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Optical imaging of chemical analytes such as CO,," H,0,,”
oxygen,”! Ca’* ™ or pHF! invivo is a fast-growing field
because these species can be observed and quantified over
whole areas rather than at a single point of measurement. This
feature is particularly important in biomedical sciences where
large variations of such parameters can be found in even small
areas (such as cells), and where sampling usually is impossible
or would alter the actual concentration of the analyte (for
example in the case of O,). The distribution of such species is
most often visualized using luminescence-based readout
techniques,” and these can be based on measurement of
intensity,” fluorescence lifetime (FLIM),"® or of signals at
two wavelengths (ratiometry),””’ for example. Referencing is
mandatory to enable quantitative imaging and to eliminate
effects caused by variations in the concentration and distri-
bution of fluorescent probes. (For an introduction into
methods for referencing, see the Supporting Information,
Note 1.)

Herein we introduce the first method for simultaneous
imaging of two parameters with only one image acquired by a
conventional digital camera. An LED array placed in front of
the camera is used for photoexcitation. The camera here also
acts as a rudimental spectrometer for ratiometric imaging
with one excitation wavelength and multiple (three-wave-
length) readout. A sensor film with immobilized indicator
probes is employed rather than dissolved probes which have
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limitations in terms of even dye distribution and toxicity. The
detection scheme exploits the fact that data can be stored in
the memory of a camera in three color channels (red/green/
blue). This is used to separate the optical signals'” for two
parameters (pH, pO,), but may also be applied to other kinds
of dual sensing if appropriate materials are made available.

Practically all digital cameras make use of metal oxide
semiconductor chips with red, green, and blue (RGB)
“channels”. These display distinct spectral sensitivities in
the visible part of the spectrum (Supporting Information,
Figure S1). Thus, a complete color picture is composed of
three virtually independent data sets. Digital cameras are
cheap, have a large dynamic range (14-bit in the RAW mode),
can be quite small, and offer easy handling compared to other
setups, such as CCD cameras and respective imagers. We
show herein that the use of such photographic systems
combined with the appropriate sensor films (also presented
herein) allows for continuous imaging (and even recording of
videos) of two different parameters simultaneously. The novel
technique was applied in vivo to image oxygen and pH in
acute and chronic cutaneous wounds of humans, because
oxygen and pH particularly affect wound healing (Supporting
Information, Note 2).1'!

Three dyes with emission peaks matching the three color
channels of the camera (see spectra in the Supporting
Information, Figure S1) were chosen from a multitude of
conceivable candidates!™ to create a sensor film that can be
read out by the RGB technique. Oxygen is detected by using
the probe platinum(II)-5,10,15,20-tetrakis-(2,3,4,5,6-penta-
fluorophenyl)porphyrin (Pt-TPFPP (with its emission max-
imum at 650 nm; stored in the red channel). Fluorescein
isothiocyanate (FITC; A, 530 nm; signal stored in the green
channel) was used to sense pH. The signals of the two
indicators were related to the intensity of the reference
fluorophore diphenylanthracene (DPA; A, 440 nm; stored in
the blue channel). All of the dyes were first incorporated into
polymer microparticles and then placed in a biocompatible
polymer film as shown below. The probes contained in the
sensor film can be photoexcited with the 405 nm (purple)
LEDs mounted in the form of a ring, in front of the camera
(Supporting Information, Figure S2). The luminescence of the
sensor (Figure 1a) is recorded with a digital camera (Sup-
porting Information, Figure S2) that is also equipped with a
435 nm long-pass optical filter to separate scattered blue
excitation light from the recorded image.

To visualize the spatial distribution of pH and pO,, a real-
color RGB image of the sensor is recorded (Figure 1b) and
then split into the RGB color channels (Figure 1c). The red
luminescence of Pt-TPFPP decreases with increasing pO,,
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Figure 1. Sensing process and calibration plots. a) The sensor film is
illuminated with UV light. The three dyes in the sensor layer emit red
(R), green (G), and blue (B) light that is collected by a CMOS
photodetector and stored in the memory of the camera. b) Real-color
picture (RGB image) of a sensor array with different pH values and
oxygen concentrations. c) The respective image is split into three
independent color channel pictures. d) The ratio of red to blue channel
pictures (R/B; displayed in pseudo colors) represents the oxygen
response and shows the lack of cross-reactivity to pH. The ratio of
green to blue channel pictures (G/B; also displayed in pseudo colors)
reflects the response to pH and also demonstrates the lack of cross-
reactivity to oxygen. e) Respective calibration plots for oxygen
(bi-exponential decay fit) and pH (sigmoidal fit).

