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ABSTRACT

Purpose A strategy not usually used to improve carrier-mediated
delivery of therapeutic enzymes is the attachment of the enzymes
to the outer surface of liposomes. The aim of our work was to
design a new type of enzymosomes with a sufficient surface-
exposed enzyme load while preserving the structural integrity of
the liposomal particles and activity of the enzyme.

Methods The therapeutic antioxidant enzyme superoxide dis-
mutase (SOD) was covalently attached to the distal terminus of
polyethylene glycol (PEG) polymer chains, located at the surface
of lipid vesicles, to obtain SOD-enzymosomes.

Results The in vivo fate of the optimized SOD-enzymosomes
showed that SOD attachment at the end of the activated PEG
slightly reduced the residence time of the liposome particles in the
bloodstream after [V administration. The biodistribution studies
showed that SOD-enzymosomes had a similar organ distribution
profile to liposomes with SOD encapsulated in their aqueous
interior (SOD-liposomes). SOD-enzymosomes showed earlier
therapeutic activity than both SOD-liposomes and free SOD in rat
adjuvant arthritis. SOD-enzymosomes, unlike SOD-liposomes,

have a therapettic effect, decreasing liver damage in a rat liver
ischemia/reperfusion model.

Conclusions SOD-enzymosomes were shown to be a new and
successful therapeutic approach to oxidative stress-associated in-
flammatory situations/diseases.

KEY WORDS antioxidant therapy - liver ischemia/reperfusion
PEGylated liposomes - ratadjuvantarthritis - superoxide dismutase
enzymosomes
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SATA N-succinimidy! S-acethylthioacetate
SOD-ATA Thiolated Superoroxide dismutase
SOD-AT Deacetylated SOD-ATA
INTRODUCTION

The clinical use of therapeutic enzymes is expected to attain in
incoming years a global market of more than 5,000 million
dollars [1]. Oxidative stress, 1. e. “an imbalance between oxi-
dants and antioxidants in favour of the oxidants, leading to a
disruption of redox signaling and control and/or molecular
damage” [2] has been associated with inflammation, with
1schemia/reperfusion injury and also with the development of
several diseases [3]. Superoxide dismutases (SODs) were first
shown to have anti-inflammatory activity more than 40 years
ago [4-6], and protective effects have been observed in several
oxidative stress-related diseases [7]. However, the therapeutic
success of SODs has been hindered by rapid clearance from
blood by glomerular filtration and, consequently, low accumu-
lation in the pathological areas. Therefore, the therapeutic
potential of systemically administered SOD can be better
exploited if its plasma half-life is increased which could result
in an increased enzymatic activity at the target site as well [8, 9].

Several strategies have been used to prolong the circulation
time and improve the therapeutic action of SODs. Among
them are SOD conjugation or chemical modification with
polymers [10] or with acyl chains [11], SOD incorporation
mnto delivery systems [9, 12], and the development of recombi-
nant SOD [13]. In previous work, we showed that the admin-
istration of SOD associated to carrier systems minimizes tissue
damage in oxidative stress-related disease models [14, 15].
Also, we developed and optimized the following SOD-
containing liposomal formulations: I. For parenteral use:
Long-circulating PEG-liposomes with a) SOD encapsulated
in their aqueous interior SOD-liposomes, and b) Acyl-SOD
incorporated in the lipidic inner and outer bilayers of liposomes
(Acyl-SOD-enzymosomes) (Acyl-SOD was SOD chemically
modified by covalent linkage of fatty acid chains to the acces-
sible e-amino groups of the enzyme, 1s a different enzyme entity
as evidenced by its affinity to hydrophobic regions of the
liposomal membranes and its different physicochemical prop-
erties such as octanol/water partition coefficient) [16]. Both
liposomal SOD formulations demonstrated long circulation
times in the blood in order to accumulate at inflamed target
sites by enhanced permeability and retention effect [8, 17]. IL
For topical use: ¢) SOD Transfersomes® (mixed lipid deform-
able vesicles especially designed for transdermal delivery) [12].

With this work we aimed at developing and optimizing distal
surface-exposed SOD enzymosomes (SOD-enzymosomes)
with long circulation times in the blood, in order to allow their
accumulation at inflamed target sites and rapid display of
enzymatic activity. Since for these SOD-enzymosomes release
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from the liposome particles is not needed and the distal location
from the carrier surface obviates steric hindrance to the acces-
sihility of substrate to the catalytic site of the enzyme, SOD is
immediately available for therapeutic action once the particles
enter the inflamed area [18]. In fact, the improvement of
carrier-mediated delivery of therapeutic enzymes through at-
tachment of the enzyme to the outer surface of liposomes, is an
unusual strategy since only a few publications [11, 16, 19-22]
report on the preparation of carriers with hydrophobized en-
zymes that become partially exposed at the surface of lipo-
somes, while many publications report on the attachment of
antibodies to the liposome surface for active targeting.

With this aim in mind we designed a new ‘brand’ of SOD-
enzymosomes, by covalently attaching SOD to the distal ter-
minus of polyethylene glycol (PEG) chemically bounded to
head groups of liposome particles. The presence of PEG is
expected to shield the exposed enzyme at the liposomal surface
to the medium while not blocking the access of the enzyme to its
substrate. After proper design and characterisation, i viwo fate
and therapeutic activity studies were carried out, comparing
the newly developed PEG-enzymosomes with surface-exposed
SOD (SOD-enzymosomes) with the PEG-liposomes with en-
capsulated SOD in the internal aqueous space (SOD-
liposomes). Two pathological models were used: a rat adjuvant
arthritis model and a liver ischemia/reperfusion model.

