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A background-subtraction strategy leads to
ratiometric sensing of oxygen without
recalibration†
Yinglu Zhang, Longjiang Ding, Wei Zhang, Xiao-ai Zhang, Ying Lian and
Xu-dong Wang *
Luminescence-quenching based optical oxygen sensors have wide applications in many ﬁelds, which
have already replaced almost 40% of the commercial market share dominated previously by the Clark
oxygen electrode. The majority of optical oxygen sensors are based on lifetime measurement, which are
precise, but are relatively expensive, and require high-speed electronics and detecting circuits.
Alternatively, oxygen concentration can be measured via a luminescence intensity change, which is a
referenced approach according to the Stern–Volmer equation. However, luminescence intensity based
measurement tends to be highly inﬂuenced by background light. At a given sensor composition, diﬀerent
instrumentation setups, sensor surface roughnesses and thicknesses, and environmental light will result in
signiﬁcantly diﬀerent calibration curves and sensitivities. This makes luminescence-intensity based optical
sensors almost impossible to use practically, because each sensor needs to be recalibrated before use,
and the calibration curve each time is quite diﬀerent. We have solved this problem by introducing a new
background-subtraction strategy. After background subtraction, oxygen sensors with diﬀerent probe con-
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centrations, instrumentation setups, surface roughnesses, supporting matrixes, and at diﬀerent tempera-
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tures present identical calibration curves. This could greatly reduce the calibration task during practical
use. Combined with the advantages of low price and a simple optical conﬁguration, the new method will
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signiﬁcantly promote wider applications of optical oxygen sensors.

