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a b s t r a c t
We report on the use of a sprayable and thermogelating biomaterial (PoloxamerTM ; a.k.a. PluronicTM ) in
optical imaging of pH values, local oxygen and temperature. The material is highly biocompatible and easy
to handle. We also show that the material is well permeable to oxygen (thus making it a good choice for
use in oxygen sensors), and is stable in liquid solution and at elevated temperature. We demonstrate its
applicability in optical sensors for oxygen, pH and temperature. This was accomplished by incorporating
appropriate luminescent probes in various kinds of microparticles (which act as hosts for the probes
and prevent dye leaching and aggregation), and then dispersing the microparticles in the thermogelating
polymer. The resulting sensor gels were deposited on the surface of interest via spraying at temperatures
of <20 ◦ C. At these temperatures, the gels adhere well to the target, even on uneven surfaces such as skin,
wounds, and bacterial cultures. If temperature is risen to above 25 ◦ C, the gels form a thin and soft but
solid sensing layer which, however, can be simply removed from surface of interest by cooling and wiping
it off, or by washing with water. Sprayable thermogelating sensors present obvious advantages over other
sensors by not causing damage to the surface of interest. In our perception, the sensing materials also
have wide further applicability in sensors for other species including clinically relevant gases, enzyme
substrates (such as glucose or lactate) and ions.
© 2015 Elsevier B.V. All rights reserved.

1. Introduction
Optical sensors, compared to their electrochemical analogs,
possess distinguished advantages that are well documented [1–4].
The most attractive and unique feature of optical sensors is that
they are not limited to one-spot measurement, but enable high
throughput two-dimensional (2D) readout (also referred as imaging) [5]. The capability of using optical sensors for (fast) imaging,
in most cases on complex objects with rough surface, not only
relies on the choice of optical readout techniques, but also strongly
depends on the properties of sensor materials that applied on the
objects’ surface. Luminescent sensor materials generally consist of
a luminescent probe and a suitable (polymer) matrix to host the
probe. In the most popular approach, the luminescent probe and the
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polymer (that serves as an inert matrix) are dissolved in a proper
solvent to give a homogenous solution (referred to as cocktail). The
cocktail can be directly used as a paint [6] on the surface of the
object, examples being the inner surface of a bioreactor, skin, or
the surface of an aircraft in a wind tunnel. Such cocktails may also
be used to fabricate sensor ﬁlms [7], ﬁber-optic microsensors [8],
and particle-based nanosensors [9,10].
Sensor paints (made from the above cocktails) have gained
attention since they enable imaging of analytes within large areas of
interest on certain surfaces. They have been found to be extremely
useful in a broad range of application ﬁelds, such as in aerodynamics [11–13], agriculture [14], marine science [15,16], biological
research [17–20], and medical research [21–23], to name only the
most important ones. Sensor paints are easy to apply and, in most
cases, pre-manufactured into rigid planar ﬁlms, which has been
massively produced in industry [24]. Unfortunately, these sensor
ﬁlms can only be deposited on fairly even surfaces [25]. In case
of objects with uneven or very rough surface, tight adherence of
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sensor ﬁlms on the surface is not warranted, which is a major
drawback that can severely compromise sensor functionality. Even
ﬂexible supports such as 12-m thin Saran® foils suffer from
restricted use on only slightly uneven surfaces [21]. However,
most surfaces (e.g. aircraft or car models, and biological tissues,
etc.) are rough and therefore not compatible with planar (premanufactured) rigid sensing ﬁlms. Tight adherence of sensor ﬁlms
on rough surfaces is virtually impossible, and this may cause serious random errors or even bias their response. For example, oxygen
sensors are severely disturbed by entrapped air bubbles, or, if parts
of the sensor are not in direct contact with the sample, erroneous
regions in the sensor response are generated.
The use of viscous sensor paints can solve this problem because
they can be directly sprayed on the surface of interest. Spraying can
result in uniform sensor ﬁlms on even complex surfaces, and the
sensor ﬁlms will be in tight contact with the object. In most sensor
paints, volatile solvents are used since they can quickly evaporate,
and a sensor ﬁlm can be then formed that ﬁrmly adheres to the
surface. Such sensor paints have been widely used in aerodynamic
studies [6]. However, the use of organic solvents in the sensor paints
limits their applications only on ultra-stable surface, such as aircraft
model made from metal alloy. The harsh and toxic organic solvent
can cause environmental pollution, and risks in terms of occupational health. Furthermore, in the worst case, their use may cause
damage to the surface of interest, and these sensor materials are difﬁcult to remove from the surface after drying. This becomes much
more critical if applied to biological matter, since the use of organic
solvents is not compatible and is harmful to biological objects.
Thus, it is highly desired to develop new sensor materials that
are (i) biocompatible, (ii) sprayable, and (iii) can be easily removed
from the (bio)sample after use. Water-based sensor ﬁlms have been
developed for sensing and imaging of oxygen [26]. Luminescent
probes were covalently bound to water-soluble polymer silamine,
which was then used for preparing sensor ﬁlms. The method offers
an environmental-friendly way for producing sensor ﬁlms. Later
on, sprayable sensor paints using water as solvent were reported
by our group [27]. Luminescent probes were entrapped in particles,
which was then dispersed in water and sprayed on the surface of
interests. The obtained sensor ﬁlms enable sensing and imaging of
oxygen and temperature simultaneously. These sensor materials
can be easily removed by rinsing with water and applying slight
mechanical force. However, they can only be used for determination of analytes in the gas phase, while dissolved species (including
glucose, Ca(II), hydrogen peroxide and pH values) obviously cannot be determined. Moreover, the luminescent probes and sensor