MATERIALS AND METHODS
Materials
Chemicals

1,2-distearoyl-sn-glycero-3-phosphoethanolamine-
N-[maleimide (polyethylene glycol)-2000] (ammonium salt),
(maleimide-PEG-PE), 1,2-distearoyl-sn-glycero-3-
phosphoethanolamine-N-[methoxy (polyethylene glycol)-
2000] (PEG-PE) were purchased from Avanti Polar Lipids,
Inc. Egg phosphatidylcholine (PC) was obtained from Lipoid
GmbH. '"'In-8-hydroxyquinoline (*''In-oxine) was obtained
from Mallinckrodt, Petten, The Netherlands. Mycobacterium
butyricum (killed and dried) and the Incomplete Freund
Adjuvant were purchased from Difco Laboratories (Detroit,
MI, USA). Bovine Cu,Zn-superoxide dismutase (SOD) was
from Sigma-Aldrich. N-succinimidyl S-acethylthioacetate
(SATA) was from Thermo Scientific Pierce.

Animals

For all experiments male Wistar rats older than 2.5 months
and weighing 200-300 g were used. For pharmacokinetic and
biodistribution studies rats were obtained from the Central
Animal Facility of the Medical Faculty of the University of
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Nijmegen, The Netherlands. For the therapeutic activity ex-
periments rats were obtained from Charles Rivers, Barcelona,
Spain (rat adjuvant arthritis model) and from Instituto Bento
da Rocha Cabral, Lisbon, Portugal (ischemia/reperfusion
model). Animals were fed with standard laboratory food and
water ad lbitum. All animal experiments were carried with the
permission of the local animal ethical committee, and in
accordance with the Declaration of Helsinki, the EEC
Directive (86/609/EEC) and the Portuguese laws D.R. n°
31/92, D.R. 153 I-A 67/92, and all following legislations.

Methods
Construction and Optimization of SOD-Enzymosomes

Preparation of Maleimide-PEG-PE Liposomes. Multilamellar
maleimide-PEG-PE liposomes were prepared as follows: mix-
tures of the appropriate amounts of the lipids
PC:Chol:maleimide-PEG-PE:PEG-PE (molar ratios ranging
from 68.25:30.5:1.25:0 to 68.25:30.5:0:1.25) were dissolved in
chloroform and dried under a nitrogen stream until a homo-
geneous film was formed, which was then dispersed, under
gentle stirring, in 137 mM NaCl/10 mM citrate buffer with
1.0 mM EDTA, pH 6.0. These dispersions were extruded
sequentially through polycarbonate membrane filters with
pores of 0.6 pm, 0.4 pm, 0.2 pm and 0.1 pm using an
extruder (model T.001 Lipex Biomembranes). The liposome
dispersions were then diluted, with the same buffer, to a total
lipid concentration of 10 mM.

Conjugation of SOD to Maleimide-PEG-PE Liposomes. The con-
jugation of SOD to liposomes was performed after the attach-
ment of SH-anchor groups to the enzyme (thiolation). The
thiolated enzyme was then covalently attached via thioether
bonds to the lipid anchor maleimide-PEG-PE located at the
distal functional end of polymer (PEG) chains bounded to the
surface of the preformed liposomes. The procedure was based
on the work of [23, 24] with some modifications in order to
minimize the loss of catalytic activity of the enzyme and to
maximize the conjugation efficiency.

Thiolation of SOD with SATA. In brief, the thioacetylation re-
agent, N-succinimidyl S-acethylthioacetate (SATA), was dis-
solved in dimethylformamide and added to a 1 mg/ml SOD
buffer solution (HEPES, pH 7.5, 135 mM NaCl and 1.0 mM
EDTA): 5 pl of SATA solution was added per mg of SOD.
The degree of sulthydryl incorporation was manipulated by
using different molar ratios of SATA in relation to the protein.
SATA:SOD molar ratios in the range 1:1, 4:1 and 8:1 were
used. After 30 min incubation at room temperature under
rotary shaking, the thioacetylated enzyme, SOD-ATA, was
separated from unreacted SATA on an Econo-Pac 10DG
column (Bio-Rad), eluted in the appropriate buffer. HEPES

buffer was replaced by citrate buffer (13.7 mM NaCl/10 mM
citrate buffer with 1.0 mM EDTA, pH 6.0) during elution.
The elution of SOD-ATA and of other reaction components
was monitored at 238 nm and 280 nm in a Shimadzu UV-
1603 spectrophotometer.

The effect of the composition of the eluent on the retention
of activity of the modified enzyme was studied. A standard
SOD solution was allowed to react with SATA, the mixture
divided in three aliquots and further separated by size exclu-
sion, each one eluted with a different buffer: a) 13.7 mM
NaCl/10 mM citrate buffer with 1.0 mM EDTA, pH 6.0, b)
10 mM HEPES buffer, pH 7.5, containing 135 mM NaCl
and 1.0 mM EDTA, ¢) 13.7 mM NaCl/ 10 mM citrate buffer,
pH 6.0. The enzymatic activity was then performed using the
Bioxytech SOD-525 Kit (Oxis Research). The results showed
a 30% decrease in modified SOD activity when the reaction
mixture was eluted with a buffer solution containing EDTA.
But when the same mixture was eluted with a buffer solution
lacking EDTA in its composition the enzymatic activity was
only reduced by 15%. As a consequence, the use of EDTA
was restricted to the modification reaction. The thioacetylated
enzyme was stored at —30°C untl use.

Determination of the Degree of Thioacetylation. The degree of
SOD thioacetylation was assayed with the method described by
Bohlen et al. (1973) [25]. Briefly, the unblocked e-NHj groups of
cither the thioacetylated or the native enzyme were bound to
fluorescamine. The intensity of fluorescence emission of bound
fluorescamine at 475 nm was measured for excitation at 390 nm
n a spectrofluorimeter, model F-3000 (Hitachi). The degree of
modification is [1 - (emission per microgram of modified
enzyme/emission per microgram of native enzyme)x 100].
Since fluorescamine can react with trace amines present in the
reagents and solvents, a reagent blank was run routinely.

