer. The automatic computer routine was com-

posed of 0.25 s pulses at 20 s and 60 s intervals for EOG

recording. One series of 10 pulses at 20 s intervals

constituted one ‘‘EOG recording’’. Thus, in the

automatic regime, the single EOG recording had a

duration of 200 s and could correspond to 10 response

traces. These recordings were repeated as many times

as needed to cover a desirable number of pulses and

duration for a single experiment. A nanoparticle

suspension was mixed with odorant solutions to make

final nanoparticle concentrations of 0.02 nmol/L.

During the puff, the odorant vapor containing metal

nanoparticles was delivered to the OE surface. We

showed that delivery of metal nanoparticles by the

water vapor and the liquid suspension produced an

efficient transfer of particles to the OE (Viswaprakash

et al. 2009). The odorants and nanoparticles delivered

by thewater vaporswere perceived by live animals (Jia

et al. 2014, 2016).

Electrophysiology

Our measurements are based on electroolfactography

(EOG) (Viswaprakash et al. 2009). The method

utilizes Axon Instrument MultiClamp 700A amplifier

and 1322A DigiData acquisition system.

Electroolfactogram (EOG)

Rat septal olfactory mucosa was dissected out and

placed in a perfusion chamber such that the basal

portions were immersed in physiological buffer (con-

taining137mmol/LNaCl, 5.3mmol/LKCl, 4.2mmol/L

NaHCO3, 0.4 mmol/L KH2PO4, 3.4 mmol/L Na2HPO4,

1.3 mmol/L CaCl2, 0.2 mmol/LMgSO4, and 5.6 mmol/

L D-glucose at pH 7.4), while the epithelial surface with

olfactory cilia was exposed to air. Patch electrodes of

approximately 24 µm tip opening filled with the same

physiological buffer were connected to a patch-clamp

amplifier to detect responses from the OE. Once contact

between the electrode and the surface of the OE was

formed, air puffs of the odorant mixture were applied.

Zinc metal or metal oxide particles were added to the

odorantmixture.Odor responses over the time course of

severalminuteswere recordedafter being amplifiedbya

patch-clamp amplifier and filtered at 2 kHz to 5 kHz.

The stimuli were given by three sequences. The

sequence I was composed of the pulses (1) odorant

mixture, (2) odorantmixture+small zinc nanoparticles,

(3) odorant mixture + 15 nm ZnO nanoparticles, (4)

odorant mixture+ 70 nm ZnO nanoparticles, (5) 15 nm

ZnO nanoparticles, (6) 70 nm ZnO nanoparticles, and

(7)water vapors. The sequence II contained pulses of (1)

odorant mixture, (2) odorant mixture +small zinc

nanoparticles, (3) odorant + small ZnO nanoparticles,

(4, 5) water vapor. The sequence pulses III was applied

to the olfactory and respiratory epithelia and composed

of (1) odorant mixture, (2) odorant mixture+small zinc

nanoparticles.

At one contact, 3–5 repetitions of the EOG

recording of 10 traces each were collected. After

completion of EOG recording in the first contact, the

electrode was moved to another area of the OE and a

new contact was made to generate 3–5 repetitions of

EOG recording. EOG was collected from 3 to 5 areas

of the epithelium and experiments were replicated

with 2–3 epithelia for each sequence of pulses.

Results

AFM and XPS

Figure 1 exhibits the physical properties of zinc

nanoparticles prepared by high-voltage discharge.

AFM showed the size distributions of Zn
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nanoparticles, with average diameters of

1.2 ± 0.3 nm (Fig. 1a). A histogram (Fig. 1b) shows

a distribution with a relatively high peak around the

average value [the standard deviation (SD) was

calculated from the bell distribution around the peak]

