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Abstract

The ability of nano (~100nm) sterically stabilized liposomes (nSSLs) to target tissue invaded by a foreign body was
demonstrated. Radioactively labeled nSSL remote loaded with the anti-inflammatory drug methylprednisolone hemisuccinate
(MPS), to form nSSL-MPS, were injected i.v. to mice that, 2 or 3 weeks earlier, had either a thorn or a needle implanted in a
hind leg. Twenty-four hours post-nSSL—MPS injection, animals were sacrificed, and the level of liposomes in the vicinity of
the foreign body, in comparison to the tissue in the contralateral (normal) leg, was measured. The level of liposomes in the
tissue surrounding the foreign body was twice as high as the level of liposomes found in the normal leg. Furthermore, the level
of liposomes in the normal leg was similar to the level of liposomes measured in the legs of control animals that did not have an
implanted foreign body and were treated with nSSL—MPS. The implications of these findings and the clinical applications of
liposomal targeting are discussed.
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Abbreviations: MPS, methylprednisolone hemisuccinate; nSSL, nano-sterically stabilized liposome; SUV, small unilamellar
vesicle; PEG, polyethylene glycol

Introduction biodistribution (Barenholz 2001; Torchilin 2005),
utilizing the compromised vasculature in these
diseased tissues (Dvorak et al. 1988), as shown in
cases of cancer (Gabizon et al. 1994, 1997),
inflammatory conditions (Crommelin et al. 1999;
Metselaar et al. 2004; Avnir et al. 2008), and
infectious diseases (Storm et al. 1998).

In this study, we sought to utilize these targeting

The anti-cancer drug Doxil was the first nano-drug
delivery system to be approved by the FDA (Barenholz
2001, 2007). Doxil is a formulation of ~100nm
PEGylated liposomes, also referred to as nano-
sterically stabilized liposomes (nSSLs), remote loaded
with doxorubicin by means of an ammonium sulfate
gradient (Haran et al. 1993). Since then, many other

liposomal drugs, varying in size, structure, and lipid
composition of the liposome, and with different
therapeutic aims, have been approved. The rationale
behind the development of nSSL drug delivery
systems is to improve drug pharmacokinetics and

abilities to deliver drugs, such as the anti-inflammatory
steroid methylprednisolone hemisuccinate (MPS), to
tissue invaded by a foreign body. Examples of foreign
body injuries are those resulting from explosions (e.g.,
shrapnel), work accidents, etc. In many cases, it is
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contraindicated to attempt to surgically remove these
foreign bodies, as such a procedure may injure vital
organs. In most cases, the foreign body becomes a
constant source of pain and inflammation (Chaudhri
et al. 1994; McKenzie and Tiernan 2004; Miller et al.
2004; Peyser et al. 2006).

We approached the study of this problem by
implanting a foreign body into the hind leg of mice.
After 2 or 3 weeks, radioactively labeled nSSL—-MPS
was injected i.v. After 24h, enabling liposomes to
passively target the tissue invaded by the foreign body
(Gabizon et al. 1997), tissues surrounding the implant
as well as a number of organs were removed, and their
radioactivity was quantified.

Materials and methods
Preparation of >H-labeled nSSL—MPS

Nano-sterically stabilized liposomes composed of fully
hydrogenated soybean phosphatidylcholine, Tm
53°C, Mw 750, having an iodine value of 3.0 (Lipoid,
Ludwigshafen, Germany), 51 mol%; methoxy 2-kDa
polyethylene glycol—distearoyl phosphoethanolamine
(*°°°PEG-DSPE), Mw 2774 (Genzyme, Liestal,
Switzerland), 5 mol%; cholesterol (Sigma, St Louis,
MO, USA), 43.56 mol%j; and a trace amount of *H-
labeled cholesteryl hexadecyl ether (Perkin-Elmer,
Boston, MA), 0.44 mol% (0.5 wCi/wmol phospholi-
pid) were remote loaded with the highly potent anti-
inflammatory steroid MPS, Mw 496.53, (Pharmacia,
Puurs, Belgium), as previously described (Schroeder
et al. 2007; Avnir et al. 2008).

Final MPS and phospholipid levels were deter-
mined by HPLC (Schroeder et al. 2007) and the
modified Bartlett method (Shmeeda et al. 2003),
respectively, and indicated a drug-to-phospholipid
mole ratio of ~0.33.

In vivo model

All in wvivo experiments followed strict ethical
guidelines dictated by the Ethics Committee and the
Institutional Animal Care and Use Committee of
the Hebrew University—Hadassah Medical Center,
Jerusalem, Israel.

