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a b s t r a c t

Electron paramagnetic resonance (EPR) oximetry is a powerful technique capable of providing accurate,
reliable, and repeated measurements of tissue oxygenation, which is crucial to the diagnosis and treat-
ment of several pathophysiological conditions. Measurement of tissue pO2 by EPR involves the use of
paramagnetic, oxygen-sensitive probes, which can be either soluble (molecular) in nature or insoluble
paramagnetic materials. Development of innovative strategies to enhance the biocompatibility and in
vivo application of these oxygen-sensing probes is crucial to the growth and clinical applicability of EPR
oximetry. Recent research efforts have aimed at encapsulating particulate probes in bioinert polymers
for the development of biocompatible EPR probes. In this study, we have developed novel EPR oximetry
probes, called perchlorotriphenylmethyl triester (PTM-TE):polydimethyl siloxane (PDMS) chips, by dis-
solving and incorporating the soluble (molecular) EPR probe, PTM-TE, in an oxygen-permeable polymer
matrix, PDMS. We demonstrate that such incorporation (doping) of PTM-TE in PDMS enhanced its oxy-

gen sensitivity several fold. The cast-molding method of fabricating chips enabled them to be made with
increasing amounts of PTM-TE (spin density). Characterization of the spin distribution within the PDMS
matrix, using EPR micro-imaging, revealed potential inhomogeneties, albeit with no adverse effect on the
oxygen-sensing characteristics of PTM-TE:PDMS. The chips were resistant to autoclaving or in vitro oxi-
doreductant treatment, thus exhibiting excellent in vitro biostability. Our results establish PTM-TE:PDMS
as a viable probe for biological oxygen-sensing, and also validate the incorporation of soluble probes in

nova
polymer matrices as an in

. Introduction

Oxygen is the primary source of energy for all aerobic life,
ncluding human. Insufficient oxygen means insufficient biologi-
al energy, which can lead to a number of complications ranging
rom mild fatigue to life-threatening disease. Given the critical role
hat oxygen plays in the maintenance of good health, the measure-

ent of oxygen (oximetry) in various tissues and organs of the
ody assumes primary importance, especially under pathophysi-

logical conditions. Of the several methods for oximetry (Springett
nd Swartz, 2007; Vikram et al., 2007), electron paramagnetic res-
nance (EPR) oximetry, has a unique advantage in its ability to
easure absolute oxygen concentration (Khan et al., 2007c). The

echnique is also capable of making minimally invasive, real-time
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tive approach to the development of novel probes for EPR oximetry.
© 2010 Elsevier B.V. All rights reserved.

(in vivo), and repeated measurements of oxygen partial pressure
(pO2) in tissues.

EPR has been employed extensively for both in vitro, as well
as, in vivo oximetry. The technique has been used for several in
vitro studies to monitor intracellular and extracellular oxygen lev-
els, cellular respiration, as well, as oxygen consumption (Kutala et
al., 2004; Pandian et al., 2005, 2003a; Presley et al., 2006). Oxime-
try using EPR has also been applied to a wide variety of tissues,
including tumors, brain, heart, skeletal, muscle, liver, kidney, and
the skin (Swartz and Clarkson, 1998). Of special mention are the
cardiac applications of EPR oximetry. The role of cardio-protective
agents against ischemia–reperfusion injury has been studied exten-
sively using EPR oximetry (Khan et al., in press, 2007b; Mohan et
al., 2009). In recent work, the method has been used to study the
role of oxygen in stem cell therapy for ischemic heart disease, and to

establish improvement in myocardial oxygenation due to stem-cell
therapy (Chacko et al., 2009; Khan et al., 2007a). Further, precon-
ditioning of stem cells using pharmacological agents or hyperbaric
oxygenation therapy has also been evaluated using EPR oximetry
(Khan et al., 2009; Wisel et al., 2009).