particles are not ﬁrmly ﬁxed in the paints which may result in leaching. This limits their applications in biomedicine and biology, since
leaching represents an inacceptable risk in these ﬁelds.
We are presenting here a new kind of sprayable sensor materials for use in optical sensing and imaging. The material displays
favorable property of thermogelation, is biocompatible and easily
handled. We also show that it can be used as a general polymeric
host material for making sensor sprays. Polymer sensor particles
containing molecular probes (such as for O2 , pH or temperature)
are incorporated in the host material, and the resulted sensor cocktail was sprayed onto surface of interests at low temperature. On
increasing temperature, the sprayed thin ﬁlm gelates to form a
stable sensor ﬁlm that tightly adheres to the surface of interest.
We also show that this sensor material can be used as a sensor
spray in biomedicine, speciﬁcally in skin and wound research [28].
The effects of the sensor materials and their composition on the
properties of the spray were systematically studied.

2. Results and discussison
2.1. Choice of materials
The hosting material consists of a Poloxamer® P407 polymer
(with a molecular weight of ∼12,500 Da), glycerol, polyhexanide
(also known as polyhexamethylene biguanide), and water. Poloxamers are nonionic block copolymers of the type poly(ethylene
oxide)-block-poly(propyleneoxide)-block-poly(ethylene
oxide)
(PEO–PPO–PEO), chemical structure shown in Fig. 1. Poloxamer
P407 (an ICI trade name), also known as Pluronic® F127 (a BASF
trade name), has been widely used in biomedicine and pharmacy
due to its proven biocompatibility [29–31]. The material is capable
of forming micelles [32] and can act as a co-reagent in forming
mesoporous ﬁlms or nanoparticles [9,33]. More importantly,
poloxamers are representatives of thermogelating hydrogels [34].
If the concentration of a poloxamer exceeds a critical micellar
concentration, it will undergo a thermally induced phase transition. At temperatures below its phase transition, the gel remains
in the liquid state which turns into a soft solid phase above the
phase transition temperature (25 ◦ C in case of Poloxamer P407).
As shown in Fig. 1, the sensor particles can be dispersed at low
temperature in the polymer solution to give sensor sprays. The
sensor spray can then be applied uniformly on the surfaces of
interest. At elevated temperature, the sensor coating on the object
to be studied gelates to form a thin ﬁlm (the host), and the (solid)

