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Lithium naphthalocyanine (LiNc) is a microcrystalline EPR oximetry probe with high sensitivity to oxygen
[R.P. Pandian, M. Dolgos, C. Marginean, P.M. Woodward, P.C. Hammel, P.T. Manoharan, P. Kuppusamy,
Molecular packing and magnetic properties of lithium naphthalocyanine crystal: hollow channels
enabling permeability and paramagnetic sensitivity to molecular oxygen J. Mater. Chem. 19 (2009)
4138–4147]. However, direct implantation of the crystals in the tissue for in vivo oxygen measurements
may be hindered by concerns associated with their direct contact with the tissue/cells and loss of EPR
signal due to particle migration in the tissue. In order to address these concerns, we have developed
encapsulations (chips) of LiNc microcrystals in polydimethyl siloxane (PDMS), an oxygen-permeable, bio-
inert polymer. Oximetry evaluation of the fabricated chips revealed that the oxygen sensitivity of the
crystals was unaffected by encapsulation in PDMS. Chips were stable against sterilization procedures
or treatment with common biological oxidoreductants. In vivo oxygen measurements established the
ability of the chips to provide reliable and repeated measurements of tissue oxygenation. This study
establishes PDMS-encapsulated LiNc as a potential probe for long-term and repeated measurements of
tissue oxygenation.

� 2009 Elsevier Inc. All rights reserved.
1. Introduction

Electron paramagnetic resonance (EPR) oximetry is a minimally
invasive technique that can provide reliable and repeated mea-
surements of absolute tissue pO2 [1,2], which is vital for the diag-
nosis and treatment of a number of disease conditions [3–7]. Many
of these disease states, such as ischemic disease, cancer, and
peripheral vascular disease, are characterized by a relatively lower
level of tissue oxygenation (1–4 mm Hg). Measurement of such
low concentrations of oxygen using EPR will be rendered more
accurate and reliable with the use of a probe that possesses high
sensitivity to oxygen. Lithium naphthalocyanine (LiNc) is a partic-
ulate EPR oximetry probe that possesses significantly higher oxy-
gen sensitivity (of the order of 30 mG/mm Hg) [8] than other
crystalline probes, such as lithium phthalocyanine (�6–7 mG/
mm Hg) [9,10] and lithium octa-n-butoxynaphthalocyanine (�8–
9 mG/mm Hg) [11]. LiNc can be used in its neat crystalline form
ll rights reserved.

University, 420 West 12th
1 614 292 8454.
amy).
to measure oxygen. However, the direct implantation and in vivo
application of LiNc may be limited by particle migration within tis-
sue leading to loss of EPR signal intensity over time, and potential
biocompatibility concerns due to direct exposure of crystals to tis-
sue. Further, exposure to an in vivo environment may lead to the
degradation of the oximetry properties of the implanted crystals.

Encapsulation or coating of the crystalline probes in biocompat-
ible polymer matrices is a strategy, employed in the past, to over-
come the limitations associated with direct implantation of these
probes, and to enhance their clinical applicability [12–16]. In this
study, we report the development of the implantable encapsula-
tion of LiNc in polydimethyl siloxane (PDMS), a well-studied, bio-
compatible polymer with high oxygen permeability [17,18]. We
refer to the encapsulations of LiNc in PDMS as LiNc:PDMS chips.
We evaluated the in vitro oximetry properties of this new material
in response to sterilization or oxidoreductant treatment, with a
specific emphasis on the high oxygen-sensitivity of the LiNc crys-
tals. Further, we tested the in vivo oxygen-sensing performance
of a LiNc:PDMS chip to evaluate its applicability for high-resolu-
tion, in vivo, EPR oximetry. The study demonstrated that the encap-
sulation of LiNc microcrystals in PDMS does not affect the high
oxygen-sensitivity of LiNc, while enhancing the biocompatibility
and suitability of the probe for direct in vivo application.

http://dx.doi.org/10.1016/j.jmr.2009.11.016
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2. Materials and methods

2.1. Fabrication of LiNc:PDMS chips

LiNc was synthesized as a microcrystalline powder as reported
[8]. Polydimethyl siloxane (PDMS) was obtained as medical grade
Silastic (MDX4-4210) from Dow Corning (Midland, MI). LiNc:PDMS
chips were fabricated by cast-molding and polymerization as de-
scribed [15].

2.2. Oxygen calibration and spin density evaluation

The calibration of the oxygen response and evaluation of the
spin density of the LiNc:PDMS chip were performed, using an X-
band (9.8 GHz) EPR spectrometer, as reported [15]. The spin den-
sity of LiNc:PDMS chips was calculated using a standard of known
spin density, triarylmethyl radical (TAM) [19].