http://www.sciencedirect.com/science/journal/09565663
http://www.elsevier.com/locate/bios
mailto:kuppusamy1@osu.edu
dx.doi.org/10.1016/j.bios.2010.03.011
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The measurement of oxygen using EPR is rendered possible by
he use of paramagnetic probes, whose EPR spectral characteristics
re sensitive to changes in molecular oxygen in the local envi-
onment. There are two classes of paramagnetic probes that are
ensitive to oxygen: soluble (molecular) probes, such as nitroxyls
nd triarylmethyl (trityl) radicals, and insoluble particulate mate-
ials, such as lithium phthalocyanine (LiPc) and its derivatives,
amely lithium naphthalocyanine (LiNc) and lithium octa-n-
utoxy naphthalocyanine (LiNc-BuO) (Ilangovan et al., 2002; Liu
t al., 1993; Pandian et al., 2003b; Swartz and Clarkson, 1998). The
irect use these oxygen-sensitive probes for in vivo applications
as been hindered by a few crucial concerns: soluble probes suffer

rom relatively low sensitivity to oxygen and the ability to mea-
ure only concentrations of dissolved oxygen, whereas particulate
robes are plagued by concerns associated with their dispersion

n the tissue, leading to signal loss over time, and biocompatibility
oncerns, due to direct tissue contact. The widespread use of EPR
ximetry for clinically relevant in vivo applications, and its even-
ual clinical transformation, requires innovative approaches in EPR
robe development.

To this end, previous works along these lines have focused on
ncapsulating insoluble particulate probes, including LiPc, LiNc,
nd LiNc-BuO, in biocompatible polymer matrices, such as Teflon AF
400 (TAF) and polydimethyl siloxane (PDMS), for the development
f oxygen-sensing implants or chips (Dinguizli et al., 2006; Eteshola
t al., 2009; Meenakshisundaram et al., 2009a,b, 2010; Pandian et
l., in press). Although a good body of work has been dedicated to
he development of novel particulate probe-based approaches to
PR oximetry, soluble probes have not received much attention,
rimarily owing to their poor oxygen sensitivity. In the present
tudy, we have developed a new oxygen-sensing probe, the first of
ts kind, by the dissolution and subsequent incorporation (doping)
f a molecular EPR probe in a biocompatible polymer matrix. We
ave chosen perchlorotriphenylmethyl triester (PTM-TE), a trityl
robe, as the soluble EPR probe and PDMS as the polymer matrix
or this application. PTM-TE is well-suited for EPR oximetry, since
t exhibits a single-line and narrow EPR spectrum (Dang et al.,
007). The oxygen response of PTM-TE in solution is linear, with
easonable sensitivity to changes in oxygen. We chose PDMS as
he polymer for this application based on its excellent oxygen-
ermeability, biocompatibility (Belanger and Marois, 2001; Mata
t al., 2005), and our previous successful attempts at using this
olymer as the matrix for the fabrication of particulate EPR probe-
ased implantable oxygen-sensing chips (Meenakshisundaram et
l., 2009a,b, 2010).

We have exploited the non-polar nature of PTM-TE and the
ydrophobic nature of PDMS to dissolve, and incorporate, PTM-TE
olecules in the PDMS matrix, for the development of oxygen-

ensitive chips, denoted as PTM-TE:PDMS chips. We report the
abrication and in vitro characterization of this new hybrid mate-
ial, including oxygen response/sensitivity, density/distribution of
TM-TE molecules in the PDMS matrix, and in vitro biostability.
he study demonstrated that the incorporation of PTM-TE in PDMS
nhanced its oxygen sensitivity, and confirmed the success of our
pproach for the development of novel oxygen sensors using solu-
le EPR probes.

. Materials and methods

.1. Materials
PTM-TE was synthesized, in powder form, as reported (Dang et
l., 2007), while PDMS was procured from Dow Corning (Midland,
I) as medical grade Silastic (MDX4-4210). Dimethyl sulfoxide

DMSO), hydrogen peroxide (H2O2), and glutathione (GSH) were
d Bioelectronics 25 (2010) 2283–2289

obtained from Sigma–Aldrich (St. Louis, MO). S-nitroso-N-acetyl
penicillamine (SNAP) was obtained from Invitrogen (Eugene, OR).

2.2. Fabrication of PTM-TE:PDMS chips

Fabrication of PTM-TE:PDMS chips was carried out by cast-
molding and polymerization as described (Meenakshisundaram et
al., 2009a). In brief, PTM-TE was mixed thoroughly, and allowed
to dissolve, in the uncured PDMS base-catalyst mixture. Subse-
quently, this mixture was cured at 75 ◦C for 7 h resulting in the
formation of a large PTM-TE:PDMS chip. Smaller pieces of various
sizes (from 0.5 to 2 mm) were cut from the larger chip and used
for testing. Four different formulations of PTM-TE:PDMS were fab-
ricated by dissolving different amounts of PTM-TE powder (5, 10,
15, and 20 mg) in the same amount of PDMS (6 g). The resultant
formulations were denoted as F-5, F-10, F-15, and F-20, with the
suffix (number) denoting the amount of PTM-TE used.

