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Although liposome encapsulation prolongs the duration
of action of epidurally administered drugs, little is known
about how liposome encapsulation affects opioids differ-
ently, or about how lipid content of liposomes alters the
bioavailability of epidurally-administered opioids. To ad-
dress these issues, morphine, alfentanil, fentanyl, and
sufentanil were loaded into p-a-dipalmitoyl phosphati-
dylcholine multilamellar liposomes, and incorporation
efficiency and in vitro release rates were determined. We
then determined epidural morphine and sufentanil lipo-
somes, at two different lipid / opioid ratios, in vivo in a pig
model in which epidural and intrathecal spaces were con-
tinuously sampled via microdialysis. Liposome encapsu-
lation efficiency was significantly more for sufentanil

(100%) than for the other opioids (25%-30%). The in vitro
release rate was slowest for morphine, intermediate for
fentanyl and alfentanil, and fastest for sufentanil. In vivo,
morphine was released more slowly than sufentanil. It is
most important to note that increasing the lipid content of
morphine liposomes increased the proportion of drug
reaching the intrathecal space. In contrast, increasing the
lipid content of sufentanil liposomes did not alter intra-
thecal movement but did decrease movement into
plasma. Therefore, increasing drug hydrophobicity and
lipid content of the liposomes modulates drug distribu-
tion in vivo.

(Anesth Analg 2001;93:928-33)

pioids are frequently administered epidurally to

provide selective spinal analgesia in a variety of

clinical situations. However, their limited dura-
tion of analgesia requires placement of an epidural
catheter to permit either continuous opioid infusion or
intermittent boluses. Although epidural catheteriza-
tion is widely accepted, it is not without risks. In
particular, bacterial colonization or infection, epidural
hematoma, catheter migration into the IV or intrathe-
cal spaces, and simple dislodgment are constant
concerns.

Several groups of investigators have attempted to
obviate the need for epidural cannulation by develop-
ing extended-release preparations for epidural admin-
istration of both opioids and local anesthetics. In par-
ticular, a number of laboratories, including ours, have
shown that drug encapsulation in multilamellar lipo-
somes (MLV) is an effective method of prolonging
drug action in the epidural and intrathecal spaces
(1-5).
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Liposomes or lipid vesicles contain multiple, con-
centric, and spherical phospholipid bilayers separated
from one another by aqueous domains, and together
these bilayers encapsulate a central aqueous core.
Water-soluble drugs can be encapsulated in the aque-
ous phase, and hydrophobic drugs may be incorpo-
rated into the lipid membrane bilayers. Drugs of in-
termediate hydrophobicity may be localized in both
aqueous compartments and membrane bilayers. The
degree or efficiency of drug loading into liposomes,
assessed as percentage of drug incorporation, depends
on a number of factors, including liposome size and
composition (number of lipid bilayers) and the
physiochemical characteristics (e.g., hydrophobicity)
of drug molecules.

Several important issues with respect to the use of
liposome formulations as an extended release prepa-
ration for opioids remain to be clarified. First, the
efficiency of incorporation into liposomes and the ki-
netics of drug release from the liposome have not been
thoroughly characterized for the opioids most often
used clinically—morphine, alfentanil, sufentanil, and
fentanyl. Second, it is not known how the hydropho-
bic character of these opioids affects the rate at which
they are released from the liposome. Third, it is not
known how the ratio of liposomal lipid to encapsu-
lated opioid affects the kinetics of drug release in vitro
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or, more important, in vivo. Finally, it is not known
whether liposome encapsulation simply alters the rate
at which the drug becomes bioavailable within the
epidural space or whether it also alters the pattern of
drug distribution among the epidural space, cerebro-
spinal fluid (CSF), and plasma.

To investigate these issues, we encapsulated mor-
phine, fentanyl, alfentanil, and sufentanil in MLVs
and determined the incorporation efficiency and the in
vitro release rate of each opioid. In addition, we used
a previously described pig microdialysis model (6) to
characterize the time course of morphine and sufen-
tanil appearance in epidural space, CSF, and plasma
after these two drugs were administered epidurally as
free or soluble drug formulation and as large and
small lipid/opioid ratio liposomes.

