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Abstract
Gold nanoclusters (AuNCs) capped with lipoic acid (LA) or templated with bovine serum albumin (BSA) are shown to be viable
fluorescent probes for oxygen (O2) which acts as a collisional quencher. Quenching of fluorescence, with its lifetimes in the order
of 123 ± 9 ns (LA) and 153 ± 15 ns (BSA) (in aqueous solution), is best measured at excitation/emission wavelengths of 400/
680 nm and 375/650 nm respectively. It follows the Stern-Volmer model, whose quenching constants (Ksv) and quenching
efficiencies (γ) are 1400M−1 and 0.52 for AuNC@LA and 4479M−1 and 0.90 for AuNC@BSA. The probes were immobilized
on a silica support and tested for response to O2 in gas phase using a commercial instrument. The effect of temperature on the
fluorescence of AuNC@LAwas studied in the range from 30 to 210 °C. Fluorescence intensity slightly decreases with temper-
ature in the first heating cycle but remains constant in further cycles. The AuNC@LAwere studied for their response to O2 in the
temperature range from 30 to 100 °C, and even at 100 °C they respond to O2, with a Ksv that slightly drops with increasing
temperature. Measuring in gas phase at 100 °C, the sensor has a detection limit of 3% (V/V) of O2 at a signal-to-noise ratio of 3.
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Introduction

Gold nanoclusters (AuNCs) are perhaps the kind of NCs which
are acquiringmore importance in analytical chemistry because of
their interesting optical properties [1, 2]. Like other nanomaterials
(such as quantum dots), their Stokes’ shift and emission peaks
(λem) depend on the number of gold atoms forming the AuNCs.
However, for larger AuNCs, the λem also depends on the ligand
used for AuNC stabilization, i.e., the chemical pathway used for
their synthesis so that variations in the synthesis method usually
produce modifications in their spectroscopic properties.

The analytical applications of AuNCs fluorescence for sens-
ing and bioimaging [3] have become more widespread [4–6].
According to Li et al. [6], these methods are mainly based on

three mechanisms: 1) fluorescence quenching, which is the
basis of the determination of ion metals such as Hg(II) and
Cu(II), or small molecules such as dopamine [7] or histamine;
2) AuNCs aggregation for protein determination; and 3) ener-
gy transfer (FRET) for bioimaging. Unlike other nanomaterials
[8, 9], AuNCs have been scarcely used to sense gases.

O2 determination is one of the most interesting real world
applications of molecular luminescence [10–14]. Compared to
other sensing principles, as the amperometric Clark electrode or
the Lambda sensor, present several advantages as the possibility
of remote and non-invasive sensing, greater miniaturization, an-
alyte imaging and the lack of analyte consumption [10].
Although a mechanism assisted by O2 singlet and luminophore
triplet assisted (O2*-T) has been described demonstrating that
O2 can produce fluorescence enhancement in some compounds
[15, 16], these methods are generally based on the collisional
quenching that the analyte produces in the excited state, so re-
agents having long luminescent (fluorescence or phosphores-
cence) lifetimes are used. For this application, probes have been
proposed [10, 11] such as polycyclic aromatic hydrocarbons,
fullerenes and especially different kinds of metal-ligands com-
plex, being those based on Ru-dilphenylphenanthroline and Pt
or Pd tetrakisfluorophenyl porphyrins (PtTFPP or PdTFPP)
which present better analytical figures of merit and applicability,
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and being the reagent of choice in different commercial O2

monitoring systems.
Some types of nanomaterials, especially nanoclusters hav-

ing long luminescence lifetimes, are also potential candidates
for O2 sensing. However, very few references can be found in
the literature addressing this possibility (the paper by Ghost
et al., using Mo chloride NCs being an exception [17]) and
none of these few papers mention collisional quenching to
explain the O2 effect in AuNCs. Thus, Wang [18] designed a
fluorescence biosensor for proteases based on the degradative
effect of these proteins on AuNC@BSA; after the degrada-
tion, O2 comes into the reagent and the Au fluorescence be-
comes quenched by a mechanism not clearly explained. Das
et al. [19], studied the O2 effect on two AuNC@BSA (2 nm
and 2.5 nm in diameter) having blue (410 nm) and red
(645 nm) fluorescence respectively; the authors found a fluo-
rescence enhancement in the blue AuNCs, explained by the
O2*-T mechanism, and fluorescence quenching in the red
ones, due to AuNCs aggregation.

