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Abstract

Zinc metal nanoparticles in picomolar concentrations strongly enhance odorant responses of olfactory sensory neurons. One-
to 2-nm metallic particles contain 40-300 zinc metal atoms, which are not in an ionic state. We exposed rat olfactory
epithelium to metal nanoparticles and measured odorant responses by electroolfactogram and whole-cell patch clamp. A small
amount of zinc nanoparticles added to an odorant or an extracellular/intracellular particle perfusion strongly increases the
odorant response in a dose-dependent manner. Zinc nanoparticles alone produce no odor effects. Copper, gold, or silver

nanoparticles do not produce effects similar to those of zinc.

If zinc nanoparticles are replaced by Zn*? ions in the same

concentration range, we observed a reduction of the olfactory receptor neuron odorant response. Based on these
observations, we hypothesize that zinc nanoparticles are closely located to the interface between the guanine nucleotide-
binding protein and the receptor proteins and are involved in transferring signals in the initial events of olfaction. Our results
suggest that zinc metal nanoparticles can be used to enhance and sustain the initial olfactory events.
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Introduction

The initial olfactory transduction events occur in the recep-
tor neuron cilia where receptor proteins bind odorants (Buck
and Axel 1991). Odorant binding is followed by activation
of heterotrimeric guanine nucleotide-binding proteins
(G-proteins) (Anholt et al. 1987; Jones and Reed 1989) and
effector enzymes (Pace et al. 1985; Sklar et al. 1986;
Bakalyar and Reed 1990). Two effector enzymes, G-protein—
coupled adenylyl cyclase (AC) and phospholipase C, were
proposed to control primary olfactory neuron responses
to odor stimulation in invertebrates and vertebrates
(Fadool and Ache 1992; Breer 1994). Excitatory reactions
involving 3’-5'-cyclic adenosine monophosphate (cCAMP)
and inositol triphosphate pathways are well explored, but
the receptor protein to G-protein signal transduction mech-
anism is unknown. Turin (1996) suggested that zinc ion—
binding sites are present on both the odorant receptor
protein and the G-protein and that zinc ions assist the sig-
nal transfer from receptor to G-protein. A general theoret-
ical model (Brookes et al. 2007) examined the plausibility of
Turin’s proposal and found that it was consistent with the un-
derlying physics and observed features of the early olfactory

events. The model required that the authors introduce a hypo-
thetical electron donor/acceptor as a reducing/oxidizing agent
in the intracellular fluid, which agent could be zinc ions.

We previously described metallic nanoparticles isolated
from human and other vertebrate blood (Samoylov et al.
2005). Those particles contained 40-300 zinc atoms directly
bonded with one another in metallic nuclei. In light of our
observations and those of Turin (1996) and Brookes et al.
(2007), we therefore hypothesized that metallic zinc nano-
particles could be involved in signal transduction between
receptor proteins and G-proteins. We demonstrate here that
those particles added to a vapor plume enhance the electrical
response of olfactory epithelium (OE) in both electroolfacto-
gram (EOQG) and single-cell recordings. The effect is dose
dependent and reversible (Viswaprakash et al. 2006).

Materials and methods

The primary regulations governing the care and use of ani-
mals utilized in this work included the following: the Animal
Welfare Act, the National Institute of Health—Public Health
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Service policy, and the Guide for the Care and Use of Lab-
oratory Animals.

To establish the specific effects of zinc metal nanoparticles
on responses of olfactory sensory neurons to odorants,
whole-cell patch-clamp and EOG recordings were made with
or without zinc. Rat OEs were dissected and prepared for
recording using standard techniques. In the recording cham-
ber, odorants or odorant—-metal nanoparticle mixtures were
delivered to the OE.

The epithelial slice

An epithelial sample was prepared by the method similar to
that described in Sinnarajah et al. (2001). Fragments of sep-
tal olfactory mucosa were isolated from rat and placed in the
RC-8 Warner Instrument patch-clamp recording chamber so
that the basal portions immersed in physiological buffer so-
lution, whereas the apical epithelial surface with olfactory
cilia were exposed to the air (Ma et al. 1999).

Odorant mixture

Odorants were purchased from Sigma-Aldrich. An odorant
mixture containing 16 mM each ethyl butyrate, eugenol, and
(+) and (-) carvone in water was mixed with a vortex and then
serially diluted. Concentrations of 1, 2, 4, 8, and 16 mM in
water were prepared for EOG and whole-cell recordings.
Odorant mixtures at each concentration were kept in
100-mL dark glass bottles, and the odorant mixtures contained
in the bottle headspaces were directed to the mixing chamber
for mixing with the charcoal-purified air. The prepared mix-
tures were then applied through a calibrated multibarrel pi-
pette and a small glass nozzle to the surface of the isolated OE.