Methods

The opioids morphine, alfentanil, fentanyl, and sufen-
tanil were supplied by the National Institute on Drug
Abuse through the Research Triangle Institute (Re-
search Triangle Park, NC). Radiolabeled fentanyl, al-
fentanil, and sufentanil were purchased from Janssen
Biochemica (Beerse, Belgium), and 14C-labeled mor-
phine was purchased from New England Nuclear
(Boston, MA).

MLV containing the study opioids and radiotracer
amounts of H-labeled sufentanil (0.014 mmol, specific
activity = 9 Ci/mmol), 'C-labeled morphine
(0.054 mmol, specific activity = 671 pCi/mmol), H-
labeled alfentanil (0.054 mmol, specific activity = 12.5
Ci/mmol), or *H-labeled fentanyl (0.054 mmol, specific
activity = 11 Ci/mmol) were prepared from bp-a-
dipalmitoyl phosphatidylcholine (Genzyme, Cam-
bridge, MA) as previously described (7). Final lipid to
opioid ratio (m/m) was determined to be 17:1 for mor-
phine, 20:1 for alfentanil, 17:1 for fentanyl, and 61:1 for
sufentanil.

To examine the effect of increasing the lipid /opioid
ratio on in vivo epidural pharmacokinetics, liposomes
with a larger lipid/opioid ratio (sufentanil 329:1 and
morphine 37:1) were similarly prepared. These ratios
represent the maximum concentrations of lipid that
could be used without significantly altering the per-
centage of drug incorporation. No stable liposome can
be formed beyond these conditions.

To determine the first-order rate of drug release
from the liposomes, 500 uL of phosphate-buffered
saline containing morphine, alfentanil, fentanyl, or
sufentanil liposomes was added to 500 uL porcine CSF
and incubated in a water bath at 37°C. At 0, 5, 10, 15,
30, 60, and 90 min and at 2, 3, 6, 22,48, and 72 h, 20 uL
of quadruplicate samples was removed and centri-
fuged at 22,000¢ for 10 min to separate free (superna-
tant) from liposome-encapsulated drug. The batched
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supernatant and the liposomal pellets were placed in
separate scintillation vials. Hydrofluor (National Di-
agnostics, Mannville, NJ) scintillation cocktail (5 mL)
was added and opioid concentration determined by
counting radiolabeled opioid as described below.

The first-order release-rate constant (K) for each
formulation was determined from the slope of linear
regression of the log of free drug concentration versus
time plots. The release rate half-life values were de-
rived from the relationship half-life = 0.693/K.

All animal studies were approved by the University of
Washington Animal Care and Use Committee, and
American Association of American Laboratory Accredi-
tation Council guidelines were followed throughout.
The microdialysis pig model has been described previ-
ously (6). Briefly, pigs (n = 15) weighing 10-14 kg were
orotracheally intubated and their lungs mechanically
ventilated with halothane (1%-2%) and nitrous oxide
(70%) in oxygen. Ten animals received the small lipid/
opioid ratio liposomes, and five animals received the
large lipid/opioid ratio liposomes. They were enrolled
in the experiments described in Tables 1 and 2, respec-
tively. All animals received the same dose of morphine
(1 mg) and sufentanil (60 ug), both as free or soluble
drug and as liposome formulations.

A femoral artery was cannulated for blood pressure
measurement and blood sampling. Custom microdi-
alysis probes (6) and an epidural catheter were placed
in the lumbar (L5) and thoracic (T11) epidural space
and in the immediately adjacent intrathecal space.
Preliminary studies indicated that the lumbar and tho-
racic injection sites were far enough apart that drug
administered at one site did not “contaminate” the
other site (data not shown). Mock CSF (7) was
pumped through the dialysis probes at 10 uL/min.