and the tail up to 6 nm. Figure 1c displays the XPS of

freshly prepared (3 days old) 1.2 nm zinc nanopar-

ticles. The XPS analysis of the Zn 2p3/2 core line

revealed that metallic zinc nanoparticles were oxi-

dized to a very small extent, where the relative

atomic concentrations of Zn and ZnO species were

determined to be [93.9 ± 3.4 (SD)] and [6.1 ± 3.4

(SD)] %, respectively. These data reveal that about

94 % of metal atoms were not oxidized. In contrast,

the 1.2 nm zinc oxide nanoparticles were found to

contain smaller concentrations of metallic zinc

[88.5 ± 2.1 (SD)] % and a higher concentration of

oxidized zinc [11.5 ± 2.1 (SD)] %, respectively. As

expected, the 15 and 70 nm zinc oxide nanoparticles

contained [98.2 ± 0.2 (SD)] and [99.3 ± 0.4 (SD)] %

of ZnO, respectively. After 317 days of storage of

1.2 nm zinc nanoparticles at 278 K (5 °C), the XPS

showed the relative atomic concentrations of Zn and

ZnO species to be [96.0 ± 0.5 (SD)] and [4.0 ± 0.5

(SD)] %, respectively. The relative atomic concen-

trations at the beginning and the end of storage are

not significantly different (n = 6, p \ 0.01).

TEM

Zinc metal nanoparticles are shown in Fig. 2 as TEM

micrographs. The TEM micrographs reveal nanopar-

ticles with diameters of approximately 2–5 nm in size

showing crystal lattice fringes.

Odorant responses

Representative EOG recordings (Fig. 3) show odorant

responses modified by 1.2 nm zinc nanoparticles as

well as small and large zinc oxide nanoparticles. The

relative peak amplitudes are given in Table 1. Only

non-oxidized zinc nanoparticles enhance odorant

responses. The oxidized nanoparticles manifested a

slight decrease of the EOG amplitude when they were

mixed with odorants. The EOG signals evoked by

ZnO nanoparticles with water vapor (no odorants)

were minuscule and not much different from the EOG

responses to water vapor (Table 1; Fig. 3, traces 5–7).

The control experiments with respiratory epithelium

show no response to the odorant and a mixture of

odorant with zinc metal nanoparticles (Fig. 4).

Zn2+ ion concentration in suspensions

of nanoparticles

The Zn2+ ion levels are given in Table 1. The Zn2+ ion

concentrations are presented asmean values±SD. The

Fig. 1 Physical characterization of small zinc nanoparticles.

a Atomic force microscope image, 0.01 % zinc nanoparticles

on mica. 270 nanoparticles with height above 1 nm were

detected over a 2.5 μm2 area. b The size distribution of the

particles imaged in a. c High-resolution XPS analysis is

showing the Zn 2p3/2 core line, with the Zn peak occurring at a

binding energy of 1020.9 eV and the ZnO peak occurring at

1022.5 eV. (Permission from Dovepress # 11575629)
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zinc ion concentration in the suspension of 1.2 nm zinc

nanoparticles ismore than four times greater than that of

1.2 nmzinc oxide. The zinc ion concentration in all ZnO

suspensions varies between 1 μmol/L and 13 μmol/L,

while the relative amplitude of EOG evoked by the

odorant + suspensions changes only by 0.1 %.

Discussion

Zinc plays the significant role in neurobiology

(Frederickson et al. 2006). In most cases, the

distribution of zinc in the brain was studied by

methods that cannot discriminate between zinc ions

and zinc metal particles (Takeda et al. 1997; Takeda

2001). Zinc is present in many regions of the CNS; it

is found in particularly high concentrations in the

olfactory bulb (OB) (Donaldson et al. 1973). The zinc

content in whole rat blood is ≈100 μmol/L (Fugono

et al. 2002), but Zn2+ ion concentrations in the

neuronal extracellular fluid are estimated to be

0.15 μmol/L (Takeda 2000). The intracellular free

Zn2+ ion concentration in neurons is estimated to be

in the picomolar range and to fluctuate in this range

Fig. 2 Transmission electron microscopy of zinc metal nanoparticles. a Bar 5 nm. b Bar 2 nm

Fig. 3 Representative EOG recordings from rat olfactory

epithelium. a The stimuli were of 0.25 s pulses of (1) odorant
mixture, (2) odorant mixture +1.2 nm zinc nanoparticles, (3)
odorant mixture + 15 nm ZnO nanoparticles, (4) odorant

mixture + 70 nm ZnO nanoparticles, (5) 15 nm ZnO

nanoparticles, (6) 70 nm ZnO nanoparticles, and (7) water

vapor. The representative set of traces was obtained from 200

EOG traces. b The stimuli were of 0.25 s pulses of (1) odorant
mixture, (2) odorant mixture +1.2 nm zinc nanoparticles, (3)
odorant + 1.2 nm ZnO nanoparticles, (4, 5) water vapor. This
is a typical representation of 300 traces
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(Bozym et al. 2006; Li et al. 2009). The physiological