Conjugation of the Thiolated Enzyme to Liposomes. SOD-ATA
was deacetylated in the presence of hydroxylamine and the
thiolated enzyme, SOD-AT, was added to liposomes contain-
ing maleimide-PEG-PE. In brief, the deacethylation was car-
ried out by adding 0.1 ml of hydroxylamine-HCI (0.5 M
hydroxylamine, 0.5 M citrate, 25 mM EDTA, pH 6.0) for
each mg of protein to be deacetylated. This protein solution
was then diluted to 12.5 pM with buffer (13.7 mM
NaCl/10 mM citrate buffer with 1.0 mM EDTA, pH 6.0).
For the coupling reaction, 0.4 mg of SOD-AT was added to
1.0 ml of freshly prepared liposomes (10 mM lipid) at a
maleimide:protein molar ratio ranging from 0:1 to 10:1 and
allowed to react overnight at room temperature under gentle,
but constant, rotary shaking. After this reaction, the SOD-
enzymosomes were separated from the unconjugated enzyme
by dilution and ultracentrifugation at 176 000xg for 1.5 h at
4°C on a LL8-60 M ultracentrifuge (Beckman). The final pellet
was dispersed in 2 ml of buffer (13.7 mM NaCl/ 10 mM citrate
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buffer with 1.0 mM EDTA, pH 6.0) and stored at 4°C when
required.

Characterization of the SOD-Enzymosomes and SOD-Liposomes

Mean particle size was measured by dynamic light scattering
with a Zetasizer, model 1000 HSA (Malvern). The protein
coupled to liposomes was determined according to Lowry at al
[26] with prior disruption of liposomes with Triton X-100 and
sodium dodecyl sulphate [9]. Phospholipids were quantified
according to the method of Rouser and co-workers [27].
The catalytic activity of SOD was measured according to
Misra and Fridovich [28], which is based on the ability of the

enzyme to inhibit the autoxidation of epinephrine at pH 10.2.

In the case of determination of liposome-encapsulated
enzyme, the enzyme was first released from the SOD-
liposomes by the addition of 20% (v/v) Triton X-100 (yielding
a dispersion containing 10% (v/v) Triton X-100). In the case
of SOD-enzymosomes, when required, vesicles were also
destroyed by the addition of 20% (v/v) Triton X-100. In all
activity measurements (either the enzyme solution or the
SOD-enzymosome or SOD-liposome) suspensions were dilut-
ed to a concentration of 6 ng/ml [yielding a dispersion con-
taining 0.3% Triton X-100 (v/v)]. The retention of enzyme
activity was defined as:

Ret. Act. = (Final activity/Initial activity) X 100 (%), taking
the activity of native SOD as 100%.

This ratio normalizes the activity of the incorporated en-
zyme in relation to the activity of native enzyme. The decrease
of activity of incorporated enzyme was a consequence of
random alterations of the enzyme molecule, due to the cova-
lent linkage of the enzyme to the surface of liposomes. These
alterations were not dependent on the amount of enzyme
linked consequently the retention of the enzymatic activity it
was not dependent on the efficiency of enzyme incorporation.

Stability Studies

Two different stability tests were performed: storage stability
and stability in the presence of albumin. SOD-enzymosomes
stability evaluation was performed as a suspension at two
different temperatures (4°C and 37°C). In the first study
(storage stability), after the conjugation of the thiolated en-
zyme to liposomes, the pellets obtained after ultracentrifuga-
tion (at 176 000X g for 1.5 h at 4°C on a L.8-60 M ultracen-
trifuge (Beckman)) were suspended in citrate buffer (citrate
10 mM/NaCl 145 mM, pH 6.0) and kept at 4°C during
32 days. In the second study (stability in the presence of
albumin) the pellets obtained after ultracentrifugation were
suspended in the same buffer with 2% (w/v) BSA and incu-
bated at 37°C during 96 h. Comparison was made with the
same conditions without albumin. At predetermined time
points, the SOD-enzymosomes were separated from
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unconjugated enzyme by 1/26 ml dilution and ultracentrifu-
gation at the same conditions as described above and the
pellets were suspended in the same volume. In these studies,
stability evaluation was performed in terms of conjugated
SOD to total lipid ratio variation with time, liposome size
and polydispersity index.

In Viwo Pharmacokinetics and Tissue Distribution

SOD-Enzymosomes for Pharmacokinetics and Biodistribution
Studies. SOD-enzymosomes were prepared as described
above with the encapsulation of DTPA in the internal aque-
ous phase. Briefly, the lipidic film of PC:Chol:Maleimide-
PEG-PE:PEG-PE at the molar ratio 68.25:30.5:0.75:0.5 was
dispersed (20 pmol lipid per ml hydration medium), under
gentle stirring, in 140 mM NaCl/10 mM citrate buffer with
6.0 mM DTPA, pH 6.0 and extruded sequentially through
polycarbonate membrane filters to a final pore size of
0.05 pm. The conjugation was performed as described previ-
ously with a ratio molar SATA:SOD of 4:1 and a SOD
concentration of 1 mg/ml.

SOD-Liposomes for Pharmacokinetics and Biodistribution
Studies. SOD-liposomes were prepared by the dehydration-
rehydration method followed by extrusion [8, 14]. Briefly,
mixtures of the appropriate amounts of Egg
PC:Chol:DSPE-PEG (1.85:1:0.15 molar ratio) were used to
form a lipidic film and dispersed (32 pmol lipid per ml hydra-
tion medium) in a solution of SOD in 6 mM DTPA (5 mg/ml).
Liposomes were extruded sequentially through polycarbonate
to a final pore size of 0.05 pm. The nonencapsulated protein
was removed by ultracentrifugation and liposomes were dis-
persed in 0.145 M NaCl/ 10 mM citrate buffer pH 5.6.

"!In Labelling for Pharmacokinetics and Biodistribution
Studies. '''In labelling: preformed SOD liposomes or
enzymosomes containing DTPA were labelled with 111In, as
described in [8]. The encapsulation efficiency of the remote
labelling procedure was always higher than 90%.