Metal nanoparticles

Production of protein nucleating centers (PNCs) from
shark’s blood was described (Samoylov et al. 2005). PNCs
are comprised of 1- to 2-nm metallic nanoparticles of various
metals, including zinc. The system for metal nanoparticle
production from solid metals (Kruyt 1952) consists of a water
container and a high-voltage generator with 2 metal electro-
des submerged in water. By controlling the voltage and dis-
tance between electrodes, the plasma created under water
produces a very fine dispersion of metal nanoparticles.
Two 2-mm diameter metal electrodes (Alfa Aesar,
99.9999%) were positioned ~6 cm apart in a large Pyrex
jar 1 mm below the air—water interface of 850 mL purified
(Milli-Q) water that had been autoclaved (23 psi, 120 °C)
and chilled to 25 °C. The jar was placed in a running water
bath to prevent overheating. A voltage of 15 000 V was ap-
plied to the electrodes and was sustained for 12 h. The Zn
suspension was collected in a 1-L glass beaker and placed
in a refrigerator for 12 h to allow the large metal particles
to sediment. The supernatant was transferred to tubes and
centrifuged at 40 000 x g for 90 min at 18 °C. After centri-
fugation, the pellet was discarded. That process was repeated

2 more times, and the final supernatant was subjected to
analysis and particle counting. The centrifuge speed and time
required to enrich suspensions of nanoparticles smaller than
2 nm were estimated with a Stock’s equation (Kruyt 1952).

The colloidal zinc suspensions obtained from Purest Col-
loids, Inc., and Indigenous Products were used as alternative
sources of zinc nanoparticles. Suspensions were filtered
through 0.22-um Fisherbrand Syringe Filters and centri-
fuged at 40 000 x g for 90 min at 18 °C. Mean zinc nanopar-
ticle concentrations were estimated by UV absorption
measured with a DU640 Beckman UV spectrophotometer.
Centrifugation rendered a significant narrowing of the UV
absorption bandwidth, which indicated an improved unifor-
mity in nanoparticle size. Analysis of nanoparticles was sim-
ilar to that described in Samoylov et al. (2005). The total
concentration of metal in suspension was measured by
atomic absorption spectra (GTW Analytical Services). Ali-
quots of the suspension were dried onto coated grids, and the
particles were counted in dark field transmission electron
microscope images. Detailed structures were characterized
by selected area diffraction as well as nanobeam diffraction
(Samoylov et al. 2005). The suspension was kept at 5 °C be-
fore use. The nanoparticle concentration is defined as the
number of particles per liter of suspension. The number
of particles per liter divided by Avogadro number represents
the molar particle concentration. Zinc nanoparticle concen-
trations, determined by particle counting and UV spectra
analysis, were used for calculations and labeled “‘total zinc
concentration’ later in the text.

Delivery of odorants and metal nanoparticles

For stimulation, a 0.25-s pulse of the odorant mixture at 8 psi
was formed by a computer-controlled Pneumatic PicoPump
PV800 (World Precision Instruments [WPI]). A pulse of pos-
itive pressure drove the odorant into a calibrated multibarrel
pipette fitted with a glass nozzle directed at the OE. Each
pipette barrel can pass a puff of distinct odorant composition
and concentration. The residual odorant was cleared by air
between each stimulus application. The odorant pulse pat-
terns were initiated manually at predetermined time intervals
or automatically by computer. The automatic computer rou-
tine was composed of 0.25-s pulses at 20- and 60-s intervals
for EOG and whole-cell experiments, respectively. One series
of 10 pulses at 20-s intervals constituted one “EOG record-
ing” and one 15 pulses series at 60-s intervals represented one
“whole-cell recording.” Thus, in the automatic regime, the
single EOG recording had a duration of 200 s and could cor-
respond to 10 response traces. Likewise, the whole-cell com-
puter routine during one whole-cell recording could produce
15 traces over 15 min. These recordings were repeated as
many times as needed to cover a desirable number of pulses
and duration for a single experiment.

Three methods were used to deliver metal nanoparticles. 1)
A nanoparticle suspension was mixed with odorant
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solutions to make final nanoparticle concentrations of a few
fM to 450 pM. During the puff, the odorant vapor contain-
ing metal nanoparticles was delivered to the OE surface. This
method is used for both EOG and whole-cell recording. In
some EOG experiments, zinc metal nanoparticles were re-
placed with Zn™ ions at concentrations of 107°-107"° M,
combined with odorants, and delivered to the OE. 2) Metal
nanoparticles (5 nM) were added to the EOG recording pi-
pette saline solution. A concentration gradient is formed
around the contact point of the pipette tip with the OE. Over
time, the nanoparticle concentration increases in the vicinity
of contact until recording is terminated or a steady state is
attained. 3) Metal nanoparticles (5 nM) were added to the
patch-clamp recording pipette saline solution. As above,
the nanoparticles diffuse through the pipette opening inside
the cell when contact with an olfactory receptor neuron is
made. The very tip of the patch pipette was filled with the
solution containing no nanoparticles. To estimate the tip fill
and diffusion time, the tip was filled with 1% solution of Al-
cian blue and photographed. The process of the tip filling
and the change of the fill level of the pipette (8—16 MQ) were
recorded by a video camera attached to an Olympus BX51
microscope (x40 long working distance objective).