Each animal received both free or soluble opioid
and liposome-encapsulated opioid. The free drug was
always administered first and followed 4.5 h later by
the liposomal preparation of the same opioid. At 4.5 h,
most of the free or soluble drugs were cleared from the
epidural space, the intrathecal space, and the systemic
circulation (Fig. 1). Therefore, although some insignif-
icant levels of residual morphine or sufentanil may
have been present at the time of liposome-formulated
drug administration, they did not contribute signifi-
cantly to our experimental results. Each drug (1 mg
morphine and 60 ug sufentanil) in a volume of 1 mL
was injected by hand over 2 min, one drug at the
thoracic site and the other at the lumbar site. The site
at which each (morphine and sufentanil) opioid was
administered (i.e., lumbar versus thoracic) was alter-
nated between experiments.

At time 0 (or 270 min), the study drug (free or
liposome encapsulated) was injected into the epidural
space. Epidural and intrathecal samples were col-
lected into scintillation vials every 5 min (50 uL sam-
ples) for 1 h and every 10 min (100-uL samples) for an
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Table 1. In Vivo Kinetic Variables for Small Lipid/Opioid Ratio Liposomes and Free Opioid

tl /2B Cmax

Time to C,,,..

AUC(0724O min)
(min) (ug/mL) (min) (ug - min ' - mL)

Compartment Free  Liposomal Free Liposomal Free  Liposomal Free Liposomal
Morphine

Epidural 41 £ 11* 119 * 47* 59 * 34* 8.4 = 4.7% 56+ 1.8* 34 +24* 1,333 £ 609* 841 *+ 636*

Intrathecal 48 = 21* 95 * 50* 2.8 + 1.9% 0.7 = 1.0 26 =13* 52 *+16* 190 * 121* 93 = 90*

Plasma 64 = 10* 135 = 81* 0.0133 = 0.0053* 0.0042 = .002* 9 *+48% 63+ 28* 1.0 = 0.3* 0.5 = 0.3*
Sufentanil

Epidural 185 = 159 144 * 35 0.42 = 0.1% 0.09 = 0.08* 7 *£35% 22 +17% 11 +6.8 11 +12

Intrathecal 96 =55 160 =102  0.093 * 0.24 0.02 £ 0.04 2118 32*20 20+39 20*+29

Plasma 119 =39 287 = 136* 0.0006 + 0.0003* 0.0003 + 0.0002* 6.2 £5.7* 59 £37* 0.03 =0.01 0.042 = 0.02

t;o = apparent terminal half-life; AUC = area under the curve.

* P = 0.05 for animals treated with liposome versus free or soluble drug formulation.
Table 2. In Vivo Pharmacokinetic Variables for Large Lipid/Opioid Ratio Liposomes and Free Opioid

t1/2{3 Cmax Tlme to Cmax AUC(O—24O min)
(min) (ug/mL) (min) (ug - min~' - mL)

Compartment Free Liposomal Free Liposomal Free Liposomal Free Liposomal
Morphine

Epidural 20 = 14* 46 = 45* 177 = 103* 11 = 6* 5x0 8*+7 1536 +682% 255+ 128*

Intrathecal 32 =28 46 = 38 227 3.4 +1.4* 18+x21 21=*16 455 = 124* 115 + 55*

Plasma 61 =£21* 83 =24* 0.013 = 0.0034* 0.0027 = 0.0016* 6*22 164 *+147 09 =*02* 0.4 +0.1%
Sufentanil

Epidural 147 =52 178 =55 0.58 = 0.37 0.14 = 0.01 8§27 9+24 140=x79 84 =*36

Intrathecal 67 =20 121 =69  0.081 = 0.078 0.016 £ 0.018 14.0*=82 22+*7 33x17 1.7+ 15

Plasma 136 £90 300 = 129 0.0004 + 0.0003 0.0001 = 0.00002 2.6 =1 66 +57 0.027 = 0.01* 0.021 * 0.006*

t1 /25 = apparent terminal half-life; AUC = area under the curve.

* P = 0.05 for animals treated with liposome versus free or soluble drug formulation.

additional 3 h after each injection. Arterial blood sam-
ples (3—4 mL) were collected at 0, 2, 5, 10, 20, 40, 60, 90,
120, 150, 180, and 240 min.

