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In Vivo Measurement of Oxygen Concentration Using Sonochemically
Synthesized Microspheres

Ke Jian Liu,* Mark W. Grinstaff,} Jinjie Jiang,” Kenneth S. Suslick,* Harold M. Swartz,* and Wei Wang?

‘Department of Radiology, Dartmouth Medical School, Hanover, New Hampshire 03755, and ‘Department of Chemistry, University of
llinois, Urbana, lllinois 61801 USA

ABSTRACT  Proteinaceous microspheres filled with nitroxides dissolved in an organic liquid have been synthesized for the
first time using high intensity ultrasound; these were used to measure oxygen concentrations in living biological systems. The
microspheres have an average size of 2.5 pm, and the proteinaceous shell is permeable to oxygen. Encapsulation of the
nitroxides into the microsphere greatly increased the sensitivity of the electron paramagnetic resonance signal line width to
oxygen because of the higher solubility of oxygen in organic solvents. The encapsulation also protected the nitroxide from
bioreduction. No decrease in intensity of the electron paramagnetic resonance signal was observed during 70 min after in-
travenous injection of the microspheres into a mouse. Measurement of the changes in oxygen concentration in vivo by means
of restriction of blood flow, anesthesia, and change of oxygen content in the respired gas were made using these microspheres.

INTRODUCTION

The concentration of oxygen ([0]) is one of the mogt im-
portant varisbles in many physologicd, pathologica, and
therapeutic processes. The need for new techniques to measure
[0,] in tisues with high accuracy and sendtivity has been in-
creasingly recognized (Stone et d., 1992). The existing methods
for such oximetry are ussful but have limitations, especidly for
use in vivo (Vanderkooi et d., 1991; Chapman, 1991).
Electron paramagnetic resonance (EPR) oximetry is one of
the most promisng and rapidly deveoping techniques for
measurement of [0] in tissues in vivo. Initidly, the para-
maegnetic probes for EPR oximetry were dmost exclusively
nitroxides (Berliner and Wan, 1989; Hapem ¢ 4., 1990;
Zweier ¢ d., 1991; Rosen e d., 1983, Kalyanaraman et d.,
1993, Jang e d., 1992), but recently severd particulate
probes have been introduced (Swartz et d., 1991, Swartz
é d., 199 Liu e d., 1993). The mgor limiting factors for
the widespread use of nitroxides are their relaively low sen
stivity to oxygen and their susoeptibility to bioreduction un-
der hiologicd conditions To hep overcome thee limita
tions, isotopically substituted nitroxides can enhance
sensitivity to oxygen (Hapem et a., 1990), and the en-
capsulation of nitroxides into liposomes or plastic tubing
can slow or diminate reduction (Glockner et a., 1991;
Subczynski e d., 1986). Nonetheless, subgtantid room for
improvement gill exists. In this report, we describe a tech-
nigue usng high intendty ultrasound to synthesize sono-
chemicdly microspheres (d = 25 um) filled with a solution
of nitroxides in organic liquids. This approach provides a
versdtile means to administer the spin probe that increases the
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sngtivity to 0, by a much as 40fold and prevents the
reduction of the nitroxide in vivo.

THEORY

Oximelry using nitroxides is based on EPR line broadening
caused by Heisenberg exchange between molecular oxygen
(which is a dable diradicd) and the nitroxide (Hyde and
Subczynski, 1989). Pake and Tuttle (1959) defined the re-
lationship between EPR line exchange broadening and
radica-radica collison rae as

LW=kpw+ N, 0}

where LW is the EPR line width, k is a proportiondity con-
stant, p is the probability that exchange will occur upon each
calison (0 = p =1), w is the callison rate, and N represents
other contributions to the EPR LW that are independent of w.
Thus, the change in the EPR LW caused by different en-
counter rates can be given as

AW = kp(Aw). @
The encounter rate is governed by the Smoluchowski equation
o = 47R{D(0,) + D(SL){0,], (3)

where R is the interaction distance, D(O,) and D(SL) are the
diffuson congants of 0, and the nitroxide, respectively, and
[0] is the effective oxygen concentration in the solution.
When [0] changes, the encounter rate changes accordingly.
The net change of the encounter rate is linearly proportional
to the change of [0]:

Aw = 47R{D(0,) + D(SL)KA[O,]). 4)
Combining Egs. 4 with 2, we have
ALW = 4mRkp{D(0,) + D(SL)}(A[O,]). (5)