2.3. Evaluation of oxygen response (calibration) and spin density

X-band (9.8 GHz) EPR spectrometry was used to evaluate the
oxygen calibration and spin density of PTM-TE:PDMS chips, as
described (Meenakshisundaram et al., 2009a). For comparison of
oxygen calibration with PTM-TE:PDMS chips, a solution of PTM-TE
in DMSO (100 �M) was used. The spin density of PTM-TE:PDMS
chips was calculated by comparing the area under the curve (AUC)
of the chips with the AUC of a known spin density standard, triaryl-
methyl radical (TAM) (Kutala et al., 2004).

2.4. EPR micro-imaging

EPR micro-imaging was performed on a custom-built EPR
microscope at the Technion—Israel Institute of Technology (Haifa,
Israel). The design of this system was adapted from the EPR
microscope at Cornell University (Ithaca, NY) (Blank et al., 2004),
with some upgrades made to the imaging probe and the spec-
trometer hardware (Blank et al., 2009). Sample preparation for
micro-imaging involved slicing a larger piece of PTM-TE:PDMS
using a sharp scalpel to approximately 100-�m slices, which were
further cut to a shape of an equilateral triangle with a side dimen-
sion of ∼500 �m, to fit into the imaging probe of the microscope.
Samples were made anoxic by sealing them in a specially pre-
pared glass sample holder under argon atmosphere (Halevy et al.,
2007). A 2-D spatial 1-D spectral image of the prepared sample
was acquired using the following parameters: 128 spatial pro-
jections × 32 spectral projections (total of 4096 projections); 128
points per projection; time constant, 0.1 s; modulation amplitude,
0.27 G; maximum gradient magnitude of 4.9 T/m for the X-axis and
4.5 T/m for the Y-axis; microwave frequency, 15.46 GHz.

2.5. Autoclaving and oxidoreductant treatment

A bench-top analog sterilizer (Tuttnauer® by Brinkmann Instru-
ments, New York) was used to autoclave PTM-TE:PDMS chips.
Autoclaving was performed at the following settings: 121 ◦C for
1 h at 1 atm pressure (wet cycle using steam), followed by exhaust-
drying for 15–20 min. PTM-TE:PDMS chips were treated in vitro
with common biological oxidoreductants in order to evaluate their
biostability. The following oxidants and reductants were used
as described: nitric oxide, produced using a 5-mM solution of

SNAP in distilled water; 1-mM H2O2; and GSH in distilled water
(5 mM). Chips were immersed in solutions of the oxidoreductants
for 30 minutes, and subsequently air-dried for 60 min, following
which oxygen-calibration and spin-density measurements were
made. PTM-TE:PDMS chips that were not autoclaved or subjected
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Fig. 1. Effect of the incorporation of PTM-TE in PDMS on its oxygen sensitivity.
Analysis of the oxygen calibration curves of PTM-TE powder, PTM-TE dissolved
in DMSO, and PTM-TE incorporated in PDMS revealed that the PTM-TE powder
was not sensitive to oxygen, exhibiting a steady linewidth of approximately 5.3 G.
PTM-TE dissolved in DMSO exhibited a linear calibration with a sensitivity of
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.0 ± 0.1 mG/mm Hg. The calibration curve for PTM-TE:PDMS was also linear with
n oxygen sensitivity of 9.1 ± 0.2 mG/mm Hg. Data demonstrate that the incorpora-
ion of PTM-TE in the PDMS matrix enabled significant enhancement of its oxygen
ensitivity. Data are represented as mean ± SD (n = 3).

o treatment with oxidoreductants were used as controls for com-
arison with treated chips.

.6. Statistical analysis

Data were expressed as mean ± SD and compared using a Stu-
ent’s t-test, with the level of significance (p) set at 0.05.