O2 sensing at high temperatures is important in several
applications as automotive industry, power generation,
food processing or chemical and biochemical reactors.
For these proposals, O2 sensors based on organic
fluorophores present limited applications. In this paper,
we study the fluorescence quenching caused by O2 in two
different types of AuNCs, in the light of the Stern-Volmer
model at ambient temperature. Because of their metallic
nature, AuNCs also tolerate elevated temperatures, leading
to their use as O2 sensors at higher temperature that organic
fluorophores, an aspect also evaluated in this paper.

Experimental

Reagents

Hydrogen tetrachloroaurate (III) hydrate (99.8%-Au)
(AuCl4Na·2H2O) was purchased from Stream Chemicals
(https://secure.strem.com). Sodium borohydride and (±)-α-
lipoic acid, were purchased from Sigma-Aldrich Co. LLC.
(http://www.sigma-aldrich.com). Alphagaz1 (99.999%)
compressed oxygen and nitrogen, were purchased from Air
Liquide (Madrid, Spain, https://industrial.airliquide.es/). Pre-
coated TLC-sheets Polygram Sil G and DC-Fertigfolien
Alugram Sil G were purchased from Macherey-Nagel
(Düren, Germany, https://www.mn-net.com/).

Apparatus

Purification of the synthetized gold nanoclusters (AuNCs)
was carried out using a Koch centrifuge from Bunsen
(Spain, http://www.bunsen.es) and Amicon-Ultra 10 kDa cen-
trifugal filters from Millipore (Germany).

ATecnai F30H–7650 microscope (scanning and transmis-
sion mode, STEM) (FEI, The Netherlands, https://
www.fei.com) was used for AuNCs characterization.

Steady state fluorescence measurements were carried out
with a Photon Technology International (PTI) Time Master
fluorescence spectrometer (TM-272003). For lifetime mea-
surements this instrument has a N2 laser (GL-3300) that
pumps a dye laser, as a radiation source, and a stroboscopic
system as the detector.

A Foxy-R fluorescence O2 sensor from Ocean Optics (EW
Duiven, The Netherlands, https://oceanoptics.com/) consisted
of a QE65000 CCD-array spectrometer coupled to an oxygen
probe FOXY-R (by a QBIF600-UV/Vis optical fiber), using a
blue LED light pulsed Ocean Optics LS-450 as radiation
source. This sensor was calibrated in gas phase (and in solu-
tion (ESM 1, Fig. S1.1 and S1.2) with the help of the visocolor
ECO Test 5–88 for O2 (Macherey-Nagel) which is based in
the classical Winkler method.

LS-450 light source and QE65000 CCD-array spectrome-
ter coupled to a QF600–8-VIS/NIR optical fiber was used for
AuNC fluorescence measurements.

A LuminOx™ gas phase optical oxygen sensor (static
type) from SST (www.sstsensing.com) consisting of a
420 nm excitation LED, a photodiode (Fig. 2) and a
Ruthenium compound as the sensing element. This sensor
measures O2 concentration from 0 to 25% (V/V) (see
ESM1, Fig. S1.3 for original sensor calibration).

For high temperature AuNC fluorescence measure-
ments, the optical fiber illuminated (across a quartz trans-
parent window) a homemade heating system (Pervaporator)
previously described [20] (ESM2, Fig. S2.1). In brief, the
system consists of a measuring chamber with two quartz
windows. The system is heated using a cylindrical resis-
tance and the temperature is controlled by a home-made
digital controller (accuracy, ±1 °C). The maximum temper-
ature provided by the resistance was 250 °C. The whole
pervaporator was placed on a PTFE support.