Introduction
The measurement of molecular oxygen plays key roles in many
areas, not only in the chemical, modified atmosphere packaging and fermentation industries, but also in medical treatment, health diagnosis, space exploration, marine research,
and environmental monitoring and protection.1–4 Sensing of
oxygen in the optical way, especially by the luminescence
quenching approach, has become one of the leading methods
in measuring this important gas due to its outstanding characteristics, including no oxygen consumption during measurement, excellent reversibility, fast response, high precision and
accuracy, high throughput via imaging techniques, immunity
to the magnetic field, miniaturized size to nanodimension,5
remote sensing over a long distance,6 and multiple sensing.7,8
For a long time, the commercial oxygen sensing market was
dominated by sensors based on the Clark electrode and the
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paramagnetic eﬀect of molecular oxygen. However, the market
share started to change in the last two decades when optical
sensors based on luminescence quenching became commercially available. It has been estimated that luminescent
oxygen sensors have gradually replaced almost 40% of the
market where Clark electrodes were formerly used.9 The principle of a luminescence based oxygen sensor is that the
luminescence of a luminophore can be quenched by molecular
oxygen, which induces changes in the luminescence intensity
and lifetime at diﬀerent oxygen concentrations. There is a
relationship between the luminescence intensity (or lifetime)
and the concentration of oxygen, which can be described by
the Stern–Volmer equation:
F 0 =F ¼ τ=τ0 ¼ 1 þ K SV ½O2 
where F0 and F represent fluorescence intensities measured
under anaerobic conditions and in the presence of oxygen,
respectively.
The oxygen concentration in a sample can be measured by
calculating the reading of luminescence intensity or lifetime
from the Stern–Volmer equation. The majority of current commercially-available devices are based on the measurement of
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the luminescence lifetime, more precisely, based on measuring the phase shift at diﬀerent oxygen concentrations using a
lock-in amplifier circuit.10 This measurement regime provides
high stability and good accuracy during measurement, since it
is self-referenced and the luminescence lifetime of a given
sensor is only related to the local oxygen concentration.
Variations of the light source, detector, optical alignment, and
environmental luminescence background do not influence the
lifetime measurement. However, lifetime measurements are
relatively expensive, because high-speed electronics and circuits are required. The development of oxygen-sensitive probes
with a long lifetime significantly reduces the measurement
cost.4 Low-speed electronics and circuits with cheaper prices
can be used for lifetime measurement. Still, the cost of commercial optical sensors is quite high, which limits the expanding use of optical oxygen sensors. Alternatively, the concentration of oxygen can be measured via measuring luminescence intensity, and calculated from the Stern–Volmer
equation. From this equation, one can see that the luminescence intensity based measurement is also referenced, since
the oxygen concentration is related to the ratio of luminescence intensity with and without oxygen. Interference from
the perturbation of the light source, detector, uneven distribution of dyes, and optical alignment can be ruled out. An
oxygen sensor based on the luminescence intensity change
can be rather cheap and the optical setup is much simpler
than the lifetime based measurement.
However, the luminescence intensity is a relative value.
Diﬀerent instruments, sensor matrixes and thicknesses,
physical properties of the sensor surface, ambient background light, and alignment of sensors in the detection light
path will result in significantly diﬀerent luminescence intensity
values. Diﬀerent instruments combined with diﬀerent sensor
films will result in significantly diﬀerent calibration curves.
Therefore, such sensors need to be calibrated each time before
use, which makes these sensors diﬃcult to use during practical
applications, and the measurement process becomes more complicated and time-consuming. For example, Amao’s group
reported that Ru(dpp)3 in polyacrylic acid on an alumina plate
had a sensitivity (expressed as I0/I100) of 3.7,11 while in their
other report, the sensitivity was 2.3.12 Two studies from the
Okura group reported that PtOEP in the same sol–gel film has
distinct sensitivity, 8.513 versus 41.14 It is clear that the sensitivity and calibration curves of oxygen sensors vary significantly
when they are operated in intensity mode. The main reason for
this derivation is that each sensor film, electronic devices and
ambient environment could cause significantly diﬀerent intensity backgrounds. This diversity in the calibration curve and
sensitivity will greatly increase the cost of industrial applications
since each sensor needs to be recalibrated before use. Thus,
quality assurance in fluorometry is important for intensitybased measurement.15–17 Very recently, Liu et al. have demonstrated a new strategy of ratiometric sensing based on the combination of fluorescence and scattering light, which proves the
power of using scattered light as a reference signal for precise
measurement.18
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In this work, we are introducing a new background-subtraction strategy, which has been proved to be a powerful tool to
standardize the sensor response. By subtracting the scattered
background light at a long wavelength, every oxygen sensor
film exhibits an identical calibration curve and sensitivity,
regardless of the physiochemical properties of the sensor film
and instrumental setups. This strategy allows us to develop
simple oxygen sensor devices with much lower cost, and the
sensor can be calibrated after production. During their application, there is no need to recalibrate them, which is beneficial
for their applications in industry, especially for long-term
monitoring of oxygen concentration.