Imaging Protocol. Radiolabeled SOD-enzymosomes and
SOD-liposomes were injected 1.v. in three rats per group
(divided randomly) as described in [8]. Rats were placed
prone on a single-head gamma camera equipped with a
parallel-hole medium ('''In) (Orbiter, Siemens Inc.,
Hoffmann Estates, IL). The rat groups were imaged synchro-
nously at selected time points after injection. The scintigraphic
results were analysed by drawing regions of interest over the
heart region and over the whole animal.

Biodistribution Protocol. To study the biodistribution of the
radiolabeled SOD-enzymosomes and SOD-liposomes,
groups of 5 rats each were injected i.v with a single dose
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(10 pmol total lipid) of the different liposomal preparations.
24 h or 48 h post-injection rats were killed by intraperitoneal
injection of 30 mg phenobarbital. Blood was obtained by
cardiac puncture. Following cervical dislocation, different or-
gans and tissues (liver, spleen, blood, lung, kidney and muscle)
were dissected, weighed and assayed for radioactivity in a
shielded well-type gamma counter. [8].

In Viwo Therapeutics

SOD-Enzymosomes for Therapeutic Activity Studies. SOD-
enzymosomes were prepared as described above. Briefly,
PC:Chol:Maleimide-PEG-PE:PEG-PE at the molar ratio of
68.25:30.5:0.75:0.5 and dispersed in 145 mM NaCl/10 mM
citrate buffer, pH 6.0 (20 pmol lipid/ml), dimensioned
through a final polycarbonate membrane pore size of
0.05 pm. The conjugation was performed as described previ-
ously with a SATA:SOD molar ratio of 4:1 and a SOD
concentration of 1 mg/ml. The non-conjugated enzyme was
separated from the enzymosome dispersion by ultracentrifu-
gation and liposomes were dispersed in 0.145 M
NaCl/ 10 mM citrate buffer pH 5.6.

SOD-Liposomes for Therapeutic Activity Studies. SOD-lipo-
somes were prepared by the dehydration-rehydration method
described above, followed by sequential extrusion through
polycarbonate filters up to a final pore size of 0.05 pm. The
lipid concentration was 32 pmol lipid per ml hydration me-
dium and the film was dispersed in a solution of SOD
(5 mg/ml). Nonencapsulated enzyme was separated from
the liposome dispersion by ultracentrifugation and liposomes
were dispersed in 0.145 M NaCl/10 mM citrate buffer
pH 5.6.

Animal Models

Inflammation Induction (Rat Adjuvant Arthritis). Wistar rats
were injected with a single intradermal injection of 0.10-
0.15 ml of a suspension of Mycobacterium butiricum killed and
dried (Difco) in incomplete Freund’s Adjuvant (at 10 mg/ml),
into the subplantar area of the right hind paw [14]. The
parameter of interest of adjuvant-induced arthritis is the swell-
ing of the paw measured by the ankle circumference.

Liver Ischemia/Reperfusion Model. Wistar rats were anaesthe-
tized and liver ischemia was induced for 30 min as described
in [29]. After 24 hours animals were sacrificed and blood was
collected by cardiac puncture. Ischemia/reperfusion-induced
liver injury was followed through the determination of aspar-
tate aminotransferase (AST) activity in serum.

Treatment Schedules in the Rheumatoid Arthritis Model. SOD
therapeutic treatment: administration starting at day 1 after

induction and therapy evaluation at day 12 after induction
[12]. Treatments started at day 1 post-induction and injec-
tions were repeated at day 5 and 9 at a dose of 66 pg SOD per
rat according to the regimen followed in [9]. Each treatment
group contained at least 5 rats. The paw oedema was assessed
by measurement of the ankle circumference in cm.

Treatment Schedules in the Liver Ischemia/Reperfusion
Model. SOD therapeutic treatment was administered in the
tail vein at a dose of 66 pg SOD per rat a few minutes before
the cut of sutures and re-establishment of liver irrigation. Each
treatment group contained at least 5 rats.

Determination of Total Thiols in Plasma. Total thiols were
quantified using 5,5'-dithiobis (2-nitrobenzoic acid) (DTNB)
[30]. Briefly 0.07 ml of fresh plasma was collected into 1.12 ml
methanol and 0.21 ml of 0.4 M Tris—HCI buffer pH=8.9,
plus 0.07 ml of 0.02 M DTNB in methanol was then added.
After 15 min, the mixture was centrifuged for 15 min at 3
000 g (4°C). Absorbance was read at 412 nm against metha-
nol. Haemoglobin was measured to check for haemolysis.
Samples with haemoglobin values higher than 130 mg/dl
were not considered in the final data analysis.

Aspartate Aminotransferase (AST) Activity. Serum AST activity
was assayed using an ADVIA® Chemistry System (Bayer
HealthCare). The assay [31] was based on the measurement
of oxaloacetate formed by using a NADH-dependent coupled
reaction catalysed by malate dehydrogenase. Oxidation of
NADH by oxaloacetate was followed spectrophotometrically
by the decrease of absorbance at 340 nm after the addition of
2-oxoglutarate. The analytical range is 0—1,000 U/L, and 1 U
1s defined as the quantity of enzyme that catalyses the forma-
tion of 1 pmol of NAD" per minute at pH 7.6 and 37°C.

Statistical Analysis

Results are given as the mean  standard deviation of at least 3
independent experiments made in triplicate, except where
otherwise specified. For animal experiments, data is repre-
sented as the mean+ standard deviation and statistical signif-
icance was tested using one-way ANOVA test.

RESULTS

Development of SOD-Enzymosomes

The process of covalent linking SOD-AT to preformed lipo-
somes containing the reactive lipid linkers maleimide-PEG-

PE was optimized. With that purpose we evaluated the effect
of the SATA:SOD molar ratio (and, consequently, the degree
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of thioacetylation of SOD-ATA), the deacetylation procedure
with formation of SOD-AT and the effect of the molar per-
centage of the reactive lipid linkers on the conjugation of
SOD-AT to liposomes (Table I).