2.3. Autoclaving and UV-sterilization

Autoclaving was performed using a bench-top analog sterilizer
(Tuttnauer� by Brinkmann Instruments, New York) at the follow-
ing settings: 121 �C for 1 h at 1 atm. pressure (wet cycle using
steam), followed by exhaust-drying for 15–20 min. UV-steriliza-
tion was carried out by exposing the chips to UV light, for 1 h, in
a laboratory cell-culture hood. Separate unsterilized control chips
were used for comparison with sterilized chips.

2.4. Oxidoreductant treatment

LiNc:PDMS chips were treated with the following oxidants and
reductants: nitric oxide, hydrogen peroxide, and glutathione. Nitric
oxide was produced using a 5-mM solution of S-nitroso-N-acetyl
penicillamine (SNAP) in distilled water. Hydrogen peroxide was di-
luted to a final concentration of 1 mM. Glutathione (5 mM) was
prepared in distilled water. All chemicals were obtained from Sig-
ma–Aldrich (St. Louis, MO), except SNAP which was obtained from
Invitrogen (Eugene, OR). LiNc:PDMS chips were immersed in solu-
tions of the oxidoreductants for 30 min, and the chips were dried in
air for 60 min. Subsequently, EPR measurements of the oxygen re-
sponse and spin density of the treated chips were made.
LiNc:PDMS chips that were not treated with any of the oxidoreduc-
tants were used as controls. Separate untreated controls were used
for each treatment.

2.5. Animal procurement and handling

Female C3H mice, used in this study, were obtained from the
Frederick Cancer Research Center, Animal Production Unit (Freder-
ick, MD, USA). The mice were housed, fed/maintained, and used for
experiments, as per established guidelines, as reported [20].

2.6. Anesthesia

Animals were anesthetized by intraperitoneal administration of
ketamine and xylazine (200 mg/kg body weight and 4 mg/kg body
weight, respectively) during implantation of LiNc:PDMS chips, as
well as, in vivo oxygen measurements.

2.7. Implantation of LiNc:PDMS chips in muscle

LiNc:PDMS chips were implanted subcutaneously in the gas-
trocnemius muscle of the right hind limb of the mice. A small flap
of skin was cut and a LiNc:PDMS chip (�2 mm � 2 mm) was in-
serted into the muscle tissue, before the flap was sutured back in
place. The sutured skin was allowed to heal for at least 24 h prior
to making EPR measurements.

2.8. In vivo EPR measurements

Muscle pO2 measurements were performed using an L-band
(1.2 GHz) spectrometer (Magnettech, Berlin, Germany), as de-
scribed [11]. Post-implantation pO2 measurements in muscle were
made every week, for up to 30 days. In order to verify that the im-
planted LiNc:PDMS chip was responsive to changes in tissue oxy-
genation, the muscle tissue was subjected to constriction of
blood flow, thereby a reduction in oxygen supply, to the hind limb.
This was achieved by gently tying an elastic band on the limb
above the location of chip implant. The constriction was main-
tained in place until EPR measurements were made (usually less
than 5 min) and then removed.

2.9. Statistical analysis

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

3.1. Fabrication of LiNc:PDMS chips

Encapsulation of LiNc in PDMS was carried out by a simple and
convenient cast-molding procedure, which did not require the use
of any special equipment. Photographic images (Fig. 1) showed the
successful fabrication of the LiNc:PDMS chips, and also pure PDMS
films, lacking LiNc crystals, to be used for comparison with the
LiNc:PDMS chips. The images further revealed that the distribution
of LiNc microcrystals in the PDMS matrix was fairly uniform. The
uniformity of the particle distribution in the polymer was depen-
dent on the efficiency of hand-mixing of crystals into the uncured
polymer, since the uncured polymer (base-catalyst mixture) was
highly viscous.

That the crystal structure of LiNc is intact is imperative to main-
tain its oxygen-sensing ability. Hence, dissolution of the crystals in
the polymer would lead to a loss of oxygen sensitivity. However,
the cast-molding process, using PDMS, did not cause any dissolu-
tion of the embedded LiNc, ensuring that the oximetry properties
of embedded crystals were intact after encapsulation (Fig. 2). This
is a distinct advantage offered by the cast-molding method com-
pared to our previously reported solvent-evaporation method,
which was limited by the choice of solvent that could be employed
without dissolving the crystals [13]. Further, the cast-molding pro-
cedure enabled the fabrication of mechanically robust chips, unlike
the solvent-evaporation methods that led to the formation of thin
and brittle oximetry films [13].