It can be seen from above equations that oxygen-
dependent changes in LW of the nitroxide should be
proportiona to the solubility of oxygen in the solvent.
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Because the solubility of oxygen varies up to two orders of
megnitude in different solvents, this phenomenon can be ex-
ploited to maximize the line width change in EPR oximetry.
Generally, oxygen solubility in organic solvents is much
higher than in water (Linke, 1958). Therefore, one expects
that the dynamic range of EPR line wicths in organic solvents
should be much higher, which should result in grester sen
stivity to changes in [Q,]. Although this might be exploited
in vivo by usng a lipophilic nitroxide and then meking mea
surements in nauraly occurring lipid-rich aress, there would
be dgnificant limitations the heterogeneous nature and the
vaidions in location of lipophilic regions would make cdi-
bration of the oximetry system difficult. Furthermore, oxim-
ery of tissues without large amounts of lipids would not be
possble In addition, rapid bioreduction of nitroxides limits
the utility of such an approach.

MATERIALS AND METHODS
Materials

All chemicas were purchased from Sigma Chemical Co. (St. Louis, MO),
and all nitroxides were purchased from Molecular Probes (Junction
City, OR) except for 2,2,6,6-lclramcthylpiperidine-dm-1-"N-oxyl-4~onc
(“N-PDT), which was obtained from MSD Isotopes (St. Louis, MO).

Generation of microspheres with ultrasound

The synthesis of proteinaceous microspheres with high intensity ultrasound

has been described previously (Suslick and Grinstaff, 1990; Grinstaff and
Suslick, 1991; Sudlick and Flint, 1987). In brief, 2 ml of solution of an

organic liquid containing 1-5 mM nitroxide and 3 ml of 5% w/v BSA
aqueous solution were placed in a glass container. The tip of the ultrasonic
horn was postioned & the inteface of the organic and agueous phasss The
sample was irradiated with ultrasound (XL-2020, Heat Systems, Farming
dale, NY) for 3 min at an initial temperature of 30°C at 20 kHz and -100
W/cm? This produces an aqueous suspension of proteinaceous micro-
spheresfilled with nitroxidesin an organic liquid. The concentration of the
nitroxide in the microspheres is the same astheinitial concentration in the
organic liquid. The microspheres were separated from the remaining protein

solution by sequentid  centrifuging and  washing.  Yidds ae highly senstive
to the temperature during irradiation and must be optimized for the specific
experimental configuration. Determination of the size distribution of the
microspheres was accomplished with an Elzone 180 Particle Counter in-
terfaced to an AT&T 386 computer.

Animals

BALB/c mice weighing 20-25 g were obtained from Charles River Labo-
ratories (Wilmington, MA). Before the experiments, the animals were anes-
thetized with ketamine (0.12 mg/g body wight, i.p.). The microspheres were
introduced into the animal through a syringe with a 26-gauge needle.

Calibration of EPR line width with [0,]

100 pul of the microsphere suspension in water was drawn into a gas-
permeabl e teflon tube (Zeus Industrial Products, Raritan, NJ; 0.623 mm i.d.;
wall thickness 0.038 * 0.004 mm). This teflon tube was folded twice and

insrted into a quatz EPR tube open a both ends Samples were mantained
in the EPR cavity at 37 % 0.2°C with a Varian temperature controller. [O,]
in the perfusing gas was monitored and measured by a Clark-type electrode
(Microelectrodes, Londonderry, NH), calibrated by vigorously stirring 100
m of distilled water equilibrated with O, or N,. The quantitaive dependence
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on [0,] of the EPR spectrum was obtained by measuring LW as afunction
o [0;) in the pefusng gas with LW defined & the difference in magnetic
field between the maximum and minimum of the first derivative recording
of the signal. The middle peak of the three-peak spectrum was used in all
experiments because it had the highest signal intensity. The resulting cali-
bration curve was fit by linear regression, which was thenused to convert
vdues of LWmeasured in biologicd sysems into gopropriate values of [O,)].