In Table I, we show the results obtained for the effect of
SATA:SOD molar ratio on the performance of the process of
covalent linkage of SOD-AT to the reactive linker maleimide
located at the distal terminus of PEG chains attached to the
surface of liposomes. These results were obtained for lipo-
somes bearing either a constant molar ratio of the lipid linker
(maleimide-PEG-PE) or a partial substitution of this linker by
the non-reactive PEG-PE.

The effect of the molar percentage of the lipid linker
maleimide-PEG-PE into the preformed liposomes was studied
in the range 0 to 1.25, with increments of 0.25, keeping
constant the total percentage of PEG lipid at the surface of
liposomes (Fig. 1). The decrease in the molar percentage of the
reactive pegylated chains was compensated by a correspon-
dent increase on PEG-PE. So, the total fraction of pegylated
lipid was kept invariable at 1.25%. The percentages of PC and
cholesterol were kept constant at, respectively, 68.25 and 30.5.
The different liposomal formulations had a mean liposome
size of 0.10 pm and were incubated with SOD-ATA, as
described in the Methods section. When the amount of
maleimide- PEG-PE increased the amount of SOD covalently
linked also increased up to a value of approximately 50 pg/
pmol of total lipid. At this conjugation efficiency, the IE
appeared to have reached a maximum of around 90% when
the % maleimide PEG-PE was higher than 0.75%. For all the
formulations no significant differences in the retention of
enzymatic activity was observed.

It has to be noted that, as expected, when no maleimide-
PEG-PE was incorporated in the bilayer, no SOD was at-
tached to the membrane. This indicates that the coupling of
SOD is specific and due to its covalent bond with the

functional PEG end. Furthermore, no SOD was
noncovalently adsorbed at the outer surface of the liposomal
membrane. For further evaluation, we have chosen a molar

level of maleimide-PEG-PE of 0.75%.

Stability of SOD-Enzymosomes

The ability of the liposomes to retain the SOD linked by a
covalent bond to their outer surface was studied by testing the
stability of the covalent bond at two different temperatures,
4°C during 32 days and 37°C during 96 h, respectively. The
conjugated SOD to total lipid concentration ratio remained
stable (31.2£1.9 pg/pumol) at 4°C during the observation
period (32 days). Both the size of liposomes and the polydis-
persity index did not change during the observation period at
4°C (0.23£0.01 um; 0.150-0.190). No considerable loss of
enzymatic activity was observed since the retention of enzy-
matic activity was higher than 85% as compared to the initial
enzymatic activity (t=0 day).

Since the 1980s, studies of the interaction of lipid
vesicles with serum components have been described,
and mainly concluded that serum components like al-
bumin induce vesicle leakage [32]. To test the stability
of the developed formulation in the presence of albu-
min, SOD-enzymosomes stability studies were per-
formed at 37°C and in the presence of 2% (w/v)
BSA. The presence of BSA did not cause any effect
up to 96 h. In fact, the conjugated SOD to lipid ratio
observed was 36.1+£3.2 pg/pmol and 38.1£3.2 pg/
pmol in the absence and presence of 2% (w/v) BSA,
respectively. The average of the retention of enzymatic
activity was 85% of the initial enzymatic activity. No
significant changes were found for the size distribution
and polydispersity index in the presence of BSA.

Table 1 Effect of the SATA:SOD Molar Ratio on the Conjugation of SOD-AT to Long Circulating Liposomes of PC:CHOL:maleimide-PEG-PE and

PC:CHOL:maleimide-PEG-PE: PEG-PE

Liposomal composition (molar ratio) SATA:SOD Conjugation Conjugated protein Retention of
(molar ratio) efficiency (%) (ug proteinjumol lipid) activity (%)
PC:CHOL:maleimide-PEG-PE (68.25:30.5:1.25) 8:1 88-96 44-50 46-60
PC:CHOL:maleimide-PEG-PE (68.25:30.5:1.25) 4:1 88-95 45 55-60
PC:CHOL:maleimide-PEG-PE (68.25:30.5:1.25) M 36-44 16-22 60-75
PC:CHOL:maleimide-PEG-PE:PEG-PE (68.25:30.5:0.75:0.5) 8:1 92-98 40-50 50-75
PC:CHOL:maleimide-PEG-PE:PEG-PE (68.25:30.5:0.75:0.5) 4:1 90-95 42-50 55-60
PC:CHOL:maleimide-PEG-PE:PEG-PE (68.25:30.5:0.75:0.5) [ 30-42 14-20 62-70

SATA:SOD molar ratio |:1, degree of modification 3—5%; SATA:SOD molar ratio 4:1, degree of modification 8—10%; SATA:SOD molar ratio 8:1, degree of

modification |5-20%; incubation time | h.

Lipid concentration of liposomes suspension: 10 pmol/ml

Incubated SOD-AT/Lipid ratio =45

Conjugation eficiency: [(Protein/Lipic)cenjgsiec/(Protein/Lipid)ncymed] X 100%

@ Springer



SOD-enzymosomes, a new therapeutic approach for inflalmmation

97

a
125 -

100 -

75

(%)
=
——

50

0.00 0.25 0.50 0.75 1.00 1.25
Maleimide PEG-PE (%)

60 -

(ng/pmol)

0.00 0.25 0.50 0.75 1.00 1.25

Maleimide PEG-PE (%)

Fig. I Characteristics of maleimide-PEG-PE enzymosomes as a function of
the percentage of reactive lipid linker. The percentage of reactive lipid linker
was complemented by a percentage of PEG-PE in order to keep the total
PEGylated fraction at 1.25%. The percentages of Chol and PC were kept
constant. a Full bars: incorporation efficiency (%); Empty bars, retention of
enzymatic activity (%) b conjugated SOD to lipid ratio (ug/umol). SATA:SOD
molar ratio 8:1. Maleimide-PEG-PE:protein molar ratio (0—10):1.