3.2. Oxygen calibration of LiNc:PDMS chips

In order to evaluate the effect of encapsulation in PDMS on the
oxygen sensitivity of LiNc, we recorded the oxygen response of a
LiNc:PDMS chip and unencapsulated (neat) LiNc (control), at dif-
ferent oxygen partial pressures (pO2), and constructed calibration
curves (Fig. 2). Since the motivation for encapsulating LiNc in
PDMS was to enable high-resolution oxygen measurements, while
also enhancing the biocompatibility and surgical removability of
the probe, ensuring that the high oxygen sensitivity of embedded
LiNc was retained after encapsulation was of paramount impor-
tance. The oxygen response of the chip was linear and reproduc-
ible, with slope identical to that of neat LiNc crystals, thus
confirming that PDMS-encapsulation did not have any adverse



Fig. 1. Encapsulation of LiNc in PDMS. LiNc:PDMS chips were made by cast-molding and polymerization of the uncured polymer base-catalyst mixture, in which LiNc
microcrystals were thoroughly dispersed. Control (pure) PDMS films, lacking LiNc crystals, were made using the same procedure, but without adding any particulates. (a)
Pure PDMS film without particulates. (b) A LiNc:PDMS chip. Photographs show fairly even distribution of LiNc particles in the PDMS matrix.

Fig. 2. Oxygen calibration of LiNc:PDMS chips. LiNc:PDMS chips (n = 3) were
exposed to different oxygen partial pressures (0–160 mm Hg) and first-harmonic
EPR spectra were recorded, using an X-band (9.8 GHz) EPR spectrometer, for the
construction of calibration curves. Oxygen response of LiNc:PDMS chips was linear
and reproducible with an oxygen sensitivity (slope of the calibration curve) of
32.6 ± 0.4 mG/mm Hg. Data are represented as mean ± SD. The chip response was
not significantly different from unencapsulated LiNc, which exhibited a sensitivity
of 32.3 ± 0.1 mG/mm Hg. Data demonstrate that the encapsulation of LiNc in PDMS
did not adversely affect its oxygen-sensing properties.
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effect on the high oxygen-sensitivity of LiNc. In addition, the fact
that the oxygen sensitivities of the LiNc:PDMS chip and neat LiNc
crystals were not significantly different indicates that the PDMS
matrix was not saturated with oxygen, within the range of pO2

(0–160 mm Hg) employed. Saturation of PDMS with oxygen could
potentially lead to the embedded LiNc crystals experiencing lower
oxygen content than the actual oxygen concentration in the sur-
rounding environment. However, normal physiological pO2 in tis-
sues is unlikely to exceed 160 mm Hg, which serves to validate
the adequacy of our testing conditions. Further, the encapsulation
of LiNc in PDMS did not compromise its ability to make accurate
and reliable measurements of in vivo pO2.
3.3. Effect of sterilization or oxidoreductant treatment on LiNc:PDMS
chips

In order to evaluate the durability and biostability of LiNc:PDMS
chips, we subjected them to sterilization by autoclaving or UV-
treatment, or exposed them to biological oxidizing and reducing
agents, respectively.

Sterilization of any biomaterial intended for implantation is
essential to ensure that its in vivo performance is not hindered
by the adverse effects of an infection, which could lead to the rejec-
tion of the implanted material. As a result, we evaluated the effects
of autoclaving and UV-treatment on the oximetry properties of
LiNc:PDMS chips. Fig. 3a shows that sterilization by autoclaving
or UV-treatment did not have any significant effect on the linearity
of the oxygen calibration, oxygen sensitivity, and the spin density
of LiNc:PDMS chips. PDMS is known for its resistance to high tem-
peratures (degradation temperature �300–350 �C [21]) and UV-
radiation [18]. Therefore, the high temperature of the autoclave
(121 �C) or exposure to UV-rays did not cause any degradation or
additional crosslinking of the polymer, thereby precluding any loss
of polymer-oxygen permeability and a resultant loss in the oxygen
sensitivity of the embedded crystals. In addition, unencapsulated
(neat) LiNc crystals are also known for their high temperature-
and radiation-stability [8].

Subsequently, we studied the effect of treatment with biological
oxidizing and reducing agents on LiNc:PDMS chips. Interaction of
chips, upon implantation, with highly potent oxidoreductants that
are characteristic of the in vivo environment could have an adverse
effect on their oxygen-sensing properties. Hence, in order to verify
the biostability of LiNc:PDMS chips, we exposed them to biological
oxidoreductants, namely nitric oxide (NO), hydrogen peroxide
(H2O2), and glutathione (GSH). Fig. 3b shows the effect of in vitro
oxidoreductant exposure on the oxygen calibration and spin den-
sity of LiNc:PDMS chips. Results demonstrated that the linearity
and slope (sensitivity) of the oxygen calibration, as well as, the spin
density of LiNc:PDMS chips remained intact (not significantly dif-
ferent from the untreated controls) after treatment with these
agents.
3.4. In vivo oxygen-sensing response of LiNc:PDMS chips