Gold nanoclusters synthesis

Lipoic acid stabilized gold nanoclusters (AuNC@LA)
were synthesized by a chemical reduction method using
NaBH4 as the reducer and lipoic acid as the capping
agent, applying a previously described procedure [21]
(ESM 3.1) . Albumin bovine gold nanoclus te rs
(AuNC@BSA) were also synthesized according to the
procedure described by Lianzhe et al. [22] (ESM 4.1).

Fluorescence characterization and O2 effect on AuNCs
in batch

The effect of the O2 on AuNC fluorescence was moni-
tored with the PTI in Timebased mode, using the
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following instrumental conditions (excepting where indi-
cated): 15 nm excitation and fluorescence slits, 1000 nm
min−1 scanning speed, measured at λexc /λflu, 400/680 nm
(for AuNC@LA) and 375/650 nm (for AuNC@BSA).
Gas flows of different oxygen concentrations were
pumped through the cuvette containing AuNCs and the
fluorescence variation was continuously measured over
time. The average fluorescence intensity value was taken.
In parallel, the O2 concentration was monitored using the
Foxy-R fluorescence sensor.

Measurements of fluorescence decays were performedwith
a pulsed dye laser. The N2 laser pumped the dye PLD457,
which emits in the range from 440 to 478 nmwith a maximum
at 457 nm. The following instrumental parameters were ap-
plied: 100 ns offset, 1000 μs integration time, 20 averages
(complete offset intervals) with 5 shots at each offset for each
of the sweeps performed and 10 Hz frequency of firing of the
laser. From the fluorescence decay and lamp profile registers,
the lifetimes were calculated both manually and through the
program by adjustment to a function.

Immobilization of AuNCs on silica support

AuNCs were immobilized either: 1) on pre-coated TLC-
sheets Polygram SilL G, in which the silica is supported
on polyethylene and whose transparency allows to im-
plement them in an optical sensor, and 2) on pre-coated
DC- Fertigfolien Alugram Sil G, a silica supported on
aluminum and suitable for studies at temperature higher
than 25 °C. In both cases, the immobilization was
carr ied out by immersing the TLC-sheets in a
preconcentrated solution of nanoclusters (840 mg mL−1

Au) and allowing the system to dry at room temperature;
to obtain homogeneous deposition, three immersion/
drying cycles were applied.

Fluorescence characterization and O2 effect of AuNCs
immobilized on silica support

The emission spectra at ambient temperature of the
AuNCs immobilized on silica support, were carried out
with the QE65000 spectrometer coupled to the QF600–
8-VIS/NIR optical fiber.

To study the O2 effect, the Ruthenium fluorophore initially
placed in the the LuminOx™, was replaced by the AuNCs-
silica platform (cut to an appropriated size). The whole system
was then inserted into a homemade chamber consisting of a
PVC vessel with inlet and outlet for gases (ESM2, Fig. S2.2).
In parallel to these measurements, the O2 in the chamber was
monitored with the FOXY-R oxygen probe in order to know
the concentrations of O2 in each moment.

Measurement of the AuNCs-silica platform
fluorescence at high temperature: O2 effect

AuNC@LA immobilized onto the silica support were placed
in the measuring chamber of the pervaporator. The variation
of the fluorescence intensity with the temperature was moni-
tored with the QE65000 spectrometer coupled to the optical
fiber QF600–8-VIS/NIR.

Results and discussion

AuNCs characterization

The synthesized AuNC@LA were characterized by
STEM; the images showed spherical morphology and
homogeneous particles, with an average diameter of
1.60 ± 0.23 nm (ESM3.2, Fig. S3.1). The gold content
in the AuNCs stock was obtained by ICP-AES resulting
in 0.28 gL−1. The excitation and fluorescence maximum
of these AuNCs appear at 400 nm and 680 nm, respec-
tively (Fig. 1A). The wavelength of the maximum exci-
tation slightly depended on the AuNCs concentration but
not the fluorescence spectra (ESM3.3, Fig. S3.2); the
fluorescence lifetime of these nanoclusters was 123 ±
9 ns (in aqueous solution at 2.2·10−4 M O2) which en-
ables the use of these nanomaterials as O2 fluorescence
probes to be evaluated.