Eight-week-old female SJL. mice of similar weight
were divided into three test groups (five animals per
group): (a) thorn-implanted, (b) needle-implanted,
and (c) not implanted (control). Animals of groups
(a) and (b) were anesthetized using a ketamine—
xylazine solution injected i.p., and the fur over the left
hind leg was removed using a hair-removal cream
(Depicare, Careline, Yeruham, Israel). Then either a
thorn (cut 1cm from the tip, measuring ~ 1.4 mm
diameter at the base) from a Lycium europaeum bush,
or a 19G injection needle tip (1.1 mm in diameter, cut
1 cm from the tip), each sterilized in ethanol, was fully

inserted into the upper muscle of the leg, where they
remained for 2 or 3 weeks. During this period, the
animals did not show any stress-related symptoms,
behavioral changes, or weight loss. Two weeks after
implanting the thorn and 3 weeks after implanting
the needle, either 100 ul [to group (b)] or 200 pul
[to groups (a) and (c)] of the radioactively labeled
nSSL dispersion (8 mM phospholipids) was injected
i.v., and 24 h later mice were sacrificed by injecting
ip. 200l of a 4%wt chloral-hydrate (Sigma) in
0.9%wt saline (TEVA, Ashdod, Israel). Kidneys, liver,
spleen, heart, and lungs, as well as the tissue
surrounding the implants, and the tissue from the
opposite, healthy leg were extracted and quantified for
the liposomal marker (3H), as described below.

Analytical procedures

Liposome size distribution analysis. Liposome size
distribution was measured by dynamic light
scattering using an ALV-NIBS/HPPS particle sizer
equipped with an ALV-5000/EPP multiple digital
correlator, at a scattering angle of 173° (ALV, Langen,
Germany). Liposome diameter was found to be
~84 nm.

MPS quantification. The level of MPS in *H-labeled
nSSL was determined by immersing samples in a
chloroform-sample—methanol (1:1:1 by vol)
solution, which was vortexed for 1min and then
centrifuged, using a desk centrifuge, to form two
phases. The upper, aqueous phase, which contains
>99% of the MPS (verified by using an internal
standard of a similar non-liposomal steroid,
hydrocortisone, at a known concentration), was
separated from the chloroform-rich lower phase,
which contains the lipids. The drug level was then
determined by HPLC as previously described
(Schroeder et al. 2007). MPS extraction from tissue
and plasma and quantification were described in detail
by Smith et al. (Smith 1979) and Barenholz and
coworkers (Avnir et al. 2008)

Liposome biodistribution. After organs and tissue were
extracted and homogenized (Polytron, Kinematica,
Germany) in 5ml 30% Triton X-100, they were kept
for 72 h at 37°C, to properly solubilize the lipid in the
detergent. Then, 15 ml of a liquid scintillation cocktail
(Opti-Fluor, Packard Bioscience, Meriden, CT, USA)
was added to the samples and left to incubate
overnight at RT. The radioactivity level was
measured using a B-ray liquid scintillation counter
(Betamatic, Kontron) and then the radioactive level
was normalized according to tissue weight.



Figure 1. An X-ray image of an implanted needle in the upper
muscle of the hind leg of an SJL mouse.

Results and discussion

Injuries in which foreign bodies penetrate organs or
tissues are prevalent in, among others, teenagers
working in garden maintenance and supply stores
(Dunn et al. 1998), construction workers (Driscoll
and Hanson 1997; MMWR 2007), civilians, and
soldiers injured in war zones (Gasparovic et al. 2004;
Gawande 2004; McKenzie and Tiernan 2004; Peleg
et al. 2006). Due to the nature of these injuries, they
are not confined to specific body organs or tissue.
Therefore, we sought to develop a treatment modality
that can target the tissue invaded by foreign bodies in
multiple locations, irrespective of their composition,
by utilizing the exceptional targeting abilities of nSSL..
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Herein, we describe a study on the ability of nSSL,
loaded with the anti-inflammatory drug MPS, to
target tissue in which an implanted foreign body leads
to local inflammation. The nSSL are expected to
accumulate at the inflamed site still loaded with a
sufficient level of drug, which then can be released in a
controlled manner, for example, by means of
manipulating the liposome formulation features
and/or by imposed chemical or physical means, such
as focused ultrasound (Barenholz and Crommelin
1994; Barenholz 2001; Schroeder et al. 2007).

Foreign body injuries were simulated by implanting
either a thorn or the tip of an injection needle into the
muscle of a hind leg of SJL. mice (Figure 1). Two or
three weeks later, radioactively labeled nSSL loaded
with MPS were introduced i.v., and the level of
liposomes that targeted the vicinity of the foreign body
were quantified.