Electroolfactogram

Rat septal OE was placed in a perfusion chamber in physi-
ological buffer (containing 137 mM NaCl, 5.3 mM KCl, 4.2
mM NaHCO3, 0.4 mM KH,POy,, 3.4 mM Na,HPO,, and 5.6
mM D-glucose at pH 7.4). All EOG recordings were per-
formed in saline lacking divalent cations except for 3 control
experiments carried out to test whether or not divalent cat-
ions would alter zinc nanoparticle effects. Control experi-
ments were carried out in buffer containing Ca and Mg
ions (137 mM NaCl, 5.3 mM KCI, 4.2 mM NaHCOs;, 0.4
mM KH2PO4, 3.4 mM NazHPO4, 1.3 mM Caclz, 0.2
mM MgSQ,, and 5.6 mM D-glucose at pH 7.4). This buffer
was used in both the bathing solution and the recording
pipette, and the tissue samples were never exposed to the
Ca-free and Mg-free solutions.

The EOG recording electrode, a Ag/AgCl wire in a glass
pipette of approximately 24-um tip opening, was filled with
the same physiological buffer and then connected to an elec-
tronic amplifier to detect OE responses. Glass pipettes were
fabricated using borosilicate capillaries (WPI) and pulled us-
ing a P-87 pipette puller (Sutter Instruments). Once contact
between the electrode and the OE surface was formed, odor-
ant puffs were applied. Responses over a several-minute time
course were amplified by a 700A MultiClamp Amplifier
(Axon Instruments), filtered at 2-5 kHz, and recorded.

Whole-cell recording

Current responses were measured with a patch-clamp ampli-
fier (700A MultiClamp Amplifier, Axon Instruments) in the
whole-cell configuration (Sinnarajah et al. 2001). Odorant—
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zinc particle vapor mixture containing equal parts of ethyl
butyrate, eugenol, and (+) and (-) carvones was delivered
with dried, purified air by a Pneumatic PicoPump PV800
(WPI). In our experience with patch clamp, we obtain better
electrode membrane seals and superior stability with Ca- and
Mg-free Hank’s buffer. Therefore, in the recording chamber,
the tissue was perfused with a bathing solution that con-
tained 136.9 mM NaCl, 5.3 mM KCI, 4.2 mM NaHCOs,
0.4 mM KH,POQy,, 3.4 mM Na,HPOy, and 5.6 mM D-glucose
at pH 7.4. The patch electrode (resistance of 8-16 MQ) was
filled with a solution containing 110 mM KCI, 4 mM NacCl,
2 mM NaHCO;, 1| mM MgCl,, 0.1 mM CaCl,, and 2 mM
3-(morpholino)propansulfonic acid at pH 7.4 with metal
nanoparticles. The whole-cell response over the time course
of several minutes was recorded after being amplified by
the patch-clamp amplifier and filtered at 2-5 kHz. After com-
pensation, the series resistance was always lower than 20 MQ.

Stability of olfactory responses

Because of large variability of odorant responses by individ-
ual cells (Firestein et al. 1993), stability over an extended
period and response reproducibility at a single contact were
required. We made considerable efforts to correct mechan-
ical and electrical problems that potentially could affect sta-
bility of the system. The recording chamber was contained in
a grounded Faraday box on a vibration isolation table (GS-
34 Newport). Most of the experiments did not last longer
than 30 and 60 min for whole cell and EOG, respectively.
Olfactory tissues were examined for responsiveness to odor-
ants and stability with no metal nanoparticles added. Re-
peatable recordings of consecutive 0.25-s odorant mixture
pulses were produced at 20- and 60-s intervals in EOG
and whole-cell experiments, respectively. For short-term sta-
bility, 10 pulses for EOG and 15 pulses for whole-cell experi-
ments were applied. To examine long-term stability and
reproducibility, a few extended time EOG and whole-cell
experiments were performed.

Results

Stability and repeatability of olfactory responses

Typical EOG and whole-cell responses to odorant pulses are
shown in Figures 1 and 2. Most of the experiments in this
work were carried out with few electrode-OE contacts
and several recordings. Automatic EOG recordings were ap-
proximately 80% successful in obtaining 10 response traces
per recording. Approximately 60% whole-cell contacts ren-
dered 15 traces per recording. Response amplitude was rea-
sonably stable during repeated odorant application. The
results of EOG and whole-cell stability experiments are
shown in Tables 1 and 2.