To determine drug concentrations in dialysate sam-
ples, 5 mL of Hydrofluor scintillation fluid was added
to the samples. The samples were counted in a Pack-
ard liquid scintillation counter (Tri-Carb 2000; Pack-
ard, Downers Grove, IL) for 15 min or until the sp of
disintegrations per minute was =2%. All samples
were corrected for background.

Morphine concentration in plasma was analyzed by a
selected-ion monitoring gas chromatography/mass
spectrometry method originally described by Grinstead
(8) (gas chromatograph model HP5890I with an HP-
5MS column; mass spectrometry model HP5989A;
Hewlett-Packard Co., Wilmington, DE). In our labora-
tory, the recovery of morphine from plasma after extrac-
tion was 95%, with a detection limit of 1.0 ng/mL and a
between-run coefficient of variation of <8% between 35
and 150 ng/mL.

Quantitation of sufentanil in plasma was performed
with the same gas chromatography/mass spectrome-
try instruments described previously by using the pro-
cedure reported by Woestenborghs et al. (9). In our
laboratory, the recovery of sufentanil from plasma
was 85%, with a detection limit of 0.03 ng/mL and a

between-run coefficient of variation of 10% at 0.5
ng/mL.

The area under the concentration-time curves
(AUCy_540 min) Was calculated from the time of epi-
dural drug administration to the last sample collected
(240 min) in the epidural, intrathecal, and plasma
compartments by using the linear trapezoidal rule
(10). The terminal half-life (t; ,,) of free and liposome
formulations were derived from the first-order termi-
nal phase of the concentration-time profiles. For the
epidural and intrathecal compartments, the apparent
t;op reflects the drug disappearance rate from each
compartment and is not intended to estimate meta-
bolic clearance of the drug from the systemic circula-
tion. A minimum of five data points in the log-linear
terminal phase of each profile were used to estimate
half-lives.

All data are expressed as mean *+ sp. Because free
drug and liposomally encapsulated drug were always
administered to the same animal during the same
experimental session, Student’s paired t-test (two
tailed) was used to compare the pharmacokinetics of
free drug with that of liposomally encapsulated drug.

Because the large lipid/opioid ratio liposomes and
the small lipid / opioid ratio liposomes were studied in



SMIAGZIUMIPXZOBBAROATIAEIOPIASALLIAIPOOAEIEAHIOIN/AD AUMY TXOMADYOIAXYOH

1s96Z3Y10+eyNIOITWNOIZTARMHAOSHNQYE AQ eisableue-eisayisaue/Wwod’ Mm| sfeulnol;/:dny wouy papeojumoq

¥202/60/T0 uo

ANESTH ANALG
2001,93:928-33

Morphine Sufentanil
= 100 1000 .
o =
E"- kK o Free s g’
= 3 £
Q) ® Liposome ‘% =
g 10 100

£ § % s g
IS 3 :
g (793 LI £
E SEST “Onng,. oeeieEs |2
= 1 65566 I 0 GEGGGU@GG@G E
5 855, 5
2 3z =
=3 Iy 2
Yo 1 w

0 50 100 150 200 250 © 50 100 150 200 250
= 100 1000 =
E 5
5 £
EY £
% 10 100 =
c

] %’%% g
$ ¥ 1 §sssass 2
= e Lo 3% $844648437 | B
g i ] izggngﬁgg;; 883555555555 g
3 01 s58 1 i
io g
£ £
Son 01 =

[ 50 100 150 200 250 O 50 100 150 200 250

100 10

E =
E £
E g
T 10 o =
@ 10 1 =
£ ®e b T
[ P € g o s b
2 L . s § 0 & ¥ & ol
s 7 e| My 4 2
E 2 E
o s
0.1 .01 %

0 50 100 180 200 20 ¢ 50 100 150 200 250

Time (min) Time (min)

Figure 1. Concentration-time profiles after a single epidural dose of
free or soluble () and liposomal (®) morphine sulfate and sufen-
tanil. Liposomes with small lipid/drug ratios were given to these
animals. Data for epidural, and intrathecal compartments are de-
rived from microdialysis dialysates and represent free drug (i.e.,
unbound to protein or liposomes). Data points represent the mean
and sEM from 10 individual pig studies.

different animals, we normalized the effect of liposo-
mal formulation in each animal by comparing encap-
sulated drug with unencapsulated drug in that animal
(e.g., epidural AUC of free drug divided by AUC of
encapsulated drug). Differences between liposome
formulations were then assessed by Student’s un-
paired t-test (two tailed). Differences for all statistical
tests were considered significant for P < 0.05.