In Vivo Fate of SOD-Enzymosomes

To study the effect of the location of the enzyme SOD in the
liposomes, i.e. surface-exposed on the terminal PEG ends
(SOD-enzymosomes) or entrapped in the aqueous interior
(SOD-liposomes), the i viwo behaviour of both SOD liposomal
formulations regarding circulation kinetics and tissue distribu-
tion was monitored in rats. Both formulations were labelled by
coencapsulation of the complex '''In-DTPA in the aqueous
internal space of the particle. This complex has been widely
used to follow liposome behaviour  vivo [8, 15, 33] by virtue
of its favourable characteristics: a high affinity complex at
physiological pH and a very short half-life due to efficient

renal excretion when present as free complex in the blood
circulation (half-life in the order of minutes) [34].

Both SOD liposomal formulations used for the # vwo stud-
ies had a particle size of 0.11-0.12 pm and the same protein-
to-lipid ratio (12—15 pg of SOD per pmol of total lipid), in
order to enable comparative i viwo studies at the same liposo-
mal lipid dose.

Imaging Studies

In Iig. 2 we show whole body images obtained immediately
post-injection and 24 h post-injection for the two formulations
studied (SOD-enzymosomes; SOD-liposomes). It is clear from
the images that the main organs of uptake are the liver and
spleen.

The whole-body retention of '''In-DTPA radiolabel de-
rived from the quantitative analysis of scintigraphic images
taken as function of time for some selected time points is
shown in Fig. 3. Both radiolabelled liposomal formulations
showed similar profiles but for SOD-enzymosomes '''In-
DTPA was excreted at a higher level during the first 4 h.
From 4 h onwards, both curves displayed the same clearance
rate showing parallel profile. Actually, 46 h post-injection, the
percentage of '"'In-DTPA excretion amounted to approxi-
mately 45% for SOD-enzymosomes and approximately 55%
for SOD-liposomes. This fact can be explained by a higher
release profile for the label observed during the first 4 h post-
injection for SOD-enzymosomes.

Figure 4 shows the heart activity derived from the quanti-
tative analysis of scintigraphic images taken as function of time
for some selected time points. The activity in the heart region
represents the activity in the blood pool. The two SOD

SOD-enzymosomes SOD-liposomes

o

t=0h e-‘

®

t=24h ‘b""

AAA

Fig. 2 Scintigrams of rats obtained immediately and 24 h post-injection with
either SOD-enzymosomes or SOD-liposomes, labelled with ''In-DTPA.
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Fig. 3 Whole-body activity profiles derived from the quantitative analysis of
scintigraphic images of rats injected with '''In-DTPA labeled particles. Three
animals were used in each group: SOD-enzymosomes (®), SOD-liposomes
(m). The whole-body activity at 5 min post-injection was set at | 00% injection
dose (ID). Values are the mean=SD.

liposomal formulations under study (SOD-liposomes and
SOD-enzymosomes) exhibit biphasic behaviour regarding
blood clearance. As expected, the SOD Liposomes formulation
showed a somewhat longer residence time in the blood [8, 35].
At the end of the observation period (48 h post-injection) more
than 40% of the injected dose of the encapsulated label was still
present in the circulation. The presence of SOD in the outer
surface of the enzymosomes appears to affect negatively the
blood circulation kinetics, with about 20% of the injected dose
still circulating at 24 h after administration. The area under the
curve (AUC) also decreased around 30%. Nevertheless, these
findings show that the long circulating properties of SOD-

120
110
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80
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40
30|
20 |
10]
ol o

g 10 20 30 40 50 60

Heart activity (%)

time post-injection (h)

Fig.4 Heart activity profiles derived from quantitative analysis of scintigraphic
images of rats with adjuvant arthritis injected with ' In-DTPA-labelled lipo-
somes. Three animals were used in each group: SOD-liposomes (m), SOD-
enzymosomes (®). The heart activity at 5 min post-injection was set at |00%
of the injected dose. Values are the mean=SD and p<0.0l vs SOD-
liposomes at 24 h and 48 h.
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enzymosomes are not severely compromised by the presence of
the enzyme on the outer surface.

Biodistribution Studies

The biodistribution data obtained by dissection of selected
organs and measured for radioactivity presence at 24 h and
48 h post-injection are shown in Fig. 5. Region of interest
(ROI) analysis of the scintigrams results (Fig. 3) are in line with
the results obtained by the tissue dissection distribution data
(Fig. 5). The main organs showing accumulation of both
formulations are the spleen and the liver with a higher splenic
tissue uptake in terms of the percentage of the injected dose
per gram of tissue (ID/g). At 24 h, the mean values for splenic
uptake were around 11£2% ID/g and for hepatic uptake
around 1.12+0.21% ID/g and 1.05%£0.11% ID/g for SOD-
enzymosomes and SOD-liposomes, respectively. The blood
levels were higher for the SOD-liposomes (1.511+0.20% ID/
g), than for SOD-enzymosomes (1.14£0.15% ID/g) formu-
lation. The accumulation profile observed at 48 h was similar
to that observed at 24 h, with lower values for the amount
detected in blood but higher in the two main organs of
accumulation (liver and spleen). No statistically significant
differences (p>0.5) were observed for both formulations stud-
ied except for blood values (p<0.05).

Therapeutic Activity

For the therapeutic activity studies, two different SOD liposomal
formulations (SOD-liposomes and SOD-enzymosomes) were
compared. The lipid composition, size and SOD loading char-
acteristics of the two formulations are shown in Table II. Both
liposomal formulations had the same protein-to-lipid ratio, in
order to enable comparative i viwo studies at the same liposomal
lipid dose. The effects of both formulations were tested in two
different animal models for pathological situations involving
oxidative stress: rat adjuvant arthritis, which is a good model
of inflammation, and liver ischemia/reperfusion which includes
both inflammatory and non-inflammatory processes [36].