. Results and discussion

.1. Effect of the incorporation of PTM-TE in PDMS on its oxygen
ensitivity

The EPR spectrum of solid PTM-TE is not sensitive to molecular
xygen, and hence cannot be used in its native form for oxygen-
ensing applications. In addition, PTM-TE is insoluble in water. In
rder to compare with PTM-TE:PDMS chips, and to determine the
ffect of PTM-TE incorporation in PDMS on its oxygen sensitiv-
ty, we dissolved PTM-TE in DMSO, a solvent commonly used in
iological applications to dissolve non-polar compounds. PTM-TE
issolved in DMSO is oxygen-sensitive (Dang et al., 2007). How-
ver, the oxygen sensitivity of PTM-TE in DMSO was very small
∼1–2 mG/mm Hg), as demonstrated previously (Dang et al., 2007),
s well as, by our current results (Fig. 1).

Given the non-polar nature of PTM-TE, we rationalized that the
se of a highly hydrophobic polymer, such as PDMS, for the incor-
oration of PTM-TE, and the fabrication of chips, would enable
issolution of the PTM-TE in the polymer, thereby rendering it oxy-
en sensitive. As expected, when PTM-TE was dissolved in PDMS,
nd further solidified into chips (PTM-TE:PDMS), we observed that
he oxygen sensitivity increased almost 9-fold, compared to PTM-
E dissolved in DMSO (Fig. 1). In addition, the enhancement in
ensitivity of PTM-TE, when incorporated in PDMS, was signifi-
ant enough to make it comparable to the oxygen sensitivity of
he particulate probe, LiNc-BuO (∼8–9 mG/mm Hg) (Pandian et al.,

003b).

The incorporation of PTM-TE in the PDMS matrix enabled the
robe to measure the pO2 of the surrounding environment directly,
s compared to measuring dissolved oxygen concentration (which
an be converted into pO2) when used in the form of a solution. It
d Bioelectronics 25 (2010) 2283–2289 2285

should also be noted that the oxygen response of PTM-TE:PDMS
remained linear within the range of pO2 tested (0–160 mm Hg).
Since the pO2 for most biological applications would fall within this
range, the PTM-TE:PDMS chip can be used successfully to provide
pO2 measurements with good sensitivity.

Although, the underlying mechanism for the observed increase
in sensitivity of PTM-TE when doped into PDMS is unknown, we
speculate that the molecular spins of PTM-TE were arrested in the
PDMS matrix, allowing for more efficient collisions (spin exchange)
between molecular oxygen and the arrested spins, thereby enhanc-
ing the oxygen sensitivity. Conversely, when PTM-TE is dissolved in
a solvent, the spins (molecules) would be tumbling rapidly and con-
stantly in motion (unarrested), which may not result in as effective
molecular collisions with oxygen. Further, owing to the excellent
oxygen permeability of PDMS, molecular oxygen may be able to
reach and interact with the incorporated spins of PTM-TE in the
PDMS matrix without any hindrance, which may potentially con-
tribute to the higher oxygen sensitivity observed.

3.2. Loading of PTM-TE in the PDMS matrix

The cast-molding and polymerization method, employed for the
fabrication of PTM-TE:PDMS, was not only simple to perform on a
lab bench without the need for any expensive equipment, but it also
allowed for increasing amounts of PTM-TE to be incorporated into
the PDMS matrix. The ability to increase the PTM-TE loading into
the chips will be useful in applications that require high spin density
of the probe, such as oxygen measurements in deeper tissues. The
relative increase in the loading of PTM-TE in the PDMS matrix had a
direct correlation with the intensity of the characteristic red color
of the fabricated chips, as observed in the photograph in Fig. 2.
The pictures also showed that PTM-TE:PDMS chips can be made in
different sizes and shapes using the cast-molding method.

In order to verify that the increased loading did not cause
spin-induced line-broadening (independent of oxygen-induced
broadening), due to close packing of PTM-TE spins, we calibrated
the oxygen response of the four different formulations of PTM-
TE:PDMS, viz. F-5, F-10, F-15, and F-20 (Fig. 3). Any spin–spin
broadening, due to close proximity of spins, will lead to erroneous
pO2 measurements, since the spin-induced broadening effect will
be added to the actual oxygen-induced line broadening. However,
the oxygen response of all the formulations was linear, with no
significant difference in slope (between calibration curves) (Fig. 3).
Therefore, it was evident that within the range of PTM-TE amounts
loaded (up to 20 mg) into PDMS (6 g), we did not observe any
spin–spin broadening effects. Further, loading 20 mg of PTM-TE in
PDMS (F-20) was sufficient to provide a strong EPR signal, both
in vitro and in vivo (data not shown), and hence did not neces-
sitate the loading of more material into the matrix. However, if
required by the nature of the application, and provided that there
is no spin-induced broadening, the cast molding process will enable
any amount of PTM-TE, within its limit of solubility in PDMS, to be
loaded into the PDMS matrix.