EPR measurements

The opectra in tissues were obtaned usng an EPR  spectrometer  congtructed
in our laboratory with a low frequency (12 GHz, L-band) microwave bridge
(Nilges et al., 1989). Some calibrations and studies of physicochemical
properties of the microspheres were performed using a Varian E-12 EPR
spectrometer (9.5 GHz, X-band). Typical settings for the spectrometersin-
cluded: magnetic field, 3210 Gauss (X-band)/392 Gauss (L-band); incident
microwave power, 5 mW; modulation frequency, 100 kHz. Modulation
amplitude wes st a less than onethird of the EPR line width. Temperature
control & X-band wes achieved by a Vaian gas flov sysem usng an NJO,
mixture. At L-band, the temperature of anesthetized animals (37 * 2°C,
measured by a rectal probe) was regulated by an infrared lamp. The EPR
spectra on  hoth  spectrometers  were  collected, stored, and  manipulated  using
the software EW (Scientific Software, Normal, IL) installed on IBM com-
paible computers. Accuratle messurement of the LWof the EPR gecra was
achieved by usng a spectrd smulation program  designed in our  leboratory.

Measurement of [0,] in mice in vivo

Adult mice were anesthetized, and 015 ml of the microspheres was injected
through the tal vein. The animd was placed between the poles of the magnet
with the L-band loop gap detector positioned over the area of interest. For
measurement of [0,] in the skeletal muscle, 0.1 ml of a suspension of mi-
cropheres was used. The leg of the animd was then centered on the detector.
When required, blood flow was redricted by a ligaure aound the upper leg.
The composition of the breathing gas was controlled by means of aplastic
hood placed over the head of the animal.

RESULTS

Oxygen <olubility varies enormoudy from solvent to solvent.
For example, under partid pressure of 159 mmHg of oxygen
(i.e, 1 amosphere of air), the solubility of oxygen in toluene
and ethyl ether is 8 and 20 times higher, respectively, than
in water (Linke, 1958). As discussed earlier, the broadening
of the EPR line width of nitroxides depends on the solubility
and diffuson condtant of O, in the solvent. Using 16-doxyl-
stearic acid (16-DS) as an example, Table 1 ligs the LW of
16-DS in ar and in nitrogen when dissolved in severd com-
mon solvents. Compared with the values in water, the change
of LW from nitrogen to ar was larger in dl organic solvents,

TABLE 1 EPR line width (LW) of 16-DS In various solvents
Solvents LW inar (G LW inN, (G ALW (G)
Water 103 097 0.06
Ethanol 245 101 144
Hexane 441 114 327
Cyclohexane 2.66 1.08 158
Toluene 250 108 142
n-Pentane 315 116 199

Except in water, the concentration of 16-DS was 1.0 mM for dl the ex-
periments and the LW of the mid-field peak was used. Because of low
solubility, the concentration of 16-DS in water was 0.1 mM.
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with a maximum of 50 times larger in hexane versus weter.
Very dmilar results were obtained using other nitroxides,
including 5-doxyl-stearic acid (5-DS), 7-doxyl-stearic
acid (7-DS), 10-doxyl-stearic acid (10-DS), 3-male-
imido-proxyl, 3-(3-maleimidopropylcarbamoyl)-proxyl,
and 4-(N,N-dimethyl-N-pentadecyl) ammonium-2,2,6,6-
tetramethyl-piperidine-1-oxyl  iodide  (Cat-16).

Aqueous suspensons of proteinaceous microspheres of
BSA filled with nitroxides in hexane were synthesized with
high intengty ultrasound. High concentrations of micro-
spheres were obtained (15 X 10° microsphereml) with a
narrow sze distribution (25 * 1.0 wm). Microencapsulation
of other solvents, including toluene, cyclohexane, octandl,
and n-pentane was a0 successful with both human serum
dbumin and BSA. In the descriptions of the following ex-
periments, microspheres made with various nitroxides and
slvents are used to demondrate this versatility.

To determine whether the shel of the microspheres im-
poses a barier to the diffusion of O,, we used a well estab-
lished technique that has been used to udy the intracdllular
and extracelular oxygen concentrations (Samuni et d., 1986;
Glockner e d., 1989). Two nitroxides were utilized: 7-DS,
which is enclosed insde the microsphere, and “N-PDT,
which reports oxygenation of the agueous environment out-
sde of the microspheres because the volume outside micro-
spheres is much larger than indde, and because EPR sgnd
intendty of N-PDT from insde microspheres is very wesk
because of its large line width. Because the EPR spectra of
the two nitroxides do not overlap, it is possble to messure
smultaneoudy the rate of oxygenation indde (with 7-DS)
and outsde (with “N-PDT) the microsphere, usng the LW
of each nitroxide as a measure of [O,] of each environment.
No ggnificant differences were observed in the kinetics of
oxygenation (Fig. 1), which demondrates that O, can eesly
pass through the shell of the sphere.