Rat Adjuvant Arthritis Model

In the rat adjuvant arthritis model, the circumference around
the ankle was used to measure the degree of inflammation, z.e.
the severity of the disease. The anti-inflammatory effects of the
two different PEG-liposomal formulations (SOD-liposomes
and SOD-enzymosomes) using a dosing schedule involving 3
injections in total (given on days 1, 5 and 9), at a dose of 66 pg
SOD per rat are shown in Fig. 6. At day 1 (before the first
treatment), all animals showed an increase of the circumfer-
ence around the ankle, from 2.91+0.0 cm to 4.0+0.1 cm. The
results reveal that the therapeutic activity of SOD-
enzymosomes was faster than that of SOD-liposomes. In fact,
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Fig. 5 Biodistribution of '''In- 18
DTPA-labeled liposomes in rats. 16
SOD-enzymosomes (black bars) 14 24h
and SOD-liposomes (dashed bars). 12
% ID/g, % of the injected dose/g of 10
tissue. Values are the mean =SD o
24 h and 48 h post-injection (five o 1.5
rats per group). * p <0.05 vs SOD- E
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18
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after just one dose, rats treated with SOD-enzymosomes al-
ready showed a decreased circumference around the ankle of
3.4%0.1 cm (p<0.01 vs control and vs SOD-liposomes),
whereas values of 4.0£0.1 cm and 3.8£0.2 cm were observed
for the SOD-liposomes and control groups, respectively. The
same differences in the circumference around the ankle was
also observed at day 3 (p<<0.05) and day 4 (p<0.01) of treat-
ment with SOD-enzymosomes when compared to treatment
with SOD-liposomes. The values for the circumference around
the ankle for the animals treated with SOD-liposomes only
reached the values obtained with SOD-enzymosomes after
5 days of induction. At the end of the observation period, both
formulations presented similar therapeutic effects significantly
different from the control group (p<0.05).

We have previously shown that the levels of total thiols in
plasma decrease during rat adjuvant arthritis [12]. As can be
seen in Fig. 7, the concentration of total thiols in plasma at the
end of the observation period (day 11) is about 50% of that in
negative control (naive) rats (440 pM). Moreover, the disease

severity, measured by the ankle circumference, showed a
positive correlation with the levels of total thiols in plasma.
As shown in Fig. 7, treatment with SOD-liposomes and SOD-
enzymosomes led to smaller decreases of total thiols in plasma
(about 37% and 32%, respectively). Results shown in Fig. 7
would suggest that levels of total thiols in plasma may be used
as a biomarker of the severity of the inflammatory process.

Liver Ischemia/Reperfusion Model

Aspartate aminotransferase activity in serum is a biomarker of
liver cell damage due to ischemia/reperfusion [37]. The levels
of AST activity in serum increased in rats when liver ischemia
was induced (Fig. 8). This result was expected since, using the
same ischemia/reperfusion model, we had previously found
increased levels of both AST and alanine aminotransferase
(ALT) activities 24 h after ischemia which correlated with liver
damage as shown by histological analysis and by magnetic
resonance imaging [29]. Treatment with SOD-enzymosomes

Table Il Characteristics of SOD-enzymosomes and SOD-liposomes used for the In Vivo Studies

Formulation Particle size Initial SOD/lipid Encapsulated or Conjugated Encapsulation/Conjugation Ret. Enz.
(um) (Ug/umol) SOD/lipid (ug/jumol) Efficiency (%) act. (%)

SOD-liposomes 0.11+0.02 150-160 50-60 5-10 >95

SOD-enzymosomes 0.12=0.02 50-55 50-55 90-100 60-70

All formulations contained |2—15 g of SOD per umol of total lipid

SOD-liposomes: SOD long circulating liposomes with SOD encapsulated in the internal aqueous space of liposomes. SOD-enzymosomes: SOD covalently
attached to the outer surface of long circulating liposomes (PEG end). Ret. Enz. act.: Retention of enzymatic activity.
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Fig. 6 Anti-inflammatory activities of SOD-enzymosomes and SOD-lipo-
somes in the rat adjuvant arthritis model. SOD-enzymosomes (e), SOD-
liposomes (m) and control (A ) using a 3 injection frequency schedule (day |, 5
and 9) at a dose of 66 Lg/kg of bodyweight (arrows). Ankle circumference
values are the mean =+ SD obtained from 6 animals.

decreased significantly the levels of AST activity in serum
indicating that this therapeutic approach gives less liver cell
damage due to ischemia/reperfusion. However, treatments
either with SOD-liposomes or free SOD (in saline) had no
effect on the levels of AST activity.

DISCUSSION

Drug targeting has the potential to improve therapeutic inter-
ventions in many diseases. However, most studies have
600
550 - *
500 -
450 — a
a00 | o

350 [ O

oo
» O

[total thiols] (uM})

300 | A
250 | A A

200 - A

150..|.|.1.|.1.|.|.|.|,|.|
28 30 32 34 36 38 40 42 44 46 48 5.0

Ankle circumference (cm)

Fig. 7 Levels of total thiols in the plasma of rats positively correlates with
adjuvant arthritis severity. The circumference around the ankle was measured
at the end of the treatment period (day | 1). Negative control (normal rat)
(star), SOD-enzymosomes (©), SOD-liposomes (00) and control (non-treated
rat) (A ) using a 3 injection frequency schedule (day |, 5 and 9). R?=0.5671;
Y=—100x+731.
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Fig. 8 Aspartate aminotransferase activity in rat serum after liver ischemia/
reperfusion and treatment with different SOD formulations. Liver ischemia
was induced in rats for 30 min and blood was collected after 24 h. Control -,
normal rats; SHAM, rats sham-operated; Control +, rats with induced liver
ischemia; SOD, rats with induced liver ischemia treated with SOD; SOD-
liposomes, rats with induced liver ischemia treated with SOD-liposomes;
SOD-enzymosomes, rats with induced liver ischemia treated with SOD-
enzymosomes. .* p <0.05 vs Control - or vs SHAM. § p <0.05 vs Control
+, vs SOD, or vs SOD-liposomes.