Experimental
Chemicals and materials
The tris(4,7-diphenyl-1,10-phenanthroline)ruthenium(II) bis
( perchlorate) complex (Ru(dpp)3(ClO4)2) was purchased
from
Heowns
(C-0443494,
http://www.heowns.com).
3-(Trimethylsilyl)-1-propanesulfonic acid sodium salt (TMS)
was purchased from Sigma-Aldrich (178837, http://www.sigmaaldrich.com). An ELASTOSIL® E4 silicone prepolymer was purchased from Wacker (60080792, http://www.drawin.com).
Chloroform (G75915B), dichloromethane (G81014B) and
toluene (13759B) were purchased from Tansoole (http://www.
tansoole.com). A transparent poly(ethylene terephthalate)
(PET) film was obtained from Goodfellow (http://www.goodfellow.com). All chemicals were used as received without
further purification. The aqueous solution was prepared using
double distilled water.
Synthesis of [Ru(dpp)3](TMS)2 probe
Since ruthenium complexes do not have a good solubility in
silicone rubber, the oxygen-sensitive probe [Ru(dpp)3](ClO4)2
was firstly modified into a hydrophobic probe by an anion
exchange reaction according to a known method.19 Typically,
50 mg of Ru(dpp)3(ClO4)2 was dissolved in 25 mL distilled
water, and to the solution was added 17.5 mL of 10 mM TMS
aqueous solution. After vigorous stirring, the obtained hydrophobic [Ru(dpp)3](TMS)2 ion pair was extracted using chloroform. The residual product in the aqueous phase was further
extracted using chloroform for an additional three times. The
oil phase was separated from water and collected. The organic
solvent in the oil phase was evaporated using a rotary evaporator (at 113 mbar, room temperature). The obtained hydrophobic dye was dried in a vacuum at 30 °C for 24 h. The
[Ru(dpp)3](TMS)2 dye was obtained in 70% yield in the form of
orange powder.
Preparation of optical oxygen sensor
Silicone has excellent oxygen permeability and mechanical
properties, is optically transparent, and can be easily prepared
at room temperature. In this work, we selected Wacker E4 silicone as a typical matrix to encapsulate oxygen sensitive
probes. The E4 silicone was first dissolved in dry toluene at a
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concentration of 0.5 g mL−1 to form a colorless and transparent solution. The oxygen-sensitive dye [Ru(dpp)3](TMS)2 was
dissolved in dichloromethane to give a solution at a concentration of typical 1.5 mM. The dye solution and silicone solution were mixed at a volume ratio of 1 : 4, and the viscous
mixture was spread onto the transparent PET support using a
home-made knife-coating device. The thickness of the wet film
can be adjusted by changing the spacers on the knife-coating
device. Dichloromethane in the wet film was evaporated at
room temperature for 4 h, and the obtained oxygen sensor
film was dried thoroughly in a heating oven at 90 °C for 12 h.
Instruments
The experimental setup shown in Fig. 1 is used to characterize the oxygen response of optical oxygen sensors. Once the
sensor film is dried, it was cut into a small piece and put
onto a cap of the sensor device shown in Fig. 1A. The sensor
was then immersed in a container where a modified gas
atmosphere was created with synthetic gas (at diﬀerent
oxygen concentrations controlled by the gas mixer). The flow
rates of gases were controlled by two mass-flow controllers
(Red-Y, http://www.voegtlin.com, Switzerland). The sensor
film was excited using a 460 nm LED, and the emission from
the sensor film passed through two emission filters. Two
photodiodes from OSRAM were used to digitally record the
luminescence intensity. The main emission of the oxygensensitive probe passed through a band filter (570–640 nm)
and recorded by one photodiode. The background signal was
filtered using a band-pass filter (720–760 nm), and recorded
by the other photodiodes with the same type. The spectra of
the LED and two filters are shown in Fig. S1 in the ESI.† Both
the oxygen-response signal and the background signal were
recorded in every experiment, and then the background
signal was subtracted from the response signal, and the data
were used for calibration. The fluorescence spectra of the
sensor film were obtained using a fluorospectrometer
(Hitachi F-7000, Japan). The excitation slit was set at 5 nm,
and the emission slit was set at 10 nm. The voltage of the
photomultiplier tube in the fluorospectrometer was at 400

Fig. 1 The schematic diagram of the experimental setup for sensor
characterization (A) and the luminescence spectra of a typical sensor
ﬁlm made from [Ru(dpp)3](TMS)2 and silicone E4 measured with two
ﬁlters (B).