while the green luminescence of FITC increases with pH. The
blue reference signal, in contrast, remains unaffected by both
oxygen and pH (Supporting Information, Figure S3) as it is
incorporated in a virtually impermeable
polymer. The three signals can then be
referenced by dividing the intensity values
of each pixel of the respective picture (red or
green channel) by the intensity values of
“blue” pixels in the reference channel. Thus,
the R/B ratio of each pixel represents the
referenced response to oxygen (Figure 1d).
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Optical sensors can be affected by adverse effects of
sample matrices if the indicator dyes are brought into direct
contact with the biological sample. In case of sensors for
in vivo use, the potential toxicity of indicators is another issue.
Dyes were therefore either covalently bound to or incorpo-
rated into inert polymer microparticles (see the Experimental
Section). The resulting particles were then incorporated in a
biocompatible hydrogel to prevent particle leakage (Support-
ing Information, Figure S5). Microparticles were synthesized
in sizes between 0.5 and 8 um to exclude possible uptake by
tissue. The use of microparticles has the additional advantage
of preventing fluorescence resonance energy transfer (FRET)
between the dyes!® because the average distance of the dyes is
much more than 10 nm, the maximal FRET distance. Con-
ceivably, sensor nanoparticles may be used as well, but this
implies the risk of leakage and cellular uptake.

Pt-TPFPP was incorporated into polystyrene particles (Pt-
PS, 1-3 um; Figure2a), and DPA into polyacrylonitrile
particles (DPA-PAN, 0.5-1 um; Figure 2¢). Both dyes are
retained owing to hydrophobic interactions and their insol-
ubility in water. FITC was covalently attached to amino-
cellulose particles (FITC-AC, 2-8 um; Figure 2b).! As a
result, dyes do not leach out of the particles (Supporting
Information, Figure S6). PS was chosen as the material of
choice for the oxygen-sensitive particles owing to its excellent
gas permeability and hydrophobicity, which renders it per-
meable to oxygen but not to water and protons. PAN, in
contrast, is virtually impermeable to oxygen. AC is hydro-
philic and rapidly penetrated by protons. The pK, of
fluorescein shifts from 6.8 to 5 upon conjugation to AC.
This is beneficial in terms of sensing pH in tissue.l’ Residual
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The calibration for pH (based on the
ratio G/B; Figure 1d) follows a sigmoidal fit.
pH values between 3 and 8 can be calculated
(Supporting Information, Figure S4b) by
using Equation (2):

pO,/mmHg ———
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Figure 2. Characterization of the sensor. a—c) Transmission electron microscopy (TEM)
images of a) Pt-PS (scale bar 2 um); b) FITC-AC (scale bar 2 um); and c) DPA-PAN (scale
bar 0.5 um). d) Fluorescence microscopy image of a poly(vinylidene chloride) (PVdC) foil
coated with the sensor particles in a polyurethane hydrogel matrix. Neither e) oxygen (R/B)
nor f) pH signals (G/B) showed cross-sensitivity for the other parameter.
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Figure 3. In vivo application of the dual sensor on the plain skin surface of a volar forearm (a—e), a skin graft donor site (postoperative, day 5) as
a model for acute wound healing (f-j), and a chronic wound (k-o). a), f), and k) are pictures of skin and wound surfaces; b), g), and I) are the

RGB pictures of skin and wound with an overlaying sensor. The picture is split into the three respective color channels (c, h, m). The R/B ratios in
d), i), and n) show the distribution of oxygen; the G/B ratios show the pH distribution on the surface of skin and wound (e, j, 0). For scaling, see

the calibration plots in Figure 1 and the Supporting Information, Figure S4.

amino groups of AC were blocked with acetic anhydride to
remove excess charges that may act as local buffer and slow
down sensor response.

Sensor films (Supporting Information, Figure S7) for
in vivo applications were created as described in the Support-
ing Information, Note 3. Potential cytotoxicity (Supporting
Information, Figure S8) and cellular uptake (Supporting
Information, Figure S9) was excluded prior to use on live
human subjects (Supporting Information, Note 4). The
potentially harmful generation of singlet oxygen was also
investigated, as described in the Supporting Information,
Note 5 and Figure S10, and photobleaching was excluded of
playing a major role either (see the data in the Supporting
Information, Note 6 and Figure S11). The response time to
oxygen is 9s, and to pH is 25s. Both are short enough to
enable real-time monitoring (Supporting Information, Note 7
and Figure S12). All measurements were started 1 min after
the sensor was applied to the sample (buffers or wounds). The
referenced signals for oxygen and for pH are neither cross-
sensitive (Figure 2e,f) nor significantly dependent on temper-
ature (20-40°C; Supporting Information, Figure S13).

The method was applied to simultaneously visualize
oxygen and pH on tissue (Supporting Information, Note 8).
Imaging of intact skin showed a virtually homogeneous
distribution of oxygen and pH (Figure 3 a—e). The epidermis
prevents diffusion of oxygen through skin, thus very low pO,
are found on the surface of skin. The results confirm earlier
experiments!®! obtained by luminescence lifetime imaging of
pO, only. The pH values of the surface of the skin were found
to range from 4.5 to 5.5.