Having established that LiNc:PDMS chips were unaffected by
sterilization procedures and were biostable after oxidoreductant
exposure, we evaluated their applicability for in vivo oximetry by
implanting chips in the gastrocnemius muscle tissue of mice and
monitoring in vivo oxygenation for up to 30 days using L-band
EPR spectroscopy. Normal muscle pO2 values (filled symbols in
Fig. 4), reported by implanted LiNc:PDMS chips, demonstrated
the ability of the chip to provide repeated measurements of



Fig. 3. Effect of sterilization and oxidoreductant treatment on LiNc:PDMS chips. X-
band EPR spectroscopy was used to evaluate the effect of sterilization and
oxidoreductant treatment on LiNc:PDMS chips (a) Effect of sterilization on the
oxygen calibration and spin density of LiNc:PDMS. Oxygen response of LiNc:PDMS
chips (n = 3, mean ± SD), sterilized by autoclaving or UV-treatment, was not
significantly different from the response of unsterilized control (Cont), with
comparable oxygen sensitivities (autoclaving: 33.6 ± 0.9 mG/mm Hg; UV-treat-
ment: 33.9 ± 1.1 mG/mm Hg; unsterilized control: 32.6 ± 0.4 mG/mm Hg). Inset
shows that the spin densities of autoclaved or UV-treated LiNc:PDMS chips (n = 6,
mean ± SD), calculated using a standard of known spin density, were not signifi-
cantly different from the spin density of unsterilized controls. (b) Effect of
oxidoreductant treatment on the oxygen calibration and spin density of LiNc:PDMS
chips. Chips were treated with nitric oxide (NO), 1-mM hydrogen peroxide (H2O2),
and 5-mM glutathione (GSH) for 30 min. After air-drying, the oxygen responses of
treated chips and untreated controls (Cont) were evaluated using X-band EPR
spectroscopy. Data (n = 3, mean ± SD) show that the response was linear with
increase in oxygen partial pressure after treatment with all three agents. Oxygen
sensitivity of the chips treated with NO (32.6 ± 1.3 mG/mm Hg), H2O2

(32.8 ± 0.1 mG/mm Hg), or GSH (32.8 ± 0.4 mG/mm Hg) was not significantly
different from the sensitivity of untreated control (32.6 ± 0.4 mG/mm Hg). Inset
shows that treatment with biological oxidoreductants did not significantly affect
the spin density of LiNc:PDMS chips (n = 6, mean ± SD). Collectively, results indicate
that LiNc:PDMS chips were durable and biostable.

Fig. 4. In vivo oxygen measurements using LiNc:PDMS chips. LiNc:PDMS chips were
implanted in the gastrocnemius muscle tissue of mice, and in vivo oxygen
measurements were performed using an L-band EPR spectrometer for up to
30 days. Muscle pO2 from three mice, in the normal (filled symbols) and constricted
(open symbols) conditions of the muscle, demonstrate that implanted LiNc:PDMS
chips were capable of reliable measurements of in vivo tissue pO2, and were also
responsive to changes in pO2.
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in vivo tissue oxygenation over 30 days. Further, in order to test the
ability of the implanted chip to respond to changes in tissue pO2,
we temporarily constricted blood flow to the muscle using an elas-
tic band. Constricted-state pO2 values (open symbols in Fig. 4)
showed that the implanted chip was capable of sensing the
changes in pO2. In addition, subsequent measurements from the
same animals showed that the muscle pO2 returned to normal lev-
els when the constriction was removed (data not shown). The aver-
age muscle pO2 measured by implanted LiNc:PDMS chips was
21.4 ± 1.3 mm Hg, which was within range of the gastrocnemius
muscle pO2 values reported previously [11,13,16,22,23]. Further,
oxygen calibration of each LiNc:PDMS chip that was surgically re-
moved from the animals showed no significant difference when
compared to an unimplanted control (data not shown), indicating
that LiNc:PDMS chips exhibited excellent in vivo biodurability.
4. Summary and conclusions

We have demonstrated the fabrication, biostability evaluation,
and in vitro/in vivo oxygen-sensing performance of an implantable,
high-sensitivity EPR oximetry probe, the LiNc:PDMS chip, made by
the encapsulation of LiNc microcrystals in PDMS. Fabrication of the
chip was carried out by a simple cast-molding and polymerization
method. The encapsulation procedure did not have any adverse ef-
fect on the oxygen-sensing properties of the embedded crystals,
while providing a means to render them biocompatible and surgi-
cally retrievable. The chips were biostable, and unaffected by steril-
ization procedures or treatment with biological oxidoreductants.
The in vivo oxygen-sensing performance of LiNc:PDMS chips and
their sensitivity to changes in tissue pO2 were confirmed by implant-
ing chips in murine muscle tissue and monitoring oxygenation for up
to 30 days. Overall, we have shown that LiNc:PDMS chips are prom-
ising probes for high-resolution in vivo EPR oximetry.
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