5122 | Analyst, 2018, 143, 5120–5126

Analyst

V. The temperature was controlled using a circulating water
bath from Huber.

Results and discussion
Choice of materials
As a typical example, oxygen sensors made from the Ru(dpp)
complex and silicone rubber have been chosen, simply
because the oxygen-sensitive probe Ru(dpp) possesses good
photostability, a long excited-state lifetime (a few microseconds), a high luminescence quantum yield (∼30%) and
large Stokes shifts.20,21 The Wacker E4 silicone was selected as
a polymer matrix to embed the oxygen-sensitive probe. This
material has excellent oxygen permeability, good mechanical
stability, and high optical transparence, and is easy to cure at
room temperature and at certain humidity.22,23 However, the
ruthenium complex with the counterion of chloride, perchlorate and sulfate is not very soluble in silicone rubbers or other
hydrophobic polymers. Exchanging the small anionic counterion with the bulky and hydrophobic organic anions such as
TMS or dodecyl sulfate has been proven to significantly
improve the solubility of the Ru(dpp) complex in silicones.19
In this work, the Ru(dpp)3(ClO4)2 dye was firstly modified into
the hydrophobic ion pair Ru(dpp)3(TMS)2 via the ion exchange
process, and then mixed with E4 silicone to form a cocktail.
The viscous cocktail was then spread onto the PET support
using a home-made knife-coating device to form a wet thin
film. The wet film was then cured at room temperature at a
typical humidity of 60%. Finally, the cured film was completely
dried in an oven at 90 °C.
Subtraction of the background
As illustrated in the Introduction, the same group always
reported significantly diﬀerent sensitivities and calibration
curves using the same sensor material, which is mainly due to
the influence of background luminescence. We demonstrated
the influence of the luminescence background on the calculated sensitivity and calibration curve using the following
experiment. Fig. 2 shows the spectra of a typical sensor film
made from [Ru(dpp)3](TMS)2 and silicone E4 which are
aligned at diﬀerent angles in the cuvette (shown in Fig. 2,
inserts). The sensitivity of the sensor film (expressed as I0/I100)
was only 4.95 if one calculated directly from the recorded fluorescence intensity (Fig. 2C, alignment 1). However, once the
sensor film was placed in the other direction shown in Fig. 2B,
the calculated sensitivity was 5.55 (Fig. 2C, alignment 2). The
calibration curves for the same film with diﬀerent alignments
are quite diﬀerent. The main reason for these observations is
that the luminescence background is quite diﬀerent. If we subtracted the luminescence background, the sensor exhibited an
almost identical calibration curve and sensitivity (Fig. 2D),
which fit the reality that the same sensor film should have the
same calibration curve and sensitivity.
For background subtraction, the selection of background
luminescence intensity played the key role. A suitable selection
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curves and sensitivities vary significantly under diﬀerent
experimental conditions.

Published on 03 September 2018. Downloaded by Fudan University on 10/29/2018 1:56:43 AM.

Diﬀerent [Ru(dpp)3](TMS)2 concentrations in the sensor film

Fig. 2 The luminescence spectra of a typical sensor ﬁlm made from
[Ru(dpp)3](TMS)2 and silicone E4 aligned at diﬀerent angles in the
cuvette (shown in the inserts, A and B). The Stern–Volmer plots before
(C) and after (D) background subtraction.