Similar studies were performed with AuNC@BSA.
The STEM image (ESM4.1, Fig. S4.1) also showed
spherical morphology with a mean diameter of 1.80 ±
0,35 nm (and large masses of protein surrounding the
nanoclusters). AuNC@BSA showed excitation and emis-
sion maxima at 375 nm and 650 nm, respectively
(Fig. 1B) and its fluorescence lifetime was 153 ± 15 ns
(in aqueous solution at 2.2·10−4 M O2).

Chevrier et al. [23] found that AuNCs have low
photobleaching. Our results agree with these observations:
AuNC@LA did not show photobleaching during at least 3 h
under continuous excitation; in the same experimental condi-
tions, AuNC@BSA showed a slight instability during the first
1.5 h but during the following 1.5 (at least) the fluorescence
remained constant. (ESM3.4, Fig. S3.3).

The fluorescence quantum yield (Φ) for both types of
AuNCs was obtained using tris(bipyridine)ruthenium(II)
chloride as a reference standard. Values of 0.018 (see
ESM3.5) and 0.089 (ESM 4.3) for AuNC@LA and
AuNC@BSA were obtained which reasonably agree
with those previously reported in the bibliography of
0.018 [24] and 0.080 [25], respectively. These yields
are comparable to those of organic fluorophores and
they are in the range of what is necessary for their
application as optical sensors.
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AuNC fluorescence quenching in solution

The effect of the O2 concentration on the AuNC@LA
fluorescence was first studied in solution following the
procedure explained in the Experimental section. The re-
sults led us to conclude that:

1) The O2 fluorescence quenching fits the conventional
Stern-Volmer eq. (1) and not the modified equation for
two populations of fluorophores (accessible and not
accessible). This result is consistent with the idea of
nanoclusters behave as an entity with a specific energy
level structure. The Stern-Volmer constant (Ksv) is in-
dependent of the AuNC@LA concentration used. Five
Ksv values were obtained using different AuNC@LA
concentrations (ESM3.6, Fig. S3.6, Table S3.1). The
average value obtained was 1400 M−1 (RSD = 8.8%).
This Ksv is smaller than that obtained for the Ru(II)
complex of the Foxy-R probe which is consistent with
its lower fluorescence lifetime.

2) The lifetime values obtained for three O2 concentrations
(ESM3.7, Table S3.2), confirm that the quenching fol-
lows a collisional mechanism (1). The Ksv obtained from
lifetime measurements was 1346 M−1 (RSD = 10%)
which statistically (t-test, 95% confidence) agrees with
the value measured from the intensity values (1400 M−1).

F0

F
¼ τ0

τ
¼ 1þ Ksv O2½ � ¼ 1þ k0γτ0 O2½ � ð1Þ

3) The O2 quenching efficiency (γ) on the AuNC@LA fluo-
rescence was estimated to be 0.52 (ESM5.1), which is
lower than that of most of molecular fluorophores (≈1),
and is also consistent with the idea that the energy levels
responsible for the fluorescence are partially shielded by
this AuNCs structure.

4) The quenching is fully reversible. Fig. S3.7 (ESM3.8)
gives the fluorescence intensity variations obtained with
consecutive N2-O2 flow cycles, although more complete

additional results dealing with the reversibility of the sen-
sor will be given in gas phase.

Similar studies were carried out with AuNC@BSA. A
higher sensitivity to O2 quenching was observed with
these nanoclusters compared to AuNC@LA with a
4479 M−1 Ksv value (RSD = 10.0%, n = 3) (ESM4.2,
Fig. S4.2) only half of that obtained with the Foxy sensor,
and a quencher efficiency of 0.9 (ESM5.2). Considering
that the O2 accessibility to the energy levels of both types
of nanocluster is the same, this higher efficiency can be
explained considering that in BSA, the nanoclusters are
close to each other (see Figs. S3.1 and S4.1), giving
higher apparent kinetic radium and shortening the mean
pathway for the oxygen between collisions. The Ksv value
was also calculated from lifetime measurements,
obtaining 3576 M−1 (RSD = 9.8%, n = 3) (ESM4.4). This
value was statistically compared to that obtained by fluo-
rescence intensity (t-test); a texperimental of 2.75 was ob-
tained, which is nearly the limit at 95% confidence (t =
2.78) and higher than that at 90%; the differences between
these Ksv values is attributed to the difficulty of reproduc-
ing laser operation conditions.