Fig. 1. Scheme for preparation of the sprayable sensors and their application. The medical wound dressing (including the block-co-polymer Poloxamer® 407) is mixed with
water and the respective sensor particles. The resulting red sensor cocktail shown in the second picture (containing red particles for sensing oxygen) has to be kept at below
25 ◦ C to remain ﬂuid. The sensor material is then applied using a commercially available pump spray head, and gelates when the temperatures increase above 25 ◦ C, for
instance on skin. Sensing and imaging of the sensor can then be performed via ratiometric RGB readout using a digital camera equipped with a blue or UV excitation light
source. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)

X.-d. Wang et al. / Sensors and Actuators B 221 (2015) 37–44

39

Table 1
Composition and characteristics of various spray cocktails.
Ratio of polymer solution to water [v/v]a

Spraying characteristicsb

Film formationc

Sensor spray

1:0
5:1
4:1
3:1
2:1
1:1

Too viscous
Too viscous
Fairly sprayable
Sprayable
Good sprayable
Very good sprayable

+
+
+
+
−
−

−
−
+−
+
−
−

a
b
c

10 mg ml−1 total sensor particle concentration.
Too viscous: spray head clogs or results in one beam instead of spray. Sprayable: good spray properties and resulting gel distribution.
Stable sensor ﬁlms form within 1 min at 30 ◦ C.

sensor particles are ﬁrmly embedded therein. The resulting solid
ﬁlms are stable over the 25–80 ◦ C temperature range.
The cold (4 ◦ C) sensor spray is much more viscous than water,
and this compromises its sprayability. Diluting the sensor spray
with water decreases viscosity, but its phase transition temperature
also drops. A compromise had to be found between fast gelation
and good sprayability. Various ratios of polymer solution and water
were investigated. Sensor particles were added to each mixture in
a ﬁnal concentration of 10 mg ml−1 . The resulting sensor cocktails
were tested for their sprayability and capability of forming a stable
sensor ﬁlm at 30 ◦ C within less than 1 min by using a commercially
available standard spray pump (see Fig. S1 in Supporting Information). As summarized in Table 1, the sprayability improves with
increasing water fraction. However, if the ratio of polymer solution
to water increases to 2:1, the sensor spray does no longer gelate
to form stable sensor ﬁlms within short time. A volume ratio of
3:1 (polymer solution to water) was found to be optimal and used
throughout the experiments. The type of sensor particles added to
the polymer has no effect on the spraying characteristics as long as
their total concentration does not exceed 10 mg ml−1 .
Poloxamers have been reported to eventually lose their ability of forming stable ﬁlms in the presence of salts [35]. However,
our results revealed that the gelation temperature decreases by
less than 2 ◦ C if the water used for dilution is being replaced by
buffers containing physiological concentrations of various salts. No
changes were observed in terms of spraying and gelation capabilities. More importantly, the resulting sensor ﬁlm displays negligible
autoﬂuorescence in the blue range of the spectrum (Fig. S2) on
excitation with UV light, and the interferences of background ﬂuorescence can be avoided.
In order to demonstrate the wider applicability of this approach,
we have designed three sensor sprays, viz. for oxygen, pH value,
and temperature, respectively (see Fig. S3). The sprays contain
two kinds of particles, one containing the proper luminescent
probe, the other an inert reference dye, all in the proper polymer host, more speciﬁcally polyacrylonitrile for the reference dye,
polystyrene for O2 , aminocellulose for pH, and poly(vinylidene
chloride-co-acrylonitrile for temperature. This approach has several advantages: (1) sensitivity (to pH, or O2 , or T) can be ﬁne-tuned
by using different host materials for the particles; (2) Förster resonance energy transfer (FRET) between the particles containing
probe and reference dye is prevented because they have an average
distance that is much larger than the effective Förster radius; (3)
luminescence intensities and their ratio can be adjusted by varying
the fractions of particles; (4) different combinations of sensor particles may even be used to achieve multiple sensing at exactly the
same site, with only one reference dye being needed [25].
The respective sensor particles were dispersed in the thermogelating matrix at 4 ◦ C to form a homogeneous sensor cocktail that
can be sprayed at this temperature onto the surface of interest. A
uniform sensing ﬁlm is formed at elevated temperature. The sensor
particles are then ﬁrmly ﬁxed in the solid sensing ﬁlm. A stability
study over a period of 6 months revealed that the sensor sprays