role of the endogenous Zn2+ ions in the olfactory

sensory neurons is not very clear. However, added

zinc ions at concentrations 20 μmol/L can inhibit the

stimulatory GTP-binding protein of adenylyl cyclase

(Gao et al. 2005), an important component of the

initial events of olfactory signal transduction. The

physiological role of endogenous Zn2+ ions is well

studied in the neurons of the OB. Localized to

synaptic terminals, zinc ions can be released by

membrane depolarization and can reach extracellular

synaptic concentrations of 100 μmol/L to

300 μmol/L. The released zinc modulates neuronal

excitability under normal conditions (Horning et al.

2000; Horning and Trombley 2001).

The fact that the EOG responses to odorants are

enhanced by the engineered 1.2 nm zinc nanoparti-

cles is important because the small endogenous zinc

nanoparticles are found in human and animal blood

(Samoylov et al. 2005) and these naturally occurring

nanoparticles also enhance olfactory responses (Vis-

waprakash et al. 2009).

Because, zinc nanoparticle enhancement was seen

in awake animals (Jia et al. 2016) and both young and

mature cell cultures (Viswaprakash et al. 2010), as

well as in the dissected OE and that endogenous zinc

nanoparticles are found in live animals’ blood

(Samoylov et al. 2005), this enhancement is signif-

icant for the initial events in olfaction.

Olfaction begins with sniffing, that transports

odorant molecules into the nose and delivers them

to the mucus layer covering the OE. The binding of

the odorant to a receptor protein (Lancet and Pace

1987; Buck and Axel 1991) initiates an intracellular

cascade of signal transduction events, including the

G-protein-dependent production of second messenger

molecules by adenylyl cyclase (Breer 2003a, b)

leading to opening of ion channels and passing of

ion currents (Zufall et al. 1991). This process triggers

an action potential in the olfactory receptor neurons

(ORNs) (Lancet and Benarie 1993) that projects

directly to the OB (Harel et al. 2003). The signal is

Table 1 Effect of nanoparticles on the odorant responses

Stimuli suspensiona Nanoparticle

size (nm)

Relative amplitudeb (Zn2+ ion)c

(μmol/L)

Zn + odorant 1.2 1.46 ± 0.032 4.8 ± 0.5

ZnO + odorant 1.2 0.82 ± 0.017 1.0 ± 0.20

ZnO + odorant 15 0.88 ± 0.014 7.7 ± 0.8

ZnO + odorant 70 0.85 ± 0.019 13.0 ± 2.0

ZnO with water vapor 15 0.0153 ± 0.004 7.7 ± 0.8

ZnO with water vapor 70 0.0226 ± 0.006 13.0 ± 2.0

Water vapor NA 0.0360 ± 0.007 NA

a Excitation of EOG by 1.6 mm odorant vapor + 0.02 nmol/L of nanoparticles
b Relative amplitude of the EOG peak evoked by the stimuli to the EOG peak evoked by odorant alone (mean value ± SD)
c Concentration of Zn2+ions in the stimuli suspension before application to olfactory epithelium (mean value ± SD). 1.2 nm ZnO

nanoparticles were obtained by oxidation of 1.2 nm zinc nanoparticles

Fig. 4 Representative EOG recordings from rat olfactory and

respiratory epithelia. The stimuli were of 0.25 s pulses of

odorant with or without nanoparticles. (1) olfactory epithelium,

odorant mixture, (2) olfactory epithelium, odorant mixture

+1.2 nm zinc nanoparticles, (3) respiratory epithelium, odorant

mixture, (4) respiratory epithelium, odorant mixture +1.2 nm

zinc nanoparticles. The demonstrative set of traces was

obtained from 200 EOG traces
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then transmitted to the anterior olfactory nucleus,

piriform cortex, periamygdaloid cortex, and entorhi-

nal cortex via olfactory stria (Castiglioni et al. 2011).

The phosphodiesterase activity in the cilia is

accounted for rapid termination of the olfactory

response by degrading odor-induced second messen-

ger molecules (cAMP) (Firestein et al. 1991;

Boekhoff and Breer 1992).