The mean value of the relative change of 2 consecutive
EOG peaks stimulated by the same odorant pulse (JAV/V])
was 4.5% (0.045 £ 0.010 [standard error {SE}], 10 recordings,
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Air -Carvone +Carvone

Figure 1 EOG recording from OE responses to individual odorants. The
recordings were obtained from the same site on the OE. Pulse interval was 1
min, and 2 pure air—clearing puffs between the odorant pulses were given.

The figure shows typical traces obtained with 4 tissues, 7 electrode contacts,
and 97 recordings. Each recording comprises 6-10 EOG traces.

Eugenol Ethyl butyrate

0.8 mV

18

EOG recordings
Stimuli

l Air

Whole cell recordings
Stimuli

l Air

a Odorants b
1 mM Odorants
2mM < 2mM
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Figure 2 Odorant response recordings from rat OE and a single olfactory
neuron. The stimulus was a 0.25-s pulse of air or odorant mixture. (a) EOG
traces induced by a pure air and odorant mixture at different concentrations.
The representative set of traces was obtained from 4 tissues, 10 contacts,
and 34 EOG recordings. (b) Current traces from whole-cell recordings of
olfactory neurons with holding potentials of —70 mV. The stimulus was
a 0.25-s pulse of air or odorant mixture. Downward direction indicates
inward current. This is a typical representation of 23 whole-cell recordings.
Each recording comprises 3-15 whole-cell traces. (c) Plot of normalized,
peak EOG voltage (V/Vinax) evoked by odorant versus odorant concentration.
(d) Plot of normalized, peak negative current (//lnax) evoked by odorant
versus odorant concentration.

100 traces). The relative change of whole-cell peak values of 2
consecutive responses stimulated by the same odorant pulse
(A1) was 11% (0.11 = 0.03 [SE], 6 recordings, 90 traces).
The drift slopes estimated from 30 min of repeated EOG
and whole-cell recording were 0.65 + 0.10% min~' and

Table 1 Stability of EOG experiments

T, min Recordings, # Traces, # VIVinitial £ SE?
33 6 60 0.97 £ 0.03
10 2 60 0.99 + 0.02
133 1 40 0.93 + 0.005
33 1 100 1.11 £ 0.02
57 2 340 0.80 + 0.08

“Mean values of normalized EOG voltage peaks assuming no drift.

Table 2 Stability of whole-cell experiments

T, min Recordings, # Traces, # Whnitial £ SE?
10 1 10 0.97 +0.02
15 7 105 1.30 £ 0.07
30 6 97 1.24 +0.12

“Mean values of normalized whole-cell current peaks assuming no drift.

0.75 +0.2% min"", respectively. Assuming no drift, the sam-
ple SEs were a measure of the repeatability. In 30-min tests,
the SEs were less than 3% for EOG and 12% for whole-cell
recordings.

Responses to individual odorants and odorant mixtures

EOG responses to 0.25-s puffs of 16 mM individual odorants,
—carvone, +carvone, eugenol, and ethyl butyrate, are shown in
Figure 1. Figure 2a,b shows responses to the mixed odorants
obtained by EOG and whole-cell recording, respectively. The
EOG signal amplitude produced by purified air was much
smaller compared with those excited by mixed odorants.
The dependence of the relative signal amplitude on odorant
mixture concentration is shown in Figure 2c,d. Both dose
dependencies saturate at ~10 mM of odorant mixture.

Enhancement by zinc nanoparticles

When olfactory receptor neurons were excited by odorant
mixed with suspension of PNCs containing zinc nanopar-
ticles, or with zinc nanoparticles produced from metal rods,
the EOG odorant response amplitude was significantly in-
creased. Similar effects were observed whether or not Ca
and Mg ions were present (Figure 3). The shape and kinetics
of responses in the presence of zinc nanoparticles were similar
to those excited by odorant alone. Figure 4a shows an approx-
imate 2.5-fold increase in EOG response amplitude when neu-
rons were excited by an odorant-zinc mixture compared with
response evoked by the odorant alone. The incidental increase
of EOG peak due to instability cannot be more than 4.5%
(Stability and repeatability of olfactory responses); therefore,
2.5-fold increase is significant. The clearing air puffs produced
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only small responses. When 2 consecutive odorant puffs gen-
erated normal responses, the odorant plus zinc mixture gen-
erated the same enhanced response (O + Zn in Figure 4b).
When odorant alone is delivered ~5 s after the odorant + zinc
mixture, the amplitude of the response was about 40% greater

Stimuli Stimuli

O+Zn

Figure 3 EOG traces from rat OE in Ca- and Mg-free buffer solution (left
panel) and in the buffer containing Ca and Mg ions (right panel). Left panel:
the responses were induced by air; 16 mM odorants; 16 mM odorants +
PNCs (2.2 nM of total Zn); and 16 mM odorant + 5 nM Zn (total Zn). The
figure shows representative traces recorded from 1 tissue, 5 contacts, 28
EOG recordings, and 224 traces. Right panel: the responses were induced by
air; 16 mM odorants; and 16 mM odorant + 5 nM Zn (total Zn). The figure
shows representative traces recorded from 3 rats, 3 tissues, 23 contacts, 55
EOG recordings, and 450 traces.