focused on cancer with only limited attention being given to
the application of targeted drug delivery in other diseases like
chronic inflammatory disorders, such as rheumatoid arthritis
or liver ischemia/reperfusion situations [38]. Yet, site-specific
drug targeting using liposomal carriers can improve the ther-
apeutic performance of anti-inflammatory agents [38, 39].
This 1s due to fact that at inflammatory sites, such as arthritic
joints, there is an increased vascular permeability allowing the
enhanced permeability and retention (EPR) effect to occur
[38], and thus facilitate the continued extravasation of long
circulating liposomes with a small size at the inflammatory
sites.

The use of liposomal SOD avoids rapid SOD clearance
and yields a strongly improved accumulation in the inflamed
areas 1n rat arthritis [8, 35]. However, SOD-liposomes have
shown only a limited therapeutic efficacy since they are not
able to completely reduce joint swelling. Gaspar ef al. [11]
suggested that this limited therapeutic efficacy of liposomal
SOD could be due to an inadequate extent and/or rate of
release in inflamed areas. This latter hypothesis was confirmed
by using liposomes containing a hydrophobized SOD (Acyl-
SOD) which was localized in the lipid bilayers of the lipo-
somes, partially buried into the outer surface and exposed to
the external medium. These Ac-SOD-enzymosomes showed
a faster onset of anti-inflammatory activity when compared to
SOD-liposomes [11]. However, Ac-SOD enzymosomes only
had around 40% of the total enzymatic activity in an intact
form while for SOD-enzymosomes all the enzymatic
activity is available as all the enzyme is linked at the
outer liposomal membrane.
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In this work we were able to further improve the therapeu-
tic action of SOD-liposomes with passive targeting effects by
EPR to inflammation sites, by developing a new liposomal
formulation where SOD was attached as a water soluble
enzyme to the surface of liposomes. This allows a faster action
of SOD since there is no need to have a liposomal disruption
to release the therapeutic enzyme. Moreover, this availability
may be fundamental in inflammatory situations where a faster
therapeutic intervention may be needed such as in liver
ischemia/reperfusion situations.

The process of covalent linkage of SOD to the distal PEG
ends at the surface of PEG-liposomes was designed and opti-
mized, to minimise alterations in the enzyme activity and also
to maintain the long circulating properties of the liposomes.
By controlling the ratio of functionalized and non-
functionalized PEG at the surface of enzymosomes, we
achieved a sufficient enzyme load at the surface of the long
circulating enzymosomes suitable for the animal studies.
Furthermore, the vesicles structural integrity was maintained
as well as the enzyme activity indicating a preserved enzyme
structure.

The therapeutic activity of our SOD-enzymosomes was
tested in two different inflammatory situations. In the rat
adjuvant arthritis model our new SOD-enzymosomes showed
a faster onset of therapeutic activity than SOD-liposomes
(encapsulated in the inner aqueous space), which is in accor-
dance with previous studies made with Ac-SOD
Enzymosomes [11]. The main difference between the SOD-
enzymosomes developed in the current work and the Acyl-
SOD Enzymosomes used in the study of Gaspar et al. [11] 1s
the localization of SOD in the liposome structure in the latter.
Since this Ac-SOD has palmitate acyl chains covalently linked
to the e-NHj of the lysine residue, the physical properties of
this new identity of SOD changed showing a higher affinity for
the hydrophobic region of the liposomal bilayers as compared
to SOD. It is expected for Ac-SOD to be localized in the
liposomal bilayers with only around 40% of the total activity
in the outer surface. Therefore, for the SOD-enzymosomes
developed in this work the interaction of the enzyme with
nearby membranes (e.g. erythrocytes) should not be expected
to occur and the SOD biodistribution is only based on the
biodistribution of the liposomal nanoparticle and not mediat-
ed by release from the nanoparticles while they circulate in the
bloodstream.

In the ischemia/reperfusion induced liver injury model,
SOD-enzymosomes showed therapeutic activity (Fig. 8).
However, SOD-liposomes (or free SOD) showed no thera-
peutic activity. The reason for this difference is not clear since
the biodistribution studies, showed that SOD-enzymosomes
and SOD-liposomes have a similar accumulation in liver at
24 h post-administration (Fig. 5). However, as discussed
above, SOD availability in enzymosomes is faster than in
liposomes. Also, we recently showed using magnetic

resonance imaging (MRI) that a liposomal formulation similar
to our SOD-enzymosomes but loaded with
superparamagnetic iron oxide nanoparticles (SPION), accu-
mulates at liver damage sites induced by ischemia/reperfusion
[29]. Therefore, our results with SOD-enzymosomes are en-
couraging and support further testing of this formulation, not
only in this particular pathological model, but also in other
inflammation models. The organ distribution and drug half-
life must be considered when doing these tests. In this way the
potential applications of SOD-enzymosomes can be expand-
ed, limiting the injury occurring during inflammatory and
other pathological situations.

CONCLUSION

The design and characterization of SOD-enzymosomes with
a suitable enzyme load, keeping the vesicles structural integrity
and preserving the enzyme activity was achieved, as can be
concluded from i viwo studies.

Results clearly demonstrate that SOD-enzymosomes with
SOD attached at the distal PEG end showed prolonged
circulation and a similar biodistribution profile to that of long
circulating liposomes. In an animal model of arthritis, SOD-
enzymosomes showed an earlier therapeutic activity than both
SOD-liposomes and free SOD. This work also shows, for the
first time, that SOD-enzymosomes, unlike SOD-liposomes,
have a therapeutic effect in a rat liver ischemia/reperfusion
model suggesting that they are able to decrease liver injury.
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