display good storage lifetime in being stable for at least 6 months
if stored protected from bright light and at 4 ◦ C.
2.2. Sensor read-out
The photographing technique is used for signal readout [36–38].
Using convenient and handheld devices such as digital cameras
[39], mobile phones [40], or even computer screens [41,42] for readout in sensing is becoming popular due to its ease and versatility.
The techniques rely on the ability of color CMOS chips inside digital
cameras to record one color picture in three simultaneously collected and independent red, green and blue image data sets [36].
Light of different wavelengths is separated by optical ﬁlters in front
of the pixels of the camera chip. Thereby, the color camera acts as
rudimental (3-color) spectrometer.
We have made use of a commercially available digital camera
because the signals of the probes and reference dye used nicely
match the spectral response of such cameras. A schematic of the
readout system is shown in Fig. S4. A ring of purple LEDs acting as the light source was placed in front of the lens, and an
optical glass ﬁlter in front of the lens blocks reﬂected (blue) excitation light. Since luminescence intensity signals change on varying
the power of photoexcitation, with uneven light ﬁeld distribution,
non-uniform probe (particle) distribution, or uneven surfaces, it is
almost mandatory that the sensor response signal is referenced. The
referenced ﬂuorometric sensing was accomplished here by dividing the luminescence intensities of sensing particles and reference
particles. The luminescence signals collected by the digital camera
were stored as digital color pictures. The recorded pictures were
analyzed using ImageJ and source codes as shown in Supporting
Information.
2.3. Sprayable sensor for oxygen
Most luminescent sensors for oxygen rely on the effect of
dynamic quenching of the luminescence of indicators placed in
an oxygen-permeable matrix [4]. The Poloxamer host polymer
here is excellently permeable for oxygen. The oxygen-sensitive
microbeads were prepared by soaking polystyrene microparticles
with a solution of the red-emitting oxygen probe Pt(II) mesotetrakis(pentaﬂuorophenyl)-porphyrin (PtTFPP) as described in
Section 4 (denoted as Pt-PS). The polyacrylonitrile reference particles (referred to as DPA-PAN) were doped with the blue-emitting
inert dye 9,10-diphenylanthracene (DPA) as described before [43].
PAN was chosen because it is virtually impermeable to oxygen.
The oxygen sensor spray consists of a 2:1 (w/w) mixture of Pt-PS
and DPA-PAN particles dispersed in the Poloxamer host with a total
particle fraction of 10 mg ml−1 . The sensor materials were sprayed
on a 125-m ﬁlm of poly(ethylene terephthalate) which is optically fully transparent but ﬂexible and mechanically stable. Both
the sensor spray and the polyester support do not cause substantial background luminescence (compared to the strong emission
of the sensor materials) as shown in Fig. S5. Fig. 2a shows that the
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Fig. 2. Response of the oxygen sensor spray. (a) Luminescence emission spectra of the sensor ﬁlm (recorded under photoexcitation at 405 nm and using a GG435 longpass
ﬁlter) in atmospheres of argon, air, and oxygen, respectively. The blue reference band with a peak at 445 nm is normalized to a relative value of 1 and remains unaffected.
The red and analyte-dependent band (peaking at 650 nm) decreases with increasing fractions of oxygen. (b) Imaging of gaseous oxygen using the sprayed oxygen sensor
ﬁlm. A thin sensor layer on a polyester ﬁlm was placed in air, and a stream of argon gas was blown over it. The gas stream obviously causes a strong increase in the intensity
of the red luminescence. The RGB ratiometric readout picture on the right gives quantitative pseudo-color data on the distribution of oxygen partial pressure in the nozzle.
(For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)