Immobilization of the AuNCs to obtain solid state
sensors in gas phase: read-out possibilities

Once the viability of an effective O2 quencher was tested, the
possibility of using this effect for designing an O2 gas sensor
was studied. AuNC@LAwere immobilized on a silica support
following the previously described procedure. This platform
showed worse-defined excitation and emission spectra than
those obtained in solutions, due to both the nature of the sup-
port and the design of the system used for measuring
(ESM6.1, Fig. S6.1).

AuNC@LA immobilized on the silica support was tested
as the chemical basis of the Luminox™ O2 sensor (Fig. 2)
described in the experimental section. For the calibration of
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AuNCs in solution. A)
AuNC@LA (λext = 400 nm and
λem = 680 nm) B) AuNC@BSA
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650 nm). Other instrumental
conditions as indicated in the
Experimental section
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this new sensor, its response to different concentrations of O2

inside a gas chamber was studied, making the measurement of
O2 in parallel with the Foxy-R probe (Fig. S2.2).

The commercial sensor gives voltage signals (instead of
fluorescence intensity). However, the Ksv is not sensitive to
the units of magnitude used for measuring the O2 effect on
the fluorescence of the fluorophore, so eq. (1) can also be
applied but replacing fluorescence intensity (F) by voltage
(V). Figure 3 shows the calibration graph obtained with the
AuNC@LA-silica platform located in the Luminox™. As
can be seen, the results fit the Stern-Volmer equation very
well. The Ksv obtained was 0.0059 (RSD = 4.9% n = 3),
quantitatively worse than that of the commercial sensor
(0.0369), but approximately in the same proportion as in
solution. However, it is less than 2 times lower than that of
the Foxy-R, which is due to the physical structure of the
sensor. The three Ksv used for calculating the averaged value
were obtained on three different days with the same
AuNC@LA-silica platform, which demonstrates the system
stability. As has been indicated, this platform was prepared
submitting the silica to three immersion-drying cycles in a
AuNC@LA solution. Additional assays were done submit-
ting the support to a higher number of immersion-drying
cycles, but no improvements were observed; in fact, for
ten cycles the Ksv showed a shorter linear response range,
probably due to the effect of autoabsorption at high fluores-
cence intensities. These studies confirm the optimal

fabrication at the established concentration of AuNC@LA
(three immersing-dry cycles) as well as the stability and
reproducibility of the sensor system for the entire range of
% of O2 in air at room temperature. The reversibility of
quenching effects on the AuNC-silica platform has been
confirmed, by carrying out several consecutive N2-O2 cy-
cles (ESM6.2, Fig. S6.2). Moreover, the O2 quenching on
the AuNC-silica platform was periodically measured during
6 months (after its manufacture) giving reproducible results.

AuNC@BSA immobilized on the silica support were also
tested on the Luminox™ O2 sensor. Figure 3 shows the cali-
bration graph. The Ksv obtained was 0.0031% V/V, smaller
than that obtained for AuNC@LA. A possible explanation of
this result is the fact that the optical arrangement of the
Luminox™ sensor (excitation source, filter and detector) are
not optimized for the measurement of the fluorescence of the
AuNC@BSA, and its LED source (420 nm) is more shifted
from its excitation maximum than in the case of AuNC@LA,
which causes a loss of sensitivity with this measuring system.

However, the excess protein (BSA) that stabilizes these
AuNCs makes it difficult to use them at high tempera-
tures, causing the darkening of the silica platform due to
the organic matter burning and making it difficult to mea-
sure the fluorescence. Therefore AuNC@LA will be used
in the following studies.