It should be noted that the oxygen-sensing ability of the incor-
porated PTM-TE does not depend on the amount that is loaded into
the PDMS matrix. The 5–20 mg employed in this study is a rep-
resentative range. The use of higher concentrations, although may
provide better signal-to-noise ratio (SNR), is limited by solubility of
the spin probe in the polymer and possible spin–spin broadening.
The formulation F-20 was the optimum choice for experimentation
and analysis, since it provided the best SNR.
3.3. Spin distribution within PTM-TE:PDMS chips

EPR micro-imaging was used to evaluate the distribution of
PTM-TE spins within the PDMS matrix. All the micro-imaging
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Fig. 2. PTM-TE:PDMS formulations. Photograph of the four PTM-TE:PDMS formu-
lations, made by cast-molding and polymerization, with four different amounts of
PTM-TE (5, 10, 15, and 20 mg), each incorporated into 6 g of PDMS. Photograph
shows an increase in the intensity of the color (red), which directly correlated to the
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ncrease in the amount of PTM-TE that was used for making the different formu-
ations. Results indicate successful incorporation of increased PTM-TE spins in the
DMS matrix. (For interpretation of the references to color in this figure legend, the
eader is referred to the web version of the article.)

xperiments were performed at a frequency of 15.46 GHz, and
TM-TE:PDMS chips made with 20 mg of PTM-TE in 6 g of PDMS

formulation F-20) were used. The sample was chosen to contain
small solid cluster of PTM-TE spins in the size of a few tens of
micrometer, which was apparent under an optical microscope

Fig. 4(a)). The EPR micro-imaging probe employed a millimeter-

ig. 3. Oxygen calibration of the PTM-TE:PDMS formulations. Each of the four
ormulations of PTM-TE:PDMS exhibited a linear O2 calibration, evaluated using
-band EPR spectroscopy, with comparable slopes (oxygen sensitivities). Results

mean ± SD, n = 3) indicate that the increased amount of PTM-TE spins in the dif-
erent formulations did not result in any spin-induced line-broadening (up to the
0 mg amount tested), and any resultant shift in the oxygen calibration.
d Bioelectronics 25 (2010) 2283–2289

size resonator operating at relatively high frequency. Under these
conditions the EPR spectral properties of the small sample of PTM-
TE:PDMS could be measured with high spectral resolution. As a
result, it can be observed that the first-derivative EPR spectrum
of PTM-TE:PDMS (under anoxic condition) has two components
(Fig. 4(b)), a sharper line riding on top of a broader line. The
presence of two spectral components may be attributed to the
incomplete dissolution of PTM-TE in PDMS, potentially leading to
the presence of dissolved (oxygen-sensitive) regions of PTM-TE,
and undissolved (oxygen-insensitive) clusters of PTM-TE, within
the PDMS matrix. The oxygen-insensitive clusters would be respon-
sible for the broader component of the composite spectrum,
whereas the oxygen-sensitive regions would contribute to the
sharper line. With the introduction of molecular oxygen, by flushing
the sample with a known concentration of oxygen, the two com-
ponents merged to give one spectrum (data not shown), indicating
oxygen-induced broadening of the sharper, oxygen-sensitive spec-
tral component.

Similar presence of multiple components was observed in the
2-D spatial 1-D spectral image of PTM-TE:PDMS obtained using
the EPR microscope (Fig. 4(c)). Spatial imaging, compared to sin-
gle spectral analysis, showed the presence of multiple regions of
varying spectral linewidths, as shown in the spatially resolved spec-
trum plot (Fig. 4(d)). The sharper lines corresponded to regions
of dissolved (oxygen-sensitive) PTM-TE (in PDMS), thus char-
acterized by the small linewidth (anoxic condition), while the
broader (flatter) spectral components corresponded to undis-
solved, oxygen-insensitive clusters.