The enhancement of EOG responses to odorant by

the zinc metal nanoparticles and inability to facilitate

olfaction by addition to odorant zinc oxide nanopar-

ticles may have a dual nature. The oxidation of zinc

nanoparticles may change a physical state of the

metal, but also could result in a production of zinc

ions (Wöll 2007) that would inhibit olfactory

responses. The inhibition by zinc ions may occur

due to blocking cyclic-nucleotide-gated-channels

(Kramer and Molokanova 2001), activation of

cAMP-specific phosphodiesterase (Percival et al.

1997), inhibition of adenylyl cyclase (Klein et al.

2004) and Gαs-protein (Gao et al. 2005). Our results,

however, show no correlation between the relative

amplitude of the EOG peak and the concentration of

Zn2+ ions (Table 1). 1.2 nm zinc nanoparticles

increase responses to odorant by a factor of 1.46

(Table 1). When these zinc nanoparticles were

oxidized, they were not able to enhance responses

to the odorant. This inability to enhance response to

odorant is difficult to attribute to the inhibitory

actions of zinc ions. The concentration of Zn2+ ions

that go together with oxidized zinc nanoparticles is

five times smaller than that accompanied non-

oxidized zinc when the strong enhancement

observed. Additionally, The Zn2+ ion concentration

in all ZnO suspensions changes by 13 folds, while the

relative amplitude of EOG evoked by the odor-

ant + ZnO suspensions varies only by 0.1 %. These

data suggest that after oxidation, the changed phys-

ical state of zinc rather than the changed valence state

is a nature of the ZnO nanoparticles failure to

enhance olfactory odorant responses.

The TEM images reveal round nanoparticles of

various diameters. The high-resolution images of zinc

metal nanoparticles show lattice fringes which indi-

cate that zinc nanoparticles are crystals. Within the

uncertainty of our measurements, we found that the

typical fringes of 0.21 nm and 0.17 nm correspond to

[0111] and [0112] directions for the hexagonal close-

packed crystal lattice of metal zinc. The results are

consistent with those obtained for zinc nanowires and

nanorod (Chen et al. 2007; Lu et al. 2016).

The AFM and XPS spectra of small zinc nanopar-

ticle reveal that they are 1.2 nm in diameter and

consisted of more than 94 % of non-oxidized zinc

atoms (Fig. 1).

The production of nanometer-sized metallic parti-

cles suggests the assembly of a significant number of

metal atoms. The crystal structure of metallic zinc

has a hexagonal close-packed lattice with a constant

a = b = 0.266 and c = 0.495 nm. The unit cell

contains 6 atoms and has a volume of 0.0912 nm3

(Yoo and Wei 1967). The total volume of the 1.2 nm

particle is

Vtot ¼ 4

3
pð0:6Þ3 ¼ 0:904 nm3

Then, the total number of atoms in the 1.2 nm zinc

nanoparticle is estimated to be

Ntot ¼ 0:904� 6

0:0912
¼ 59 atoms

One of the remarkable properties of small metal

nanoparticles is their stability in water and blood

plasma (Samoylov et al. 2005). It was discovered that

metal nanoparticles with 13, 55, 147, 309, 561, and

923 atoms, so-called ‘‘magic number’’ of atoms,

have added stability. These nanoparticles were des-

ignated as full-shell nanoparticles that are constructed

by successively packed layers of metal atoms around

a single metal atom (Aiken and Finke 1999; Khanna

et al. 2002). The percolation of air through the

suspension of 1.2 nm zinc nanoparticles for 20 min at

313.15 K caused a modest reduction of non-oxidized

zinc atoms to 88 % showing a substantial resistance

to oxidation. After 317 days of storage of 1.2 nm zinc

nanoparticles at 278 K (5 °C), the relative atomic

concentrations at the beginning and the end of storage

did not change. A similar resistance to atmospheric

oxidation was observed in the chemically synthesized

metallic zinc nanocrystals explained in part by the

unique crystalline surface properties of the aniso-

tropic nanoparticles (Mai et al. 2013).