O Air O+Zn Air

Tl

b

oo}

0.5 mVv

18
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than thatevoked by odorant alone (Figure 4b), indicating that
notall Zn particles were fully cleared from the receptors. Odor-
ant alone delivered ~10 s after the odorant—zinc mixture gen-
erated a normal response, indicating that after 10 s the zinc
nanoparticles delivered from the previous puff had cleared
thereceptors (Figure4c). Zincnanoparticles delivered in head-
space water vapor (no odorant) evoked responses that were
not different from those excited by water vapor or air alone
(Figure Sa,b, respectively). The peak EOG amplitude and
whole-cell responses to odorant-zinc nanoparticle mixtures
(at constant odorant level) increased with the increase of zinc
concentration (Figure 6a.,b, respectively). The dependence
peak amplitude values obtained from traces in Figure 6a,b,
as function of zinc concentration, are shown in the panels ¢
and d of Figure 6, respectively.

When olfactory neurons were perfused with a solution con-
taining zinc nanoparticles, the odorant-induced currents
changed dramatically (Figure 7a). The initial responses, im-
mediately following perfusion onset, were very similar to
those obtained with no zinc nanoparticles. After a few mi-
nutes, the EOG peaks became progressively bigger, but
the growth slowed after ~70 min of perfusion (Figure 7c).
During the first 30 min, the relative EOG responses grew

O+Zn o} O+Zn

L1

Figure 4 EOG traces from rat OE. The responses were induced by air, 16 mM odorants (O), and mixture of 16 mM odorants and 10 pM zinc metal
nanoparticles (O + Zn). Representative traces obtained by a manual control from 1 tissue, 10 contacts, and 39 traces. The stimuli were delivered in the
following sequence: (a) O, air, O + Zn, air; (b) O, O, O + Zn, O; (c) O + Zn, O.

O]

Zn1 Zn2 Zn3 Zn1+0

0.4 mV

5s

b

Air Zn1 Zn2 Zn3  Zn1+O

Figure 5 EOG responses elicited by water vapor, air, zinc nanoparticles, and odorant. Representative traces obtained by a manual control from 2 tissues, 6
contacts, and 39 traces. (a) The responses were induced by water vapor (W), 6 (Zn1), 60 (Zn2), and 120 (Zn3) pM zinc suspension, and finally with 6 pM zinc
plus 16 mM odorant mixture. (b) The responses were induced by air (Air), 6 (Zn1), 60 (Zn2), and 120 (Zn3) pM zinc suspension in water, and 6 pM zinc plus 16

mM odorant mixture (Zn1 + O).
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Figure 6 Electrophysiological recordings from rat OE and a single olfactory neuron: odorant + zinc particle responses. The stimulus was a 0.25-s pulse of air or
odorant-zinc particle mixture. Odorant concentration was constant for all traces. Odorant vapors were collected above the odorant—zinc suspensions (in water) of
zinc concentrations shown in the graphs (a). EOG traces induced by odorant-zinc particle mixture at different concentrations of zinc. Panel (a) shows
representative traces obtained in 4 tissues, 10 contacts, and 34 EOG recordings (262 traces). (b) Current traces from whole-cell voltage recordings of olfactory
neurons with holding potentials of —70 mV. The stimulus was a 0.25-s pulse of odorant-zinc particle mixture. Downward direction indicates inward current. Panel
(b) shows representative traces obtained from 23 whole-cell recordings (198 traces). (c) Plot of normalized, peak EOG voltage (V/V,nax) evoked by odorant-zinc
particles versus zinc concentration. (d) Plot of normalized, peak negative current (///nax) evoked by odorant-zinc particles versus zinc concentration.

at the rate of 8.1 * 0.6% min~", and that was 12 times faster
than the average EOG drift rate (see Stability and repeatabil-
ity of olfactory responses).

When an olfactory neuron was perfused with a patch elec-
trode filled with a solution containing zinc nanoparticles, the
odorant-induced currents changed considerably (Figure7b).
The initial responses registered at —70 mV immediately after
perfusion onset were very similar to those obtained with the
patch electrode containing no zinc nanoparticles. But after
approximately 4 min, the maximal inward current amplitude
grew progressively at the same voltage, puff volume, and
puff rate (Figure 7b,d). The whole-cell responses increased
at 14.2 + 0.3% min~', which rate was 19 times greater than
the whole-cell drift rate (see Stability and repeatability of ol-
factory responses).