of background may result in identical calibration curves and
sensitivities for all sensors. The typical luminescence spectra
of Ru(dpp) in silicone rubber with (dashed line) and without
(solid line) oxygen are shown in Fig. 2B. One can see from the
spectra that the luminescence intensity at a short wavelength
is quite high, which is strongly influenced by the scattered
light and not suitable to be selected as background luminescence (Fig. 2A). The spectra at a long wavelength, especially
over 720 nm, is relatively stable and its value could reflect the
level of background information from the concentration of
probes, detector dark current, physical properties of the
sensor film, and other systematic backgrounds. After the
emission passing through optical filters, the scattered light
could be maximally reduced, and there is not much background signal originated from scattering in the range of
720–760 nm. Thus, this signal is more stable than that at the
short wavelength, and could be used to correct the influence
of the background signal on the calibration curve. After the
background subtraction, the data obtained for the calibration
curve do not contain the information of dye concentration,
instrumental setting, sensor film surface roughness, film
thickness and so on. Thus, in further investigation, we
choose the intensity in the range of 720–760 nm as the
background.
We further studied in detail the influence of sensor film
composition, instrument setup, addition of optical scatters,
sensor film thickness, surface roughness, and diﬀerent supporting materials on the calibration curve and sensitivity of
the ruthenium complex based oxygen sensor. Our results show
that no matter what kind of experimental setup is applied, the
sensor always exhibits a nearly identical calibration curve and
sensitivity after applying our background-subtraction strategy.
Without the background subtraction, the sensor calibration
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Normally, the dye concentration determines the luminescence
intensity and background of the oxygen sensor film. We have
studied in detail the influence of dye concentration in the
sensor film on the calibration curve and sensitivity of the
obtained sensor film. The results are summarized in Fig. 3A
and B. When the concentration of the [Ru(dpp)3](TMS)2 probe
in the sensor film gradually increased from 0.04 mM to
0.5 mM, the sensitivity of the sensor film increased with
increasing dye concentration, and became constant when the
dye concentration was over 0.3 mM. This is mainly due to the
improved signal-to-noise ratio when the dye concentration in
the sensor film is increased. In contrast, with the help of the
background subtraction strategy, sensor films with diﬀerent
dye concentrations exhibit a nearly identical response,
especially in the most important low concentration range
(0–40%). The relative standard deviation of sensitivity with
background subtraction is only 5.45%, which is much lower
than that without background subtraction (12.15%, Table 1).
Diﬀerent contents of SiO2 added into [Ru(dpp)3](TMS)2
solution
Microsized silica particles (SiO2) have been used as scatters to
improve the brightness and mechanical stability of sensor
films.24 However, the addition of SiO2 will increase the luminescence background. We have studied the influences of adding
diﬀerent concentrations of SiO2 on the calibration curve and
sensitivity of the sensor film. As shown in Fig. 3C, increasing

Fig. 3 The Stern–Volmer plots before (A) and after (B) background subtraction of the luminescence background of the optical oxygen sensors,
which contain diﬀerent concentrations of [Ru(dpp)3](TMS)2 probe
ranging from 0.04 mM to 0.5 mM. The Stern–Volmer plots before (C)
and after (D) background subtraction of oxygen sensors with the SiO2
content ranging from 0% to 2%.
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Table 1 Sensitivity of the optical oxygen sensors prepared using
diﬀerent concentrations of the oxygen-sensitive probe [Ru(dpp)3](TMS)2

Published on 03 September 2018. Downloaded by Fudan University on 10/29/2018 1:56:43 AM.

I0/I100
Concentration in
sensor film (mM)