red luminescence of PtTFPP (peaking at 650 nm) is sensitive to oxygen, while the (blue) reference signal is not affected by oxygen. The
blue emission and the red emission match the spectra of the blue
and the red channels of the CMOS chip, respectively (see Fig. S6).
The referenced luminescence signal (the B/R ratio) is obtained by
dividing the signal of the blue channel by that of the red channel.
Imaging of oxygen distribution was demonstrated by exposing
the planar sensor ﬁrst to ambient air and then directing a stream of
argon gas onto its surface as shown in Fig. 2b. The apparent color of
the sensor ﬁlm is blue in air, because the red luminescence of the
oxygen probe is almost completely quenched, and the blue luminescence of the reference dye is dominant the apparent color. The
color turns to bright red in areas blown with argon because the
exclusion of oxygen in these areas, and the strongly red luminescence from PtTFPP was restored. The color changes occur within
less than 1 s which conﬁrms the excellent oxygen permeability of
the hosting material.
Fig. 2 also reveals that both kinds of particles are evenly distributed in sensor ﬁlm, which warrants high spatial resolution of
imaging. Quantitative oxygen distribution can also be measured
by using photographing technique, as shown in Fig. 2b. A calibration plot of the B/R ratio versus the fraction of oxygen in the gas
(range from 0 to 100%) is depicted in Fig. S7. The sensor responds
to oxygen in the range from 0 to 50% oxygen, exhibits good mechanical stability and adheres ﬁrmly to the polyester support. Because
of the long decay time of the oxygen probe (52 s in oxygen-free
environment), the oxygen distribution may also be quantiﬁed via
luminescence lifetime imaging as an alternative method for intrinsic self-referencing [44].
2.4. Sprayable sensor for imaging pH values
The sensor materials presented here were prepared using water
as solvent in order to warrant rapid diffusion of protons into, in, and
out of the sensor layer. The pH probe ﬂuorescein was covalently
attached to aminocellulose particles as described in Section 4. Fluorescein was chosen because its emission peak (530 nm) matches the
green channel of the digital camera chip (see Fig. S8). The reference
dye Ru(dpp)3 , in contrast, emits with a peak at 597 nm (which is
well separated from the green bands of the pH probe) and matches
the red channel of the camera. Both dyes can be simultaneously

photoexcited using purple LEDs. The emission of Ru(dpp)3 is inert
to pH but quenched by molecular oxygen unless encapsulated in
PAN microbeads. Respective PAN microbeads were prepared via
the precipitation method [21]. The sensor spray for pH consists of
a 5:1 (w/w) mixture of the pH-sensitive cellulose particles and the
Ru(dpp)3 -doped PAN particles dispersed in the hosting material.
The total fraction of particles is 10 mg ml−1 .
Exposed to an acidic aqueous sample, the sensor mainly displays
the red luminescence of the reference dye. On increasing pH values
to above 6, the green ﬂuorescence of the pH probe becomes more
pronounced and results in a predominantly green color of the ﬁlm,
as shown in Fig. 3a. A plot of the green-to-red ratio versus pH values has the typical sigmoidal shape of a pH titration and indicates a
working range that extends from pH 3 to 8 (see Fig. S9). In addition,
the results showed the calibration plots in buffers of different concentrations of NaCl (ranging from 0 to 154 mM; see Fig. S10) to be
virtually identical, and also to be independent of the buffer species
as shown in Fig. S11. Both results conﬁrm that the sensing materials exhibit good permeability to buffers, electrolytes and protons.
This also implies that the sensor can be calibrated with different
buffers, and this can considerably simplify the calibration process.
The measurement of pH values of standard buffers (Fig. S12) also
revealed the high accuracy of this sensor.
In order to demonstrate the biocompatibility and functionality of the pH-sensitive sensor spray, it was applied to monitor pH
changes caused by the growth and metabolism of a culture of the
pathogen Staphylococcus aureus (Fig. 3b). S. aureus is known for generating an alkaline environment in the growth medium as a result
of its metabolism. The spray was deposited on an agarose growth
medium onto which S. aureus was inoculated and then incubated
for 48 h. The real-color picture displays a pronounced green ﬂuorescence in regions where bacteria grow, while an orange tint (due to
a mix of red and green) can be seen in empty areas. The differences
in pH are more distinct if the distribution of pH values is quantiﬁed
using the photographing technique and displayed in pseudocolors
(Fig. 3b).
2.5. Sprayable sensor for temperature
Temperature (T) probably is the most fundamental parameter in all sciences. As all sensors have a T-dependent response,
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Fig. 3. Spectral and color response of the pH sensor spray. (a) Luminescence emission spectra of the sensor recorded under photoexcitation at 470 nm and using an OG530
longpass ﬁlter at different pH values. The broad orange-red reference band (peaking at 600 nm) remains stable, whilst the green pH-dependent peak (535 nm) is increasing
with pH (from pH 3 to 8 in 1 pH unit steps). (b) The pH sensor spray was applied to image pH values in a bacterial culture plate containing Staphylococcus aureus (48 h after
incubation) to visualize alkalization as a result of bacterial metabolism. The real color picture on the left was obtained under blue light photoexcitation and processed with
RGB readout by dividing the data of the G and the R channels. pH response is visualized in pseudocolors. (For interpretation of the references to color in this ﬁgure legend,
the reader is referred to the web version of this article.)