Copper, gold, or silver nanoparticles did not produce the
effects of Zn (Figure 8). Gold and silver nanoparticles pro-
duced a transient enhancement, whereas copper nanopar-
ticles did not change the relative EOG amplitude. When

zinc nanoparticles were replaced by Zn*? ions in the same
concentration range, the olfactory receptor neuron response
to odorant was reduced (Figure 9).

Stability degradation of zinc suspensions occurs through
oxidation, aggregation (coarsening), and sedimentation
(Goia and Matijevic 1998; Matijevic and Goia 2007). Zinc
nanoparticles of different origins in the same concentrations
and size ranges produced no detectable differences. How-
ever, stability of the suspensions containing zinc nanopar-
ticles of natural origin (PNCs) was higher than those
produced artificially from metal zinc (data not shown).

Discussion

Odor enhancement by zinc nanoparticles

We demonstrated that a very small concentration, a few fM
to 450 pM, of zinc metal nanoparticles delivered together
with odorant can strongly enhance EOG or whole-cell
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Figure 7 Zinc nanoparticle enhancement of OE response to odorant (a). Superimposed EOG traces stimulated by a 0.25-s, 16 mM odorant mixture puff and
a recording made under the same conditions except that the recording pipette contained 5 nM zinc nanoparticles. The first trace was recorded just after
contact was made, and the following traces, with the progressively greater amplitude, were recorded at 20-s increments. Panel (a) shows every fifth trace and
is representative of traces obtained from 4 tissues, 5 contacts, 61 recordings, and 470 traces. (b) Superimposed traces of whole-cell currents stimulated by
0.25-s, 16 mM odorant mixture puffs and traces recorded with the patch-clamp pipette containing 5 nM zinc nanoparticles (holding potentials = —70 mV).
The first trace was recorded just after contact was made, and subsequent traces, with the progressively greater amplitude, were recorded in 60-s increments.
Panel (b) is representative data from 5 tissues, 48 contacts, 11 recordings, and 460 traces. (c) Relative value of peak EOG voltage as function of elapsed time.
(d) Relative value of peak current of whole-cell odorant response as a function of elapsed time.

patch-clamp responses to odorant. One- to 2-nm metallic
nanoparticles contain 40-300 zinc atoms. A small amount
of these particles added to an odorant can increase the re-
sponses to the odorant by a factor ~2.5 (N = 39). Although
we cannot find data on the water/vapor (or water/air) partition
coefficient for metal nanoparticles, we infer their presence in
odorant puffs because the observed effects are dose dependent
and reversible. The spontaneous particle clearing from the sys-
tem provides a specific, sensitive, and effective means of reg-
ulation of initial olfactory responses. Zinc nanoparticles
enhance olfactory neuron response only if applied in the pres-
ence of an odorant but produce no odor effects alone.
When zinc nanoparticles were delivered by extracellular or
intracellular perfusion, the EOG and whole-cell patch-clamp
responses increased, over time, as much as 7-fold above the
initial values. The gradual growth of response amplitude
can be explained by the continuing increase of local zinc con-
centration driven by nanoparticle diffusion. According to
the Stokes—Einstein equation, the diffusion coefficient of
small nanoparticles can be estimated as D = kT/6nnr, where
k is Boltzmann coefficient, 7' is absolute temperature,
n—viscosity, and »—mean hydrodynamic radius of nano-

particles. For the viscosity in a range of 3-11 cP (Keith
and Snipes 1974), the diffusion coefficient of 2-nm nanopar-
ticles (r = 1 nm) at 300 °K is in a range of 7.4 x 1077 to 2.0 x
10”7 cm? s7'. The nanoparticles can diffuse in the cilia the
distance L = 40 pm for L*/D = 20-80 s. We also estimated
that the diffusion time through the pipette’s tip that contained
no metal nanoparticles is not a rate limiting factor for perfu-
sion of nanoparticles into olfactory neuron. On average, it
took 1-3 min to fill a pipette, 1-2 min to position the pipette
in the electrode holder, and 1-3 min to make a cell contact.
We estimated that the pipette tip was filled to the levels of
250-60 pum. At solution viscosity of 1 cP, the diffusion co-
efficient is 2.2 x 10°® cm? s™!. Delays of zinc nanoparticle dif-
fusion through the tip are between 5 min and 16 s. Because
5 min is comparable with a mean time spent before making
a cell contact, the filling tip containing no zinc solution does
not impede the intracellular perfusion of zinc nanoparticles.