Before background
subtraction

After background
subtraction

0.04
0.1
0.2
0.3
0.4
0.5

3.56
4.01
4.25
4.90
4.84
4.72

5.48
5.93
5.56
5.80
5.23
5.17

the amount of SiO2 can result in diﬀerent sensitivities of the
obtained sensors. In contrast, when our background subtraction strategy is applied, the Stern–Volmer plots are overlapped
and the sensitivities in all cases are identical (Fig. 3D). The
relative standard deviation after background subtraction is
only 1.56%, while the standard deviation without subtracting
background is 6.48%.
Diﬀerent thicknesses of oxygen sensors
The thickness of oxygen sensor films not only influences their
luminescence brightness and background intensity, but also
has a strong influence on the sensor response time. In order
to study the influences of the film thickness on their sensitivity and calibration curve, we have prepared wet sensor films
with the thickness varying from 50 μm to 250 μm before
drying, and the results are summarized in Fig. 4A and B. From
the Stern–Volmer plots, we can easily observe that the sensitivity of the sensor film increases with increasing film thickness, which can be attributed to the improvement in the
signal-to-noise ratio with thicker films. However, thicker films
will always result in a longer response time. In order to have a
fast responding sensor, sensor films are always required to be
as thin as possible, which, however, will decrease the signal-tonoise ratio and sensitivity. These thin sensor films need to be
calibrated every time before use. However, by applying our
background subtraction method, all sensor films with
diﬀerent thicknesses exhibit almost identical calibration
curves. The relative standard deviation with background subtraction is 3.58%, while that without background subtraction
is 9.39%. After subtracting the background, the sensitivity
shows good stability and is independent of the thickness of
the sensor films.
Diﬀerent roughnesses of oxygen sensors
The surface roughness of oxygen sensor films determines the
scattering properties of excitation light. We have created two
sensor films with significantly diﬀerent surface roughnesses.
One sensor film with a rough surface was prepared by handdrawing using a pipette, and the other film with a relatively
smooth surface was fabricated using a knife-coating device.
The Stern–Volmer plots are displayed in Fig. 4C which show
significantly diﬀerent calibration curves and sensitivities. By
subtracting the background, the two Stern–Volmer plots over-
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Fig. 4 The Stern–Volmer plots before (A) and after (B) background subtraction of oxygen sensors with a wet ﬁlm thickness before drying
ranging from 50 μm to 250 μm. The Stern–Volmer plots before (C) and
after (D) background subtraction of oxygen sensors with diﬀerent
roughnesses. The Stern–Volmer plots before (E) and after (F) background subtraction of oxygen sensors with diﬀerent supporting
materials.

lapped well with each other (Fig. 4D). The relative standard
deviation with background subtraction is 0.11%, while that
without background subtraction is 10.35%.
Diﬀerent supporting materials of oxygen sensors
The supporting material is the mechanical support of the
sensor film, whose transparence and intrinsic autofluorescence highly influence the background intensity during
measurement. We have chosen two supporting materials and
spread oxygen sensor films on them. One supporting material
is a PET film and the other is a transparent glass slide. As
shown in Fig. 4E, the glass slide has a higher sensitivity
mainly due to its excellent transparency and low background
fluorescence. However, after recalibrating the Stern–Volmer
plots using our background-subtraction strategy, the two
Stern–Volmer plots perfectly overlapped with each other
(Fig. 4F). The relative standard deviation with background subtraction is only 0.012%, while that without background subtraction is 8.93%. Additionally, this result demonstrates that
our method is suitable for sensor films with diﬀerent substrate
supports.
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Fig. 5 The Stern–Volmer plots before (A) and after (B) background subtraction of oxygen sensors at diﬀerent temperatures ranging from 20 °C
to 70 °C.

Influence of temperature on the oxygen sensor response
Since the luminescence intensity of optical sensors is strongly
influenced by temperature, we have studied the influence of
temperature on the oxygen response of the oxygen sensor in
the range of 20–70 °C. As shown in Fig. S2 in the ESI,† the
luminescence intensity of the sensor decreases when the temperature increases. The Stern–Volmer calibration curve summarized in Fig. 5 showed that before background subtraction, the
relative standard deviation is 4.00%. In contrast, after applying
the background subtraction strategy, the sensor exhibits a
nearly identical response at diﬀerent temperatures, and the
relative standard deviation is only 1.49%, implying that the
sensor could also be used at diﬀerent temperatures without
recalibration.
Diﬀerent instrument parameters of oxygen sensors
The instrumental settings greatly influence the recorded
luminescence intensity. Diﬀerent settings may result in significantly diﬀerent luminescence intensities and diﬀerent calibration curves. Fortunately, according to the Stern–Volmer
equation, the calibration curve of the oxygen sensor film is
self-referenced. Diﬀerent instrumental settings will change the
value of luminescence intensity, but not alter the luminescence intensity ratio. Our results also confirm this hypothesis.
The detailed settings of instrument parameters are listed in
Table 2. The excitation slit width, emission slit width and
photomultiplier tube voltage were all altered to study their
influences on the sensitivity of oxygen sensors. As shown in
Fig. 6A, the alteration of instrument parameters does not significantly induce changes in the Stern–Volmer plots of oxygen
sensors, mainly due to the self-referenced nature of the