To estimate the number of atoms in the shell of

1.2 nm zinc nanoparticles we find the volume of the

shell as a difference between Vtot and Vcore, where
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Vcore ¼ 4

3
p 0:6� 0:495

2

� �3

¼ 0:183 nm3

Vshell ¼ 0:904� 0:183 ¼ 0:721 nm3

Then the number of atoms in the shell,

Nshell ¼ 0:721� 6

0:0912
¼ 47 atoms

The number of atoms in the core

Ncore ¼ 0:183� 6

0:0912
¼ 12 atoms

The estimated 12 atoms of the core and the total 59

atoms of the 1.2 nm zinc nanoparticle are in close

agreement with the “magic number” full-shell

nanoparticles with 13 and 55 atoms.

Each metal atom has the maximum number of

nearest neighbors, which imparts some degree of

extra stability to full-shell clusters (Jena et al. 1996;

Aiken and Finke 1999).

The crystal structure of ZnO also has a hexagonal

close-packed lattice with constants a = b = 0.325 and

c = 0.520 nm. If we assumed the more prevalent

form of ZnO with the urzite structure, than it has 2 Zn

and 2 O atoms per unit cell, making a total of four

atoms per cell and a volume of 0.0475 nm3 (Morkoç

and Özgur 2009). The fractions of surface atoms in

ZnO nanoparticles are given in Table 2. It is clearly

seen from the table, the smaller the size of the

particle, the larger the fraction of atoms on the

surface. The high surface to volume ratio in some

nanoparticles is known to provide high chemical

reactivity (Kruyt 1952; Thomas 1988; Matijevic and

Goia 2007).

The surface atoms of the 1.2 nm zinc nanoparticle

account for 80 % of all atoms, while the surface of

the 15 nm zinc oxide nanoparticle contains only 10 %

of all atoms (Table 2).

The high surface-volume ratio and fraction surface

atoms are important to give a zinc nanoparticle the

ability to bind olfactory receptor proteins and create

dimers necessary for the active olfactory receptor-G-

protein dimers (Vodyanoy 2010; Moore et al. 2012;

Jia et al. 2016). Endogenous zinc nanoparticles

supply a particular quantity of functional receptor

dimers that can be activated by the odorant and take

part in the generation of the olfactory signal. The

remainder of the monomeric receptors remains

largely inactive and do not contribute to the odor-

ant-induced olfactory response. When the OE is

exposed to a mixture of zinc nanoparticles and the

same odorant, additional receptor dimers are made by

joining pairs of previously unbound receptors. The

appearance of new receptor dimers will then result in

an increase of the odorant-induced olfactory

response.

Olfactory receptors belong to the 7-transmembrane

receptor superfamily of proteins that have seven

domains spanning the plasma membrane seven times

and coupled with G-proteins (Buck and Axel 1991).

The thickness of the plasma membrane that struc-

turally houses the receptor-G-protein complex is

about 5 nm (Mitra et al. 2004). Envisioning that zinc

nanoparticle (\5 nm) binds two of these complexes

is completely compatible with this membrane topol-

ogy. Hence, the high surface-to-volume ratio of the

1.2 nm zinc nanoparticles should render coupling

between the two receptors very efficient.

Table 2 Properties of nanoparticles

Sample Size, nm S/V ratio nm−1a Total

Number

Of atoms

Number of

atoms

in shell

fb

Zn 1.2 5.00 59 47 0.80

ZnO 1.2 5.00 76 62 0.82

ZnO 15 0.399 148,820 15,021 0.1

ZnO 70 0.085 1.51245E7 342,800 0.023

a Surface to volume ratio
b Fraction of surface atoms
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The fundamental mechanism of olfaction, is not

fully understood. Presently, the most accepted theo-

ries of olfaction are either based on molecular shape

(Moncrieff 1954; Amoore 1963) or on vibrational

properties of molecules (Dyson 1938; Wright 1977;

Turin 1996). The first approach, a so-called lock-and-

key mechanism, assumes the shape of the molecule

determines the characteristic odor. The other sug-

gested that molecular vibrations are the basis for odor

specificity in different molecules. In 2011 Franco

et al. (Franco et al. 2011) demonstrated that fruit flies

(Drosophila melanogaster) can differentiate between

regular odorants and their deuterated isotopes. Two

years later Gane et al. (Gane et al. 2013) reported that

humans also are capable of discriminating musk

molecules from their deuterated isotopes. As deuter-

ation does not change the shape of a molecule, the

lock-and-key model is insufficient to explain those

findings. The shape and vibration modes are highly

debated and require new experimental and theoretical

data (Block et al. 2015; Turin et al. 2015).