The site of action of zinc nanoparticles cannot be deter-
mined based only on extracellular and intracellular applica-
tion efficiency. The metal nanoparticles are electrically
neutral and can easily cross the membrane to the location
of activity. In contrast with ions, nanoparticles do not need
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Figure 8 Metal nanoparticle effects on the odorant-induced OE re-
sponse. Relative EOG amplitude stimulated by 0.25-s puff of 16 mM
odorant mixture and recorded from OE. The recording pipette contained 5
nM zinc, gold, silver, or copper metal nanoparticles. Control contained no
metal particles. The first trace for each metal was recorded just after
contact was made, and the subsequent traces were made at 200-s
intervals. Data were obtained from zinc: 3 tissues, 4 contacts, 60
recordings, and 450 traces; gold: 1 tissue, 2 contacts, 28 recordings, and
221 traces; silver: 2 tissues, 4 contacts, 58 recordings, and 460 traces;
copper: 1 tissue, 2 contacts, 23 recordings, and 172 traces; control: 2
tissues, 37 recordings, and 340 traces.
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Figure 9 Effects of Zn*? ions on the odorant response. Relative value of
peak EOG voltage as function of ZnCl, concentration. The initial EOG peak
voltage, Vinitias = —0.15 mV, was obtained from 0.16 mM odorant mixture
alone, whereas the other points were obtained from mixed solutions of
odorants and ZnCl,. Odorant concentration was constant. Points are the
experimental results, and the curve is the exponential fit (3* = 0.0006, R? =
0.995, t = 380 pM). Representative data from 12 tissues, 23 contacts, 95
recordings, and 757 traces.

channels to cross the membrane, and they are not controlled
by membrane potentials. Therefore, nanoparticles can cross
the membrane in a very short time, and we can estimate the
diffusion coefficient using the Stokes—Einstein equation. If
the membrane viscosity is equal to 1.0 P (Miyamoto et al.
1990), the diffusion coefficient of 2-nm nanoparticles at
300 °K is 1.1 x 10712 cm? s7!. These nanoparticles can cross
amembrane (10-30 nm) in 90-800 ps (less than 1 ms), and we
observed, by transmission electron microscopy, nanopar-
ticles on the cytoplasmic side of the membrane following
application to tissue preparations (Samoylov et al. 2005).

There is a significant difference between zinc ions and zinc
nanoparticles. A zinc ion is a single atom that lost 2 electrons
to make it positively charged. The metal zinc nanoparticle is
comprised of a relatively large number of neutral atoms. For
example, 1-nm zinc nanoparticles contain ~40 atoms, but 2-
nm particle has ~300 atoms. The physical, chemical, and cat-
alytic properties of metal nanoparticles are different from
those of ions and bulk metals (Thomas 1988; Aiken and
Finke 1999).

When zinc nanoparticles were delivered together with an
odorant vapor pulse, the effect of nanoparticles seemed to
be very rapid and did not produce delays in inward currents
excited by the odorant—zinc mixture compared with inward
currents evoked by odorant alone (Figures 3 and 6). This
fact indicates that zinc nanoparticles arrive at the place of
action almost simultaneously with the odorant molecules’
arrival at their receptors. Because the latency between stim-
ulus arrival and onset of current is no longer than 160 ms
(Grosmaitre et al. 2006), zinc nanoparticles are not diffusing
far before they reach their site of action. There is a well-
defined sequence of biochemical events between odorant
arrival at olfactory cilia and ion current generation. Trans-
duction begins with odorant receptor protein binding (Buck
and Axel 1991). This interaction results in G disengage-
ment from the intracellular receptor protein domain (Jones
and Reed 1989). Subsequently, G dissociates into 3 sub-
units, o, B, and vy, with the activation of a type III AC
(Bakalyar and Reed 1990) by the G,r, subunit (Sinnarajah
et al. 1998). AC then elevates the concentration of cCAMP
that gates cyclic nucleotide—gated channels (Nakamura
and Gold 1987). The inward flow of Ca®* ions in turn gates
Ca’*-activated CI™ channels (Kleene 1993, 2002; Kurahashi
and Yau 1993). The components of the signal transduction
cascade are probably located in close proximity to each
other. We infer such a spatial array because small fragments
of disrupted OE cilia that are reconstituted into artificial bi-
layers exhibit most of the biochemical events of the intact
system (Vodyanoy and Murphy 1983; Vodyanoy V and
Vodyanoy I 1987a, 1987b; Vodyanoy 1991; Sinnarajah
et al. 1998).