To demonstrate the potential for 2D imaging, a hetero-
geneous chronic wound was visualized (Figures 3k-o).
Oxygen and pH values are indicative of a sustained inflam-
matory phase, especially the high pH values in the upper left
part of Figure 3 o. This area is quite hypoxic, which is probably
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due to the high oxygen demand during inflammation and
tissue formation during wound healing.

In summary, the RGB method for dual sensing!™
presented herein follows the trend for small and inexpensive
analytical devices!' and holds great promise for a remarkable
simplification of multiple luminescence imaging compared to
methods based on individual sensor spots.'” It is paralleled by
related work on dual sensing of alkali ions."®! We believe that
this sensor can further the understanding of the role of oxygen
and local pH in biomedical sciences, for example, in wound
healing, tumor metabolism, medical treatment efficacy, or
tissue transplantation. The technique also paves the way for
various other approaches towards multiple analyte sensing
with different detection ranges or analyte combinations.
Modified camera firmware with integrated mathematical
processing even allows for recording movies and real-time
simultaneous viewing of 2D distributions of two chemical
parameters. Conceivably, the method can be extended to
imaging temperature,'”! which is important to know in all
kinds of chemical sensors and biosensors because all sensors
are affected by temperature, and its effects have to be
corrected for. We also believe that this referenced RGB
method for dual imaging paves the way for numerous other
sensing and imaging applications based on sensor paints!" in
areas such as medicine, environmental sciences, industrial
(chemical) processes,'”! food technology,?” biotechnology,?!!
marine sciences,”” and the automotive and aerospace indus-
try,'™™%! provided that respective sensor films are made
available.

Experimental Section

Pt-PS microparticles were prepared using a polymerization method*!
by dissolving a,0’-azoisobutyronitrile (62.5 mg) in a mixture of
styrene (7.0 mL) and methacrylic acid (60 pL) and mixing the
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solution with ethanol (25 mL) containing dissolved poly(vinyl pyrro-
lidone) (0.188 g; type K-30). The solution was deoxygenated and
subsequently polymerized (24 h; 70°C). Resulting particles were
washed three times with ethanol. The particles were stained using a
soaking procedure.®! PS particles (300 mg), distilled water (20 mL),
and THF (15 mL) were mixed and sonicated (30 min) to swell the
microbeads. Simultaneously, a solution of platinum 5,10,15,20-tetra-
kis-(2,3,4,5,6-pentafluorophenyl)porphyrin  (Pt-TPFPP) in THF
(35mL; 1.0mgmL™") was added dropwise (0.2mLs™"). Further
sonification (20 min) ensured that virtually all dye molecules were
inside the hydrophobic PS particles. The THF was evaporated using
rotary evaporation.

The general procedure for the conjugation of fluorescein
isothiocyanate (FITC) to aminocellulose (AC) follows an earlier
method.”! The AC particles (500 mg; from Presens GmbH; www.pre-
sens.de) were prepared by reacting them with FITC (15mg) in
sodium bicarbonate buffer (18 mL, 50 mm, pH 9) for 2 h. Residual
amino groups on the particles were blocked by reacting them
(100 mg) with acetic anhydride (200mg) in ethanol (95% v/v,
10 mL) for 12 h at room temperature.

The DPA-PAN reference particles were synthesized by incorpo-
rating diphenylanthracene (DPA) in poylacrylonitrile (PAN) using a
precipitation method.”” The particles precipitate from a solution of
DPA (30 mg) and PAN (300 mg) in dimethylformamide (30 mL)
upon slow addition (1 mLs™") of distilled water (70 mL) and
subsequent addition of brine (20 mL). They can be separated by
centrifugation.

All sensor particles were washed four times with ethanol and four
times using distilled water (each washing step followed by centrifu-
gation for 10 min at 1030g). Particles were freeze-dried before
storage. Particle sizes were determined by transmission electron
microscopy.

Preparation of the sensor films: Pt-PS (50 mg), FITC-AC
(70 mg), and DPA-PAN (20 mg) were mixed with an ethanol/water
(4mL; 9:1 v/v) solution containing 5% w/v of the polyurethane
hydrogel (type D4; from Cardiotech) to form a sensor “cocktail”.*"}
The sensor films were then prepared by knife-coating the cocktail on
a polyester support by analogy to a method described previously.”!
Particle distribution inside the sensor foils was investigated using
fluorescence microscopy prior to use. A representative sample in is
shown in Figure 2d.

The RGB imaging setup (Supporting Information, Figure S2)
consists of a standard digital camera (Canon EOS50D), a modified
ring light with 28 LEDs (405 nm peak wavelength; UV5TZ-405-15
BIVAR), and a GG435 emission filter (Schott). Camera parameters
were set as follows: Raw +jpg; ISO 160; white balance 2450 K.
Excessive ambient light is to be avoided. The image data were stored
as 16-bit TIFs using the Adobe Camera Raw plug-in for Adobe
Photoshop and data were further processed with ImageJ software
using a self-programmed macro file (Supporting Information, macro
file M1).110-28]
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