Results

The efficiency of drug incorporation into the lipo-
somes was significantly greater for sufentanil (the
most lipophilic opioid tested) (99% =+ 5%) than for the
other three drugs that did not differ from one another
(morphine, 30% * 5%; alfentanil, 25% * 6%; fentanyl,
30% = 4%). However, sufentanil was also released
more rapidly (t, , = 27.7 = 1.8 h) than fentanyl (t, ,, =
54 = 1.2 h) and alfentanil (t,,, = 46.2 = 4.2 h), which
were both released more rapidly than morphine (t, ,,
= 1038 = 408 h). Because sufentanil and morphine
represented the extreme in encapsulation efficiency, in
vitro liposome release rates, and lipid solubility, we
chose these opioids for further testing in the in vivo pig
model.
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Figure 1 shows the mean (n = 10) concentration-
time profiles in epidural, intrathecal, and plasma com-
partments after epidural administration of free and
small lipid/opioid ratio liposomal formulations of
morphine and sufentanil. As expected, when admin-
istered as free drug, morphine and sufentanil reached
maximum concentrations (C,,,,) rapidly in all com-
partments (within 10 min), followed by an immediate
decline. When administered in liposomes, morphine
concentrations increased significantly more slowly in
the epidural space, intrathecal space, and plasma to
reach C,,, between 30 and 60 min. For sufentanil,
liposomal encapsulation also resulted in a signifi-
cantly slower increase to C,,,, in plasma and epidural
compartments, but not in the intrathecal compartment
(Table 1).

Liposomal encapsulation also altered the magni-
tude of C,,,, (Table 1). Compared with free morphine,
liposome-encapsulated morphine produced a C,_.,
that was significantly smaller in all three sampled
compartments. For sufentanil, liposome encapsulation
resulted in statistically significant reductions in C
only in the epidural and plasma compartments.

For morphine, liposome encapsulation resulted in a
significant increase in apparent t;,,5 from all three
compartments (Table 1). In contrast, liposomal encap-
sulation did not increase t;,, significantly for sufen-
tanil. Consistent with these findings, epidural, intra-
thecal, and plasma AUC( 54 min) Values were
significantly smaller for the liposomal formulation of
morphine compared with free morphine, indicating
that 40%-50% of the morphine initially loaded into the
liposomes remained there after 6 h. For sufentanil,
AUC(( 240 miny values in epidural, intrathecal, and
plasma compartments were nearly equal for free and
liposomal drug formulations (Table 1). Thus, all the
liposome-associated sufentanil became bioavailable
within the 240-min experimental period.

An additional pharmacokinetic difference between
free and liposomally encapsulated drug is that free
drug concentrations decreased in a biphasic manner,
whereas liposomally encapsulated drug concentra-
tions decreased in a slower, monophasic manner after
Chax levels were reached.

Table 2 shows the within-animal comparisons be-
tween free opioid and large lipid/opioid ratio lipo-
somes. As with the small lipid /opioid ratio liposomes,
morphine encapsulation in the high lipid content lipo-
somes significantly decreased the AUC,,, and C,,, in
all compartments compared with the free drug. The
apparent t; ,5 was also increased in all compartments,
but the differences reached statistical significance only
in the epidural and plasma compartments. It is inter-
esting that, unlike the small lipid liposomes, encapsu-
lation in the large lipid content liposomes did not
significantly increase the time to C,,, for morphine in
any compartment. For sufentanil, encapsulation in the

max
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high lipid content liposomes had no significant effect
on any pharmacokinetic variable in any compartment,
except AUC,4,, which was slightly but significantly
less in the plasma compartment.