Hypothetically, zinc nanoparticles that arrive with odor-
ant at the cilia can modulate any of the signal transduction
cascade events. We found no reports in the literature related
to zinc nanoparticles and olfaction. The enhancement of
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odorant responses by zinc nanoparticles was observed even
at saturated odorant concentrations (Figure 6¢,d). If we as-
sume that at saturated odorant concentration, all odorant
receptor sites are occupied and zinc nanoparticles that ar-
rive together with odorant molecules cannot increase the
number of odorant-binding sites. How then can zinc nano-
particles facilitate the transduction? According to the Luca
Turin’s model (Turin 1996), endogenous zinc ions provide
a bridge connecting receptor and Gg-proteins. When a
proper odorant binds a coupled receptor—Ggr complex, Gyir
is decoupled and initiates the rest of the transduction cas-
cade. We hypothesize that zinc nanoparticles instead of zinc
ions facilitate coupling of odorant receptors and G,y;. The
odorant response of OE neurons at saturated odorant con-
centration depends on the number of receptor—Ggr
couplings that is in turn a function of the concentration of
endogenous zinc nanoparticles. We speculate that by adding
zinc nanoparticles, we increase the number of receptor—Gg¢
couplings and therefore enhance the olfactory response.

It has been reported that the odorant dwell time on odor-
ant receptor is very short (on the order of 1 ms) (Bhandawat
et al. 2005). The receptor—Gyyr couplings are too short lived
to explain both activation of G, and phosphorylation by G-
protein—coupled receptor kinases, which could uncouple re-
ceptor—G-protein interactions (Boekhoff et al. 1992). We
speculate that zinc nanoparticles may play an important role
in controlling the receptor—Gg s coupling.

The fact of odorant response enhancement by a small zinc
particle positioned between the receptor and Gy is
consistent with Luca Turin’s (Turin 1996) suggestion that
zinc ion—binding sites are present both on the odorant recep-
tor protein and the G-protein and that zinc ions assist the
signal transfer from receptor to G-protein. These zinc metal
particles can work also as electron donors as predicted by the
general theoretical model of Brookes et al. (2007).

Criteria for physiological significance of zinc nanoparticles

If zinc nanoparticles act through olfactory receptors to en-
hance an odorant-mediated cascade in olfactory cilia, then
we need to demonstrate certain criteria to establish their
physiological role. These criteria are similar to those sug-
gested for justifying claims that a given effector produces
its effect as a result of the stimulation of AC (Robinson
1971; Menevse et al. 1977; Vodyanoy V and Vodyanoy 1
1987b; Sinnarajah et al. 1998). The main criteria are as fol-
lows: (i) olfactory sensory neurons should contain zinc nano-
particles, (i) the activity of olfactory sensory neurons is
modulated by zinc nanoparticles, and (iii) modulation of ol-
factory sensory neurons does not occur if zinc nanoparticles
are removed or replaced.

Criterion (i) is supported to some extent by the fact that
free and bound zinc is found in relatively large concentra-
tions in the OE, the olfactory bulb, as well as other parts
of the brain (Horning and Trombley 2001; Takeda 2001;
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Persson et al. 2003; Frederickson et al. 2006). Criterion
(i1) is fully supported by the experimental results presented
here. We demonstrated significant modulation of the olfac-
tory sensory neurons’ activity, manifested by an odorant re-
sponse enhancement when zinc nanoparticles are present.
Criterion (iii) is met because the enhancement of odorant re-
sponses does not occur if zinc nanoparticles are replaced by
zinc ions. We could not find any reports in literature on the
presence of zinc nanoparticles in olfactory cilia and effects of
zinc nanoparticles on the activity of olfactory sensory neu-
rons. Therefore, the physiological significance of zinc nano-
particles may be established only if direct evidence of zinc
nanoparticles’ presence in olfactory cilia is demonstrated
and our electrophysiological results are replicated by other
laboratories.

The important role of zinc nanoparticles in olfactory trans-
duction is a further illustration of the significant role of zinc
in neurobiology (Frederickson et al. 2005). In most cases, the
distribution of zinc in the brain was studied by methods that
cannot discriminate between zinc ions and zinc metal par-
ticles (Takeda et al. 1997; Takeda 2001). Zinc transporters
in brain are known (Takeda 2001), but it is not known if
the same system of zinc homeostasis supports zinc nanopar-
ticles. Small colloidal metal particles were studied by 19th
century colloidal science (Kruyt 1952; Thomas 1988), and
then with more advanced methods of chemistry and physics
in the 20th century, the small metal particles, called metal
nanoclusters, were better understood and used in the rapidly
developing field of nanotechnology (Jena et al. 1996; Aiken
and Finke 1999). Very recently, metal nanoparticles, now
called superatoms, have been intensively studied (Hakkinen
2008; Walter et al. 2008; Castleman and Khanna 2009).
Superatoms have special electronic structures and thereby
possess unusual chemical and physical properties, which
may include resistance to aggregation and oxidation. We
found a large number of stable metal nanoparticles in human
and animal blood (Samoylov et al. 2005), but the observa-
tions reported herein are the first to suggest any physiolog-
ical significance.
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