Table 2

Settings of instrument parameters

Instrumental
settings (IS)

EX slit (nm)

EM slit (nm)

PMT voltage (V)

IS1
IS2
IS3
IS4
IS5
IS6

10.0
5.0
5.0
5.0
5.0
2.5

10.0
10.0
5.0
20.0
10.0
10.0

400
400
400
400
250
400

This journal is © The Royal Society of Chemistry 2018

Fig. 6 The Stern–Volmer plots before (A) and after (B) background subtraction of oxygen sensors with diﬀerent instrument parameters. The
Stern–Volmer plots before (C) and after (D) background subtraction of
ﬁve oxygen sensors prepared in parallel.

measuring method. The main advantage of our backgroundsubtraction method is that the sensitivity of sensor films
measured with diﬀerent instruments corresponded very well to
the reported value in the previous section. The relative standard deviation with background subtraction is 2.48%, while
the relative standard deviation without background subtraction is 2.58%.
Repeatability of the oxygen sensors
To further test the reproducibility of our background-subtraction measuring approach, we have prepared in parallel five
sensor films with exactly the same sensor composition. The
measured Stern–Volmer plots of these sensor films are shown
in Fig. 6C. Although these sensor films were prepared in the
same way with the same composition, they exhibited diﬀerent
sensitivities and calibration curves. Thus, these films should
be calibrated every time before use, which makes their practical use nearly impossible, especially in industrial applications,
where sensors are required to be stable for weeks or even
months. In contrast, by applying our background-subtraction
strategy, all sensors present identical sensitivities and calibration curves, as shown in Fig. 6D. The standard deviation
with background subtraction is 1.69%, while the standard
deviation without background subtraction is 6.45%. The
uniform calibration curve for all the sensor films is beneficial
for long-term use, since the sensor can be calibrated once and
used for a long time.

Conclusions
In summary, we have developed a background-subtraction
strategy to overcome the problem that each sensor exhibits a
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Fig. 7 The Stern–Volmer plots of oxygen sensors under diﬀerent
experimental conditions before (A) and after (B) background subtraction:
0.3 mM of [Ru(dpp)3](TMS)2 probe in the sensor ﬁlm (1); 1% SiO2 content
(2); 250 μm thickness of wet ﬁlm thicknesses before drying (3); rough
surface (4); on a glass slide (5); Instrument setting 1 (6); sample 2 (7) and
at 40 °C (8).

unique calibration curve under diﬀerent experimental conditions. Before background-subtraction, all the sensor films
under diﬀerent experimental conditions exhibit significantly
diﬀerent calibration curves and sensitivities, as shown in
Fig. 7A. By selecting and subtracting a suitable background,
sensor films with diﬀerent instrumental settings, optical
alignments, supporting materials, surface properties, additives, probe concentrations and film thicknesses will have
identical calibration curves and sensitivities, as shown in
Fig. 7B. This feature makes oxygen sensors based on luminescence intensity measurement capable of long-term monitoring of oxygen concentration. There is no need to recalibrate
the sensor each time before use. The sensor can be calibrated
after production, and directly used in situ without further
recalibration, which will significantly reduce the calibration
process and simplify the measurement procedure. Moreover,
because of the simple optical alignment and cheaper electronics used for intensity measurement, more compact and
economically friendly devices could be fabricated. The integration of this background-subtraction feature will endow
devices based on luminescence intensity with competitive
performance over lifetime based devices. Compared with
other ratiometric methods, such as using reference dyes or
particles, or using RGB readout, the advantage of our
approach is that there is no need for recalibrating the sensor
before use. This is because in other ratiometric approaches,
the background signal is not subtracted, which contains the
information of probe concentration, film composition and
other systematic background, and could influence the calibration curve. Because of their cheaper prices and simpler
electronics and optical configurations, oxygen sensors based
on luminescence intensity will further promote their wide
applications in more diversified fields, especially for daily
use with portable devices.
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