It must be noted that at the operational frequencies of X-band
(9.8 GHz) and L-band (1.2 GHz), which have been used for the rest of
the experiments in this study, such spectral separation (as with the
15.4 GHz) was not observed, since the frequency was not sufficient
to provide such high spectral resolution. In addition, the relative
amount of PTM-TE spins in the form of clusters may have been
lesser in the macroscopic samples used for the experiments at X-
band or L-band, compared to the microscopic samples prepared
for micro-imaging studies. As a result, the spectral separation, due
to the presence of clusters, may not have been observed with the
X- or L-band experiments. Further, it is of crucial importance to
note that irrespective of the possible presence of two spectral com-
ponents, the oxygen calibration of PTM-TE:PDMS remained linear
(Figs. 1 and 3), even under extreme conditions of sterilization and
chemical treatment (Fig. 5). Therefore, the oxygen-sensing abil-
ity of PTM-TE:PDMS was not compromised in the range of pO2
tested (0–160 mm Hg) and at the EPR frequencies employed (X-
or L-band).

3.4. In vitro biostability of PTM-TE:PDMS

In order to characterize the in vitro performance of PTM-
TE:PDMS chips, and to evaluate their biostability prior to prelimi-
nary in vivo testing (presented as supplementary information), we
subjected them to sterilization by autoclaving or treatment with
common biological oxidizing and reducing agents. Since, the chips
were intended for biological application, we evaluated the change
in their oxygen-sensing response, if any, to sterilization, which is
crucial to avoid bacterial infection, as well as, to oxidoreductant
treatment, as an indicator of the ability of these chips to survive
the redox environment in vivo (when implanted).

Results showed that the oxygen sensing ability, in terms of
the linearity of the calibration (Fig. 5), as well as, the spin den-

sity (Fig. 6) of these chips was not affected significantly by
sterilization or oxidoreductant treatment. In addition, the oxy-
gen sensitivities of PTM-TE:PDMS samples that were autoclaved
(7.6 ± 0.2 mG/mm Hg), or treated with the following oxidoreduc-
tants; H2O2 (8.2 ± 0.2 mG/mm Hg), NO (8.6 ± 0.5 mG/mm Hg) or



G. Meenakshisundaram et al. / Biosensors and Bioelectronics 25 (2010) 2283–2289 2287

Fig. 4. Spin distribution within PTM-TE:PDMS chips. EPR micro-imaging was used to determine the distribution of PTM-TE spins within the PDMS matrix. PTM-TE:PDMS
chips with 20 mg of PTM-TE incorporated into 6 g of PDMS (highest spin density formulation) were used for the micro-imaging experiments. (a) Optical microscope image
of a PTM-TE:PDMS sample prepared for EPR micro-imaging. (b) Continuous wave (CW) EPR spectrum of the prepared PTM-TE:PDMS sample, acquired at 15.46 GHz with the
micro-imaging probe (without gradients), showing the presence of two spectral components. (c) CW-EPR image of a slice of PTM-TE:PDMS. A 2-D spatial image slice (taken
out of the 2-D spatial 1-D spectral image at the center of the spectrum), with the different colored regions representing concentration of PTM-TE spins within the PDMS
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atrix, is shown. Image resolution is ∼30 �m. (d) Spatially resolved spectrum plot
nd areas with broader line (mainly clusters). Representative spectra correspondin
-D spatial image slice shown in (b). Results indicate that the distribution of PTM-
xygen sensing ability of ×these chips.

SH (8.4 ± 0.3 mG/mm Hg), were not significantly different from
hat of control samples (8.2 ± 0.4 mG/mm Hg). The fact that the oxy-
en calibration and sensitivity, as well as, spin density remained
ntact, after exposure to high temperature/pressure conditions in

he autoclave or after being exposed to high concentrations of
otent oxidizing and reducing agents, indicated that the polymer
nd the incorporated PTM-TE molecules were both resistant to
ither treatment. Any change in the properties of the polymer could
ave led to loss of oxygen permeability, and a subsequent change in

ig. 5. Effect of sterilization and oxidoreductant treatment on the oxygen sensitivity of P
omparison of the O2 calibration curves of unsterilized (control) and sterilized PTM-TE
onditions of the autoclave did not have any significant effect on the linearity or slope
alibration of PTM-TE:PDMS. Chips (n = 3) were treated with biological oxidizing and red
lutathione (GSH) for 30 min, and subsequently air-dried. Data (n = 3, mean ± SD) show tha
ffect on the oxygen calibration of PTM-TE:PDMS.
ing differentiation between areas with relatively narrow line (almost no clusters)
lustered and non-clustered areas within the sample have also been denoted in the
ins within the PDMS matrix was non-uniform, which did not, however, affect the