Measuring the level of nSSL—MPS in the leg with
an implanted needle or thorn showed (Table I) that, as
a percentage of the administered dose, nearly twice the
amount of liposomes reached the tissue surrounding
the implanted foreign body (0.42% = 0.14 and
0.44% = 0.07 for implanted thorn and needle,
respectively), in comparison with the other (normal)
leg (0.22% £ 0.07 and 0.19% = 0.05 for implanted
thorn and needle, respectively). This suggests that a
similar preferential effect occurs in both cases,
irrespective of the nature of the implanted foreign
body (thorn or needle), most likely due to inflam-
mation in the tissue surrounding the foreign body.
Furthermore, the drug level (calculated from the
radioactive level) in the leg with an implanted thorn
was 1.09 = 0.36ng MPS in comparison to
0.57 = 0.19ng MPS in the contralateral (normal)
leg, and 0.58 = 0.10ng MPS in the leg with an
implanted needle in comparison to 0.26 = 0.07 ng
MPS in the contralateral (normal) leg. Taking into
account that the actual dose administered to animals
with an implanted thorn was twice as high as the dose
administered to animals with an implanted needle

Table I. nSSL levels in animals with different implanted foreign bodies.

Percentage of total injected dose

Model animal Thorn Needle Control (mice with no implant)
Leg with implant 0.42 + 0.14 0.44 = 0.07 0.24 = 0.04
Normal leg 0.22 = 0.07 0.19 = 0.05 0.23 = 0.10
Heart 0.32 = 0.08 0.33 = 0.09 0.42 = 0.05
Liver 0.70 = 0.19 0.57 = 0.12 0.73 = 0.14
Spleen 0.77 = 0.07 0.59 + 0.12 1.8 £ 0.16
Kidney 0.91 = 0.14 0.91 = 0.18 1.54 = 0.21
Lungs 0.49 = 0.05 0.44 = 0.09 0.63 = 0.16

Using -test, a statistically significant difference was found between the leg with an implanted foreign body and the legs of animals in the
control group or normal legs of animals with an implant (p < 0.02 for the thorn and p < 0.01 for the needle). Furthermore, normal legs
(contralateral to the legs with the implant) of animals with an implanted foreign body had nSSL similar to those found in legs of the control
group. In other organs, a statistically significant lower nSSL level was found in the spleen and kidneys (p < 0.001 and 0.005, respectively) of
animals with an implanted foreign body in comparison with animals in the control group.
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(0.26 and 0.13mg MPS in thorn and needle legs,
respectively, see Materials and methods), the actual
drug levels in tissue seem to be comparable.
Suggesting that the ratio of drug in the leg with the
implanted foreign body to that in the other healthy leg
is maintained, irrespective of the administered dose
(~2-fold increase in the leg with the implant), and
that the actual drug level in tissue is dictated by the
overall administered dose.

The levels of nSSL found in the healthy legs of
animals with an implanted foreign body (Table I) were
similar to the nSSL levels found in both legs of the
control group, which had no implanted foreign body
but was administered nSSL-MPS (0.22% = 0.07 in
the healthy legs of animals with an implanted thorn,
0.19% = 0.05 in the healthy legs of animals with an
implanted needle, and either 0.24% = 0.04 or
0.23% = 0.10 in the legs of the control group).
These data, together with the fact that the levels of
nSSL in the heart, liver, kidneys, spleen, and lungs of
animals with an implanted foreign body or in the
control group are unaffected by the presence of a
foreign body (Table I), suggest that inflammation-
related passive targeting is the main mechanism by
which liposomes are delivered to tissue in the vicinity
of the foreign body.

Despite the elevated concentration of nSSL found
in tissue with an implanted foreign body, and the
relatively high level of nSSL in this tissue in respect to
the level of nSSL recovered from the pooled organs
(10.8% = 1.5 of the total nSSL recovered from the
legs, heart, liver, kidney, spleen, and lungs of animals
with an implanted thorn; and 18.7% = 8.4 of the
nSSL recovered from similar organs of animals with
an implanted needle), the overall recovery of nSSL
from all organs was slightly lower than expected, most
likely due to the method of recovery and to the
presence of nSSL in other organs (such as the skin) or
in circulation, which were not in the scope of this
study (Allen et al. 1991; Gabizon et al. 2003);
however, this aspect requires further investigation.

Conclusions

This pilot study tested the ability to target tissue
damaged by a foreign body, simulated by either an
implanted thorn or a needle, with nSSL loaded with a
highly potent anti-inflammatory drug. Twenty-four
hours after administering nSSL i.v., their level in the
vicinity of the implanted foreign body was found to be
twice as high as their level in the contralateral (normal)
leg or in the legs of control animals. While the actual
level of nSSL in the target site is dictated by the total
administered dose, the ratio between the level of nSSL
in tissue with an implanted foreign body and the
contralateral healthy tissue seems to be constant and
independent of the nature of the implant. We propose
that this approach may be utilized for targeting drugs,

such as anti-inflammatories, to tissue damaged by
foreign bodies; furthermore, such an approach may
prove to be useful for the targeting of drugs to the
vicinity of implanted medical devices, in order to
achieve a localized therapeutic effect.

Taking into consideration the results presented
herein, further preclinical studies of the mechanism of
targeting and the extent of such an approach for
targeting invading foreign bodies by nSSL are
warranted.
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