it is often important to know T in order to correct signals
for its effects. Luminescent materials (including organic dyes,
nanomaterials and bulky materials) offer different temperature
sensing ranges [2], but the most important sensing ranges are
those close to ambient T (up to around 50 ◦ C). From the large
variety of optical probes known [2], an europium(III) chelate complex tris(benzoylacetonato)mono(phenanthroline) europium(III)
was selected, because it offers one of the best sensitivities to T in
the physiological range [45].
The Eu(III) probe for T was incorporated into poly(vinylidene
chloride-co-acrylonitrile) nanoparticles (Eu-PVDC-co-AN). These
are impermeable to oxygen, so that quenching by oxygen is
prevented. PAN microparticles doped with the blue emitter 9,10diphenylanthracene (DPA) were used as inert reference dye. The
emission peak of the Eu(III) T indicator matches the red channel of
the camera chip, whilst the reference dye emits in the blue range

(see Fig. S13). Both luminophores can be excited using a 405-nm
(purple) LED. The Eu-PVDC-co-AN particles and the DPA-PAN particles were mixed in an 8:1 ratio (w/w; with a total fraction of
10 mg particles per ml gel) and then sprayed onto the poly(ethylene
terephthalate) support. Gelation of sensor spray at room temperature results in a uniform sensor ﬁlm.
The response of the sensor ﬁlm to T is shown in Fig. 4a. The
intensity of the red emission of the Eu(III) complex is highly sensitive to T, while the blue reference signal is quite stable and does not
change between 25 and 55 ◦ C. The effects were again used to image
T by calculating the red/blue ratio and generating pseudocolor pictures of the distribution of T (Fig. 4b; right panel). A calibration
plot is given in Fig. S14. In order to create a T gradient, one end
of the sensor ﬁlm was placed on a preheated (55 ◦ C) metal plate,
whilst the other end was placed on metal plate at 25 ◦ C. The real
color picture shows a distinct color change from blue to reddish

Fig. 4. Spectral response of the temperature sensor spray. (a) Luminescence emission spectra of the sensor recorded upon excitation at 405 nm and using a GG435 longpass
ﬁlter at various temperatures. The blue reference band (peaking at 445 nm) is normalized to a relative luminescence intensity of 0.5. The intensity of the red peak at 611 nm
decreases on increasing the temperature from 25 to 55 ◦ C. (b) Thermoimages obtained with a sensor spray deposited on a 125-m polyester foil of which one end was placed
on a metal plate heated to 55 ◦ C. The other end was placed on a metal plate kept at 25 ◦ C. The real color picture shows the sensor response from warm to cold by a color
change from blue to purple. The RGB image in pseudocolors even more distinctly reveals the temperature gradients. (For interpretation of the references to color in this
ﬁgure legend, the reader is referred to the web version of this article.)
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violet, indicating a temperature gradient from warm to cold. Quantitative imaging obtained using photographing technique shows a
pronounced T gradient as displayed in pseudocolors (see Fig. 4b).
The sensor chemistry is simple and compatible with other sensor
materials, which paves the way to multiple sensing with parallel
compensation for effects of T. However, it must be pointed out here
that the sprayable T sensor layer is not applicable at T’s below 20 ◦ C
due to the fact that the gel will slowly liquify and thus will not well
adhere to surface of interest.
3. Conclusions
We are presenting a general approach to prepare watersprayable, and thermogelating sensor sprays for ﬂuorescent
sensing and imaging of oxygen, pH, and T. The materials employed
are biocompatible and easily prepared and handled. The luminescent probes are either encapsulated or covalently linked to
microparticles which prevent them from leaching and/or aggregating. The sensor materials can be sprayed onto the surface of interest
at low T to form a uniform thin layer after gelation at temperatures
above room temperature. The resulting thin sensing ﬁlms adhere
tightly to the surface of interest but yet are permeable to protons
and gases. This enables sensing and imaging different parameters
on even rough surfaces such as skin, tissue, wounds, aircrafts, or car
models. The materials can be removed from the surface of interest
by cooling it and wiping or washing it off using water. As importantly, this sprayable sensor material does not cause any damage
to the surface of interest, which is critical when intended for uses
in vivo use.