The more interesting and novel question addressed
in this study is whether increasing the lipid/opioid
ratio altered drug disposition between compartments.
For morphine, increasing the lipid /opioid ratio signif-
icantly increased intrathecal AUC,,, relative to that in
the epidural space, suggesting more drug transfer
from the epidural to the intrathecal space for the large
lipid liposomes (Table 3). Intrathecal C,,,, relative to
plasma C,,, was significantly decreased for the large
lipid/ opioid ratio liposomes compared with the small
lipid/ opioid ratio liposomes, a finding consistent with
relatively larger drug transfer into the intrathecal
space relative to the plasma space. In contrast, increas-
ing the lipid content of sufentanil liposomes did not
affect the distribution of sufentanil between epidural
and intrathecal spaces. However, increasing the lipid
content did significantly decrease plasma C,,,, rela-
tive to both epidural and intrathecal C,,,,, suggesting
a decreased drug movement into plasma.

Discussion

The purpose of these studies was to determine the
efficiency with which the most commonly used opi-
oids are entrapped within liposomes and to quantify
the rate at which they are released in vitro and in vivo.
More important, we sought to determine whether and
how liposomal drug encapsulation and lipid/drug
ratios alter the pattern of opioid distribution among
epidural, intrathecal, and plasma compartments after
epidural administration. An important point to bear in
mind is that continuing studies in our laboratory have
confirmed that there is no sequencing effect when
making two consecutive injections into the pig epi-
dural space (data not shown).

The in vitro data demonstrate that all four opioids
studied can be entrapped in MLV with varying effi-
ciency. We had anticipated that hydrophobicity would
be the most important determinant of incorporation
efficiency. However, the fact that morphine, alfentanil,
and fentanyl (octanol/buffer distribution coefficients
of 1,129, and 955, respectively) had comparable incor-
poration efficiencies (25%-30%) suggests that this was
not the case. It is noteworthy that sufentanil (octanol/
buffer distribution coefficient of 1737) did have the
highest incorporation efficiency (100%). The reason for
this is unclear. It may be that the effect of hydropho-
bicity on opioid entrapment is a threshold phenome-
non. That is, hydrophobic character may have little
influence on entrapment efficiency below a certain
threshold value, which is exceeded by sufentanil but
not by the other opioids.

ANESTH ANALG
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Hydrophobicity appears to have a clearer effect on
the rates at which the tested opioids were released
from liposomes in vitro. Morphine, the most hydro-
philic drug, had the slowest release rate, whereas
sufentanil, the most hydrophobic drug, exhibited the
fastest release rates. Alfentanil and fentanyl, with in-
termediate octanol/buffer distribution coefficients,
had intermediate release rates. These findings may
offer some insight into the distribution of these opi-
oids in liposomes. Specifically, given morphine’s high
aqueous solubility, it is likely that it is entrapped
within the aqueous interior of the liposome. Egress
from the liposome would require that morphine tra-
verse multiple lipid bilayers, which would be ex-
pected to be a slow process given morphine’s hydro-
philic character. In contrast, sufentanil would be
expected to preferentially partition into the lipid bi-
layers. Because the outermost lipid bilayers have the
largest volume, they should contain the largest
amount of sufentanil; consequently, sufentanil’s re-
lease should be rapid.

Consistent with its behavior in the in vitro arm of the
study, sufentanil was released more rapidly in vivo
than was morphine. The fact that AUCs for sufentanil
were not different in any compartment indicates that
all of the encapsulated sufentanil had been released
over the 240-minute study period. In contrast, less
than half of the encapsulated morphine had been re-
leased over the same time period. As with morphine,
the monoexponential decrease in sufentanil concentra-
tion in each compartment and the lack of secondary
peaks suggest that the drug was released at a rela-
tively constant rate. It is not clear why encapsulation
in large lipid /opioid ratio liposomes did not also alter
sufentanil’s C,,, or the time required to reach C,,, in
the epidural space. The most likely explanation is that
a larger proportion of the encapsulated sufentanil re-
sides in the outer lipid bilayers in these large lipid/
opioid ratio liposomes and is therefore more rapidly
released into the epidural space.