The enhancement of the olfactory response by zinc

nanoparticles is significant in consideration of the

Luca Turin’s vibrational model that suggests an

inelastic electron tunneling spectroscopy (IETS)

mechanism for discriminating odors (Turin 1996).

In the IETS model, the odorant evokes inelastic

tunneling of an electron between donor D and

acceptor A inside of the receptor. The points D and

A are different in energy by ћωo (phonon energy), to

ensure that tunneling of an electron takes place only

if the energy is absorbed by an odorant’s phonon.

Turin hypothesizes that electron tunneling results in

the G-protein dissociation, which triggers the olfac-

tory signal cascade. The model requires the existence

of an active donor of electrons, and it is plausible to

propose that zinc nanoparticles act as electron donors

(Vodyanoy 2010; Brookes et al. 2012; Jia et al.

2016).

It had been predicted that nanoparticles within the

diameter range 1–10 nm would likely exhibit quan-

tum–mechanical properties (Alivisatos 1996). The

arising physical properties are not those of bulk metal

nor those of molecular compounds. However, these

properties are highly determined by the particle size,

interparticle distance, and shape of the nanoparticles

(Brust and Kiely 2002). The quantum size effect is

manifested if the de Broglie wavelength of the

valence electrons is of the same order as the size of

the particle itself. Subsequently, the particles act

electronically as zero-dimensional quantum dots (or

quantum boxes) highly relevant to quantum–mechan-

ical principles. In nanoparticles, there is a gap

between the valence band and the conduction band,

in contrast to bulk metals. Single-electron tunnel

transitions occur between a donor and acceptor, if the

electrostatic energy, Eel = e2/2C, is larger than the

thermal energy, ET = kT, where C is electric

capacitance, e—elementary charge, k—Boltzmann

coefficient, T—absolute temperature (Daniel and

Astruc 2004). The capacitance of 2 nm metal particle,

C = 4πεεor, where ε is the relative dielectric

constant of the receptor protein, (Simonson and

Brooks 1996), the εo is the vacuum dielectric

constant 8.85 9 10−12, and r = 1 nm. C = 4π 9 9

9 8.85 9 10−12 9 10−9 = 1.0 9 10−18 F.

Eel = (1.6 9 10−19)2/(2 9 1.0 9 10−18) = 1.15 9

10−19 CV = 79.6 meV, that is considerably higher

than the thermal energy at 25 °C,
ET = 1.38 9 10−23 9 298 = 4.11 9 10−21

J = 25.6 meV. Therefore, metal nanoparticles with

a diameter smaller than 6 nm satisfy the condition of

the single-electron transfer. The single-electron tun-

nel transition was experimentally observed with

~1 nm quantum dot at room temperature (Barreiro

et al. 2012). The above considerations make the

hypothesis of small zinc nanoparticles play a role of

electron donors in Turin’s model (Turin 1996) to be

quite feasible.

Discontinuous size effects were experimentally

observed in physics of small metal particles studied

by the surface plasmon resonance, in the chemistry of

supramolecular structures and molecular recognition,

and in the biology of DNA-metal nanoparticle

assemblies and sensors [reviewed in (Daniel and

Astruc 2004)]. Based on this theoretical and known

experimental evidence of the discontinuous size

effects, we believe that our experimental results

confirm the size influence and surface composition of

zinc metal nanoparticles on the enhancement of

olfactory odorant responses.

We found that zinc nanoparticles are involved in

the initial event of olfaction—interaction with olfac-

tory sensory receptors. However, the signal

enhancement at this level is perceived by a central

nervous system (Jia et al. 2014, 2016).

An evaluation of concentration dependency of

odorant-stimulated olfactory sensory neuron shows
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that One zinc nanoparticle binds Two receptor

molecules to produce a dimer (Vodyanoy 2010).

Additionally, there is useful information provided by

immunoprecipitation, fluorescence resonance energy

transfer, and bioluminescence resonance energy

transfer (BRET) that’s certainly a fraction of cilia

olfactory receptors makes homodimers (Bush 2008;

Hall 2009; Wade et al. 2011; Sanz and Pajot-Augy

2013) the same as the rhodopsin homodimerization

in optic disc membranes discovered by AFM

(Fotiadis et al. 2003a, b). We hypothesize that a

single receptor cannot be stimulated by the odorant.