results in particles. The particles were collected using centrifuge
and washed four times with ethanol and distilled water. Particles
were freeze-dried and stored in the dark.
4.4. Preparation of the pH-sensor particles
Both the pH sensitive particles and the reference particles were
prepared according to a method previously described [21]. Fluorescein isothiocyanate (FITC, 10 mg) was covalently conjugated to
aminocellulose (AC; 500 mg; with diameters ranging from 0.75 to
3.0 m) particles (PreSens, Regensburg, Germany; www.presens.
de) in sodium bicarbonate buffer (18 ml, 50 mM, pH 9) with a
total reaction time of 2 h to form yellow pH-sensitive particles
(referred to as FITC-AC). Residual amino groups on the particle surface were blocked with acetic anhydride (Ac2 O) by reacting the
FITC-AC particles (100 mg) with acetic acid anhydride (200 mg) in
cold ethanol (10 ml) for 12 h. The pH sensor reference particles were
synthesized via a precipitation method [48]. PAN (250 mg) and
Ru(dpp)3 (5 mg) are dissolved in dimethylformamide (DMF, 50 ml),
followed by dropwise addition of distilled water (70 ml; addition
rate 1.0 ml s−1 ) and brine (20 ml), the Ru-PAN particles was formed.
The particles were collected using centrifuge and washed four times
with ethanol and distilled water. Particles were freeze-dried and
stored in the dark.
4.5. Preparation of the oxygen-sensor particles

The sprayable matrix material consists of a 3:1 (v/v) mixture of the sterile Traumasept® solution (mainly containing
Pluronic/Poloxamer polymer, Dr. Wolff GmbH, Bielefeld; www.
wolff-arzneimittel.de) and Ringer’s solution (Braun-Melsungen AG,
Melsungen; www.bbraun.com). The mixtures (in varying ratios)
were homogenized by stirring and stored at 4 ◦ C.

Particles for the oxygen-sensors were synthesized as previously
described [25]. Polystyrene (PS) microparticles were prepared by
te dispersion polymerization. Styrene (7.0 ml), methacrylic acid
(60 ml), and poly(vinyl pyrrolidone) (0.188 g; PVP; type K-30) are
mixed with ethanol (25 ml). The solution was degassed using argon,
and polymerization was initiated by ␣,␣ -azo-isobutyronitrile
(62.5 mg) at 70 ◦ C for 24 h. The resulting particles (0.1–1 m in
diameter) were separated by centrifugation, washed three times
with ethanol, and subsequently stained by a soaking procedure
[49]. PS particles (300 mg), distilled water (20 ml), and tetrahydrofurane (THF; 15 ml) were mixed and sonicated (30 min) to swell
the particles. A solution of PtTFPP in THF (5 ml; 1.0 mg ml−1 ) was
added dropwise (0.2 ml s−1 ) under sonication for 20 min. As a result,
virtually all dye molecules are soaked inside the hydrophobic PS
particles and retained due to hydrophobic interactions. THF was
removed using rotary evaporation. The resulted oxygen-sensitive
particles can be washed with water, freeze-dried and stored in the
dark.