The most striking and novel finding of this study
relates to the effect of increasing the liposomal lipid/
opioid ratio on drug movement between compart-
ments. For morphine, increasing the lipid content re-
sulted in a significantly larger transfer of drug into the
intrathecal compartment relative to the amount of
drug present in the epidural compartment over the
same time period. The mechanism for this is unclear,
but previous in vitro studies by Bernards and Kern (11)
and Ummenhofer and Bernards (12) provide a possi-
ble explanation. These investigators demonstrated
that esters of fatty acids (including palmitate from
which our liposomes were prepared) increase the
meningeal permeability of hydrophilic drugs (e.g.,
morphine) but not hydrophobic drugs (e.g., sufen-
tanil) in vitro. Given that there was significantly more
dipalmitoyl phosphatidylcholine present in the large
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Table 3. Effect of Lipid/Opioid Ratio on Intercompartmental Pharmacokinetic Variables

Intrathecal/epidural Plasma/intrathecal Plasma/epidural
AUC ratio AUC ratio AUC ratio
Lipid/opioid ratio Morphine Sufentanil Morphine Sufentanil Morphine Sufentanil
Small 0.14 =0.14* 013*x013 439*211 015*x0.15 098 =0.57 0.02 = 0.03
Large 0486 +0.167 019*012 3.85*093 007 *£0.07 0.86 = 0.50 0.003 + 0.001
Intrathecal/epidural Plasma/intrathecal Plasma/epidural
Cnax ratio Cpaax ratio Cax ratio
Morphine Sufentanil Morphine Sufentanil Morphine Sufentanil
Small 0.14 = 0.13* 013+011 424 +22* 0.09*£0.08 0.60 = 0.37 0.01 = 0.01%
Large 0.36 = 0.15 0.15+0.06 093073 0.04 £0.04 093 *0.73  0.00082 *+ 0.00019

* P < 0.5 for small lipid /opioid ratio liposomes compared with large lipid/opioid ratio liposomes.

AUC = area under the curve.

lipid content liposomes, it is possible that fatty acid
esters released from the liposomes could have parti-
tioned into the arachnoid matter, thereby increasing
local meningeal permeability. Increased meningeal
permeability is one possible explanation for the obser-
vation that morphine content was larger in the intra-
thecal space relative to the epidural space for large
lipid content liposomes. Regardless of the mechanism,
the potential clinical significance of this finding is that
encapsulation of morphine in appropriately formu-
lated liposomes may offer a mechanism to both pro-
long the drug’s duration of action as well as increase
the fraction of drug reaching the intrathecal space
while simultaneously reducing the relative amount of
drug reaching the plasma.

It is interesting to note that increasing the lipid
content of the sufentanil liposomes resulted in a sig-
nificant decrease in plasma C,,, relative to both the
epidural and intrathecal spaces. The mechanism for
this is unclear. However, if confirmed in humans, the
significance of this finding is that encapsulation of
sufentanil in large lipid content liposomes may offer a
way to decrease systemic uptake relative to intrathecal
transfer and thereby decrease systemic side effects
that are related to peak drug concentration.

In conclusion, we found that liposomal encapsula-
tion of morphine resulted in a sustained release prep-
aration that prolonged the drug’s presence in plasma,
epidural, and intrathecal compartments. In contrast,
liposomal encapsulation of sufentanil did not result in
an important prolongation of the drug’s presence in
any sampled compartment. However, encapsulation
in high lipid content liposomes did reduce plasma
Conax relative to C ., in the other compartments. More
important was our finding that liposome composition
does not simply affect the rate at which a drug be-
comes bioavailable in the epidural space; it can also
alter the intercompartmental distribution of the drug

after it is released. This finding suggests a novel
method to effect some control over the relative distri-
bution of epidurally administered drugs.
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