To study whether the nitroxide or organic liquid lesks from
the microspheres, the microgpheres were mixed with fresh
human blood. No changes in EPR dgnd intendty were re-
corded for up to 40 min, indicating that no significant lesking
of nitroxide or organic liquid (which would carry nitroxide
with it) has taken place, because any nitroxide lesked out of
the microgphere would change the EPR signd intendty be-
caue of the very different line widths of the nitroxide in the
two different environments.

The microspheres have good dability a room tempera
ture. When stored a 4°C, the toluene-filled microspheres had
<10% degradation after 2000 h. When injected intrave-
noudy, no dgnificant decreese in the EPR dgnd intendty
occurred during 70 min of observetion in vivo in a mouse In
another experiment, the microspheres were introduced intramus-
cularly into the leg of a mouse to sudy the in vivo tability of
the microgphere. Five hours after the initid injection, about 14%
reduction in the EPR signd intensity was recorded.

Fig. 2 shows typical EPR spectra of microgpheres equili-
brated with N, and ar. In this case, the nitroxide was
3-maleimido-proxyl and the solvent hexane. In air, the LW
increased from 1.16 to 4.96 Gauss. The line height decreased
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FIGURE 1 Kinetics of oxygenation inside and outside the microspheres.
An agueous soluion containing N-PDTand micospheres filled with 7-DS
in cyclohexane was drawn into a gas-permeabl e teflon tubing that was in-
sated in the quatz EPR tube The pefusng gas was changed from nitrogen
to air. The EPR line widths of “N-PDT (0) and 7-DS (V) were measured
simultaneously every 60 s.
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FIGURE 2 EPR spectra of microspheres filled with 2 mM 3-maleimido-
proxyl in hexane equilibrated with N, and ar. The corregponding line width,
which is used to calculate [O,], changed from 1.16 to 4.96 Gauss. This
change is 60 times larger than the change in agueous solution for this
nitroxide.

by a factor of 14. A typicd cdibration of EPR LW of the
microspheres to [0] is given in Fg. 3, showing a linear
relaionship as described in Eq. 5. Incuded in Fg. 3 is the
cdibration in water for the purpose of comparison.

The potentid usefulness of the microspheres for mess
urement of [0)] in biologicd sysems is demondrated in the
following illusrative experiments. Fig. 4 shows the results
of a gudy in which microspheres were injected intrave-
noudy, and [O,] was measured in lower haf of the body of
a mouse before and after a large dose of Ketamine, a generd
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FIGURE 3 Cadlibration with {O,] of the microspheres filled with 1 mM
16-DS in toluene. As a comparison, the dashed line shows the calibration
of 16-DS in water. The line width of the central hyperfine linewas used in
these and all other figures.
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FIGURE 4 Effect of anesthetic on the [0,] within amouse. EPR spectra
were recorded from the lower half of the body of the animal. The tem-
perature of the mouse was maintained at 37 % 2°C with an infrared lamp.
The microspheres were filled with 5 mM 7-DS in hexane.

anesthetic. Fig. 5 shows a substantial change in L W and [0,]
in the gastrocnemius muscle when the blood flow was
regricted. Fig. 6 indicates [0] in skeletd musde as the O,
content of the respiration gas for a mouse was atered.

DISCUSSION

Severd different types of EPR oximetry probes have been
designed and used, including free nitroxides, nitroxide-
containing liposomes, and solid-state materias such as
lithium phthdocyaning, fusnite, and India ink (Swartz et 4.,
1991, 1994; Liu & d., 1993). For example, Subczynski et d.
(1986) introduced the use of an implanteble O,-permeable
capule to enclose light paraffin oil containing a nitroxide
The dimensons of the capaule, however, are large the lo-
cations in which it can be used are limited, and it requires the
physica insertion of the tube into the animd. In contradt, the
microsphere  encgpsulation of nitroxide in organic  solvents
provides severd unique features and combines many desir-
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FIGURE 5 [0,] inthe skeletal muscle of a mouse with and without con-
driction of blood flow. The condriction was achieved by means of a ligature
around the upper leg. The response to decreases of [0,] was indicated by
a narrowed line width and increased line height. The microspheres were
filled with § mM 10-DS in cyclohexane.
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FIGURE 6 The change of [O,] in the seletd muscle of a mouse upon the

variation of 0, content in the respiration gas. 100 ul of microspheres of 5
mM 16-DS in cyclohexane were injected. The inset shows a typical spec-
trum of the middle line of the nitrogen hyperfine line. The animal died

shortly after breathing N,, Carbogen: 95% 0, with 5% CO,

ale features into a dngle sysem. Compared with free ni-
troxides, the encapsulation of nitroxides into micro-
gheres increased the sendgtivity to oxygen by nealy 40-
fold and greatly reduced the rate of bioreduction of
nitroxide in tissues.