Instead, only if it is coupled with another receptor

with the assistance of a zinc nanoparticle, it can take

part in signal transduction. It has been shown by

immunogold electron microscopy that only a frac-

tion of the olfactory receptors produces dimers,

while all of those other receptors happen to be in the

monomer state (Fukutani et al. 2012). Therefore, the

enhancement of the olfactory signal by zinc

nanoparticles could have a simple explanation. The

endogenous zinc nanoparticles produce a particular

quantity of operational receptor dimers that can be

evoked by the odorant and take part in the

origination of the olfactory signal. The rest of the

monomeric receptors remain passive and do not

input to the odorant-evoked olfactory response. If

the OE is challenged with a mixture of zinc

nanoparticles and the same odorant, new receptor

dimers are made by connecting pairs of formerly

unbound receptors. The input of new receptor

dimers will then cause a rise of the odorant-evoked

olfactory response.

Recently, zinc nanoparticles were shown to

enhance rat olfactory odorant responses used in the

bio-electronic nose (Zhang et al. 2016). Zinc

nanoparticles are not only metal particles that are

capable enhancing olfactory odorant response. Expo-

sure to 0.45 μg/L nanosilver suspension led to

increased Crucian carp EOG responses, whereas

exposure to 45 μg/L silver nanoparticle suspension

and silver ion solution resulted in suppressing EOG

signals (Bilberg et al. 2011). Other studies confirm

toxicity of silver nanoparticles and silver ions (Bil-

berg et al. 2010; Farmen et al. 2012). Intranasal zinc

sulfate irrigation in mmol/L concentrations in rodents

was shown to destroy olfactory receptors (Matulionis

1975; Burd 1993). In contrast, zinc nanoparticles did

not manifest toxicity at the fractions of nmol/L

concentrations are not toxic to astrocytes (Vodyanoy

et al. 2016).

There are other methods to facilitate olfactory

responses. Down-regulation of any step in the

olfactory signal transduction cascade could contribute

to termination of odorant-evoked responses. The

receptor phosphorylation (Boekhoff and Breer

1992), inactivation of G-protein (Simon et al.

1991), reduction of adenylyl cyclase activity (Sklar

et al. 1986), and activation of phosphodiesterase

(Borisy et al. 1992) could cause a decrease in

intracellular cAMP concentrations, and consecutively

would reduce the olfactory response. Therefore,

inhibition of this down-regulation would cause the

enhancement of an olfactory response. Indeed, the

existence of inhibitory Gαi-subunits in olfactory cilia

and the adenylyl cyclase enhancement in the presence

of Gαi-antibody were demonstrated (Sinnarajah et al.

1998). Similarly, the inhibition of RGS2 proteins

downregulates signal transduction in olfactory neu-

rons by inhibiting activation of adenylyl cyclase. The

whole cell patch-clamp experiments demonstrated the

enhancement of odorant responses by inhibition of

RGS2 proteins by RGS2 antibodies (Sinnarajah et al.

2001). Also, the deactivation of the phosphodi-

esterase by the IBMX increased cAMP levels in

olfactory cilia (Moore et al. 2012). The above

enhancement methods are based upon the biochem-

ical intervention that is difficult to implement in live

animals. Whereas, the enhancement of odorant

responses by zinc nanoparticles was demonstrated

in fully unrestrained conscious dogs (Jia et al. 2016).

Disclaimer

Certain commercial equipment, instruments, or mate-

rials are identified in this paper to specify the

experimental procedure adequately. Such identifica-

tion is not intended to imply recommendation or

endorsement by the National Institute of Standards

and Technology, nor is it intended to imply that the

materials or equipment identified are necessarily the

best available for the purpose.

Conclusions

1. Transmission electron microscopy showed a

crystalline structure of zinc metal nanoparticles.
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2. Atomic force microscopy and X-ray photoelec-

tron spectroscopy revealed that the majority of

the zinc atoms of 1.2 nm zinc nanoparticles were

not oxidized.

3. 1.2 nm zinc nanoparticles are suggested to serve

as donors of electrons in Turin’s vibrational

model of olfaction.

4. After oxidation zinc, nanoparticles lose the

ability to enhance responses to the odorant.

5. Zinc and zinc oxide nanoparticles do not evoke

considerable responses in olfactory sensory neu-

rons when delivered without odorants.
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