Sensing behavior at high temperatures in gas phase

As has been indicated above, one the most interesting possibil-
ities of using AuNCs for O2 sensing comes from its metallic
nature which allows us to use it at temperatures where organic
fluorophores decompose. To test this, first the effect of temper-
ature on the AuNC@LA stability and fluorescence was stud-
ied, using the system described in the experimental section
(ESM2, Fig. S2.1). Once the AuNC@LA-silica was placed
inside the optical cell of the pervaporator, the temperature of
the resistance was increased from 30 °C to 210 °C (10 °C
stepwise) and simultaneously the emission spectra was record-
ed; after that, the temperature was returned to 30 °C and the
cycle was repeated. Figure 4 shows the averaged fluorescence
intensity, at the excitation and fluorescence maxima wave-
length, at each of these temperatures. As expected, the fluores-
cence intensity decreased with the temperature, but only during
the first cycle. After cooling the cell the intensity slightly in-
creases, and during the second cycle the fluorescence intensity
was not dependant on the temperature. This result indicates that
during the first cycle, the fluorescence intensity variation was
not only due to the expected behaviour but also to some sort of
change in the AuNC@LA-silica structure.

This is somehow reflected in the fluorescence spectra
(ESM7, Fig. S7.1) which shows slight changes in the 690–
700 nm wavelength interval. This result is very important
because it demonstrates that, after the first pretreatment, the
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platform can be used as an O2 sensor at different temperatures
without affecting the fluorescence.

In order to study the AuNC@LA-silica response to O2 at
different temperatures, air flows with different oxygen con-
centrations were passed through the pervaporator where a pre-
viously pretreated (after being submitted to the first tempera-
ture cycle) AuNC@LA-silica platform was placed; the fluo-
rescence variations were measured with the same optical fiber
system as in the previous case. A systematic study was carried
out at four temperatures (3 oxygen concentrations at each
temperature). By evaluating each of the O2 concentrations
and recording the fluorescence values at the maximum emis-
sion of AuNC@LA-silica (λem = 690 nm) in each case, we
obtained a fluorescence vs %O2 calibration line for each tem-
perature, from which we derived the different Ksv values
(Fig. 5). As can be seen, the Ksv values were similar from 45
to 100 °C (ESM7.1, Fig. S7.2). It is difficult to predict the
temperature effect of the Ksv. On the one hand, the higher
the temperature, the higher the k0 (the O2 diffusion coefficient
increases with the temperature). On the other hand, the τ is
expected to decrease with the temperature [26, 27] (the non-
radiative decay constant increases [28, 29]), so a balanced
response is finally observed.

To demonstrate the ability of the sensor to retain the sens-
ing capability and reversibility after heating, the following
experiment was carried out: the Ksv was obtained at ambient
temperature (from three O2 concentrations), then the sensor
was heated at 100 °C, cooled down at ambient temperature
and the Ksv was measured again. This cycle was repeated 5
times. The results are detailed in ESM7.2 (Fig. S7.3). As can
be seen, no drift is observed and similar Ksv values were
obtained (RSD = 9.9%,n = 5). From the calibration graphs a
limit of detection of 3% (V/V) O2 (3σ) is obtained.

Conclusions

This paper shows that AuNCs can be used as efficient
fluorophores in O2 collisional quenching, following the
Stern-Volmer model. AuNC@BSA are more efficient than
AuNC@LA but the latter can be used at higher temperatures.
Future experiments should be done in order to test the possi-
bility of using AuNCs as an O2 probe at even higher temper-
atures. This new type of sensor based on AuNC fluorescence
would be an interesting alternative for non-invasive O2 mon-
itoring in thermically aggressive environments. Considering
that the mechanism of the fluorescence quenching is collision-
al, interferences in the gas phase will come from the same
substances as in the case of other O2 fluorescence based sen-
sors, i.e. paramagnetic species (NO). Working in liquid phase,
interferences will come from compounds able to react with
AuNCs, especially thiols, so caution should be taken with
samples containing these types of components.
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