Compared with isotopicdly subdiituted nitroxides, which
increase the sengitivity to oxygen by decreasing the intringc
line width, or by enhancing certain spectrd features (Halpern
e d., 1990), the encapsulation technique offers greater im-
provement in oxygen sengtivity. As can be seen from Table
1, the effects of oxygen on the L W for nitroxides in lipophilic
solvents in microspheres can be quite large: for example, the
line width for 16-DS in hexane is 1.14 (in NJ to 4.41 Gauss
(in ar); under the same conditions, the line width of per-
deuterated Tempone ( *N-PDT) in water changes from 0.18
to 0.28 Gauss. With an intringcaly narrower EPR line wickh,
however, isotopic subdiitution aso incresses the EPR sSgnd
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intendty, which is not provided by the microspheres. Signd
intengty, indeed, is the mgor problen associated with the
microspheres, and & &l but the lowest [O,], it is the necessary
trade-off for the increase in sengtivity to oxygen. Difficulties
in recording spectra with good SIN ratio were experienced in
ome of the experiments reported here. For example, the
increase in LW of 16-DS in hexane trandates into a loss of
dgnd height by a factor of 30200 (Table 1). Encapsulation
of substituted nitroxides into microspheres could produce
microgpheres with high oxygen sendtivity and higher Sgnd
heights.

In certain aspects, microspheres are similar to liposomes:
both can protect nitroxides from bioreduction, and both can
be injected as agueous suspensions intravenoudy or directly
into tissues. Microspheres offer the added benefit of sub-
dantid incresses in oxygen sengtivity. Although the mi-
crosphere was dable in vivo for up to 70 min, it will be
metabolized over extended periods of time Therefore it is
intended for short term [0] measurement, athough the par-
ticulate probes might be better for much extended times, such
as weeks and months.

One potentid concern of using microspheres is the pos
shility of leskage of nitroxide from the microsphere into the
media, thereby exposng the nitroxides to hioreduction and
posshly dtering the cdibration to [O,]. Based on the results
presented here from studies in vivo, this does not seem to be
a mgor problem; the microspheres with 7-DS were gable in
vivo for over 70 min, and no reduction was obsarved. This
probably occurred because the nitroxides chosen are very
lipophilic and, therefore, have a very high patition coeffi-
cient for the encapsulated organic solvents versus the sur-
rounding media

Another potential concern is the leskage, as well as release
of the organic liquid from the microgpheres. Based on our
expeaimentd results, sgnificant leskage does not seem to
occur in a short time while the microsphere is intact. How-
ever, trace amounts of the lesked solvents could potentialy
afect the tissue oxygenaion. In addition, when the micro-
heres eventualy ae metabolized, the encapsulated me
dium is rdessed and becomes a potentid source of toxicity
to the tissue. One way to solve this problem is to use chemi-
cdly inet solvents, such as peffluorocarbons (which have
dready been dlinicdly used as blood subgtitutes) or to use
organic liquids with low toxicity (such as faty acids).

The microspheres can be made with different proteins,
nitroxides, and organic liquid. In addition to BSA, we ae
able to produce microspheres from other proteins, such as
human serum abumin. In addition, we have been able to use
nealy aw immiscible organic liquid, induding toluene, oc-
tanol, hexane, cyclohexane, and n-pentane. Any lipophilic
nitroxide can be enclosed into the microgphere. This versa
tility provides the capability to synthesize microspheres with
specific components to Uit particular needs. It dso suggests
that nontoxic, biocompatible microspheres  could  become
candidates for dinicaly ussble oximetry. The modest life
time in vivo (in contrast to paticulate probes that perdst in
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tissue dmogt indefinitely) would be an advantage for short
term oxygen messurements in a clinicd setting.
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