4.2. Preparation of the gel for imaging temperature

4.6. Preparation of the sensor spray

The method for preparation was adopted from literature
with slight alterations [46]. Typically, 40 mg of poly(vinylidene
chloride-co-acrylonitrile) [poly(VDC-co-AN) and 4.0 mg of
tris(benzoylacetonato)mono(phenanthroline) europium(III) were
dissolved in acetone (20 ml). Double distilled water (60 ml) was
poured into the solution with rigorouly stirring. The solution turns
turbid while microparticles are formed. Subsequently, acetone was
removed at reduced pressure in a rotary evaporator. The particle
suspension was freeze-dried to obtain particle powder and stored
in dark.

The sprayable matrix material is mixed with the respective solid
sensor particles to give a ﬁnal particle concentration of 10 mg ml−1 .
The oxygen sensor spray contains Pt-PS and DPA-PAN particles in
a ratio of 2:1 (w/w). The pH-sensor spray consists of FITC-AC and
Ru(dpp)3 -PAN reference particles in a ratio of 5:1 (w/w). The temperature sensor spray consists of a mixture of 8:1 (w/w) of T sensor
particles and reference particles, respectively. The sensor sprays are
stirred for at least 24 h at 4 ◦ C prior to use to warrant homogeneous
particle distribution.

4. Experimental part
All chemicals were purchased from Sigma–Aldrich (www.
sigma-aldrich.com) unless otherwise stated and used without further puriﬁcation.
4.1. Preparation of a sprayable matrix polymer

4.3. Preparation of the blue-ﬂuorescent reference particles

4.7. Preparation of sensor ﬁlms on a poly(ethylene terephthalate)
(PET) support

The reference particles for the sensors for temperature and oxygen were synthesized by incorporating diphenylanthracene (DPA)
in polyacrylonitrile (PAN) via a precipitation method [47]. DPA
(30 mg) and PAN (300 mg) are dissolved in DMF (30 ml). The dropwise addition (1 ml s−1 ) of distilled water (70 ml) and brine (20 ml)

The respective sensor spray was applied onto the desired surface
of a 125-m PET ﬁlm (Goodfellow GmbH, www.goodfellow.com)
or a target surface via a commercial pump spray device as used for
nasal sprays or deodorants (see Fig. S1). The spray was prepared by
mixing sensor particles with the sprayable matrix polymer solution
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at 4 ◦ C. The sensor spray is applied to the surface of interests using
the spray pump until a conﬂuent ﬁlm forms on the surface. The
thickness of ﬁlm can be controlled by adjusting the total volume of
sensor spray. The ﬁlm gelates upon warming to room temperatures
within several seconds to one minute. The resulted sensor ﬁlm was
ﬁrmly adhered to the surface of interest and ready for use.
4.8. Fluorescence imaging using a digital camera and RGB readout
The imaging setup contains a standard digital camera (Canon
EOS400D) modiﬁed with a ring consisting of 28 purple LEDs
(405 nm peak wavelength; product UV5TZ-405-15 BIVAR) or 28
purple LEDs (470 nm peak wavelength; product 470-025 BIVAR).
A GG435 emission ﬁlter (www.schott.com) was placed in front of
the camera lens to removed scattered light from the LEDs. A picture of the imaging camera is depicted in Fig. S4 in Supporting
Information. The camera parameters were set as follows: Raw + jpg;
ISO 400; white balance 2450 K for pH and temperature measurements and 4000 K in case of oxygen imaging. Excessive ambient
light was avoided when performing measurements. The image data
were stored as 16-bit TIFs using the Adobe Camera Raw plug-in
for Adobe Photoshop (Adobe Systems Software Ireland Ltd.; www.
adobe.com). Data were further processed with ImageJ open source
software (http://rsbweb.nih.gov/ij/) using self programmed macro
ﬁles whose source codes can be found in Supporting Information
(SM1 and SM2). By running the macros, the images were split into
the three color channels, the respective ratios were calculated and
plotted.
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