oxygen-sensing characteristics of the incorporated PTM-TE spins,
which, however, was not observed. In addition, the incorporated
PTM-TE molecules also retained their paramagnetism, in the face
of harsh physical and chemical (redox) conditions. Further, in order

to verify if the pH of the medium/solution had any influence on the
performance of PTM-TE:PDMS chips, we carried out EPR detection
experiments before and after immersion of these chips in buffer
solutions, ranging in pH from 4.3 (acidic) to 9.3 (basic). Results
(data not shown) showed that the oxygen-sensing ability of PTM-

TM-TE:PDMS. (a) Effect of autoclaving on the oxygen calibration of PTM-TE:PDMS.
:PDMS chips (n = 3, mean ± SD) revealed that the high temperature and pressure
of the oxygen calibration. (b) Effect of oxidoreductant treatment on the oxygen
ucing agents, viz. nitric oxide (NO), 1-mM hydrogen peroxide (H2O2), and 5-mM
t in vitro exposure to these oxidizing or reducing agents did not have any significant
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ig. 6. Effect of sterilization and oxidoreductant treatment on the spin density o
xidoreductants (b). Spin density of PTM-TE:PDMS chips, before and after treatme
ean ± SD), represented as percentage of control, show that either autoclaving or oxi

E:PDMS was not affected by the pH of the medium. That the
xygen calibration of oxidoreductant-treated samples was not sig-
ificantly different from that of control (Fig. 5) also indicated that
he pH of the solutions of oxidizing and reducing agents in which
he PTM-TE:PDMS chips were immersed did not affect their sensing
erformance.

Although these results demonstrated the resistance of PTM-
E:PDMS chips to treatment with some powerful biological
xidoreductants, the effect of superoxide on PTM-TE:PDMS is an
mportant consideration. It is known that superoxide reacts with
eat PTM-TE and renders it EPR-inactive (Dang et al., 2007). It may
e reasonable to expect that the PDMS may provide a selective
arrier and protect the incorporated PTM-TE from reacting with
uperoxide, thereby improving the sensing selectivity to oxygen,
rimarily due to the excellent oxygen permeability of PDMS and the
igh reactivity of superoxide, which may react with some compo-
ent of the PDMS matrix before reaching the incorporated PTM-TE.

n the context of in vivo applications, especially in the short-term,
e did not expect or observe any significant change in oxygen sen-

itivity of PTM-TE:PDMS (Supplementary Fig. S1), due to the low in
ivo concentration of superoxide under normal physiological con-
itions. However, a slow reaction of superoxide with PTM-TE:PDMS
ver time (in vivo) cannot be ruled out, especially under pathophys-
ological conditions or due to repeated exposure of PTM-TE:PDMS
o superoxide over time.

. Summary and conclusions

We have successfully developed novel EPR oximetry sen-
ors, PTM-TE:PDMS chips, by dissolving and incorporating an
xygen-sensitive soluble probe, PTM-TE, in a biocompatible,
xygen-permeable polymer matrix (PDMS). The chips exhib-
ted enhanced sensitivity to oxygen, which was comparable
o the sensitivity of particulate EPR probes. The cast-molding

ethod, employed to fabricate these chips, allowed the loading
f different amounts of PTM-TE in the PDMS matrix, enabling
hips with increasing spin density to be made. High-frequency
PR micro-imaging revealed the possible presence of dissolved
oxygen-sensitive) and undissolved (oxygen-insensitive) regions of
TM-TE in the PDMS matrix, however, with no apparent effect on
xygen-sensing performance. PTM-TE:PDMS chips were biostable,

nd exhibited no significant change in linearity of oxygen calibra-
ion or spin density in response to sterilization (autoclaving) or
xidoreductant treatment. Overall, we have demonstrated a new
pproach for the fabrication of a novel EPR oximetry sensor using
oluble EPR probes, which will serve to expand the capability and
nhance the applicability of EPR for biological oximetry.
-TE:PDMS. Spin density of PTM-TE:PDMS after autoclaving (a) or treatment with
re estimated by comparing with the spin density of a known standard. Data (n = 3,
uctant treatment did not affect the spin density of PTM-TE:PDMS chips significantly.
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