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Abstract We report a successful complex mitral valve
plasty using port access minimally invasive cardiac
surgery for congenital mitral regurgitation that pre-
sented as an abnormality of the subvalvular apparatus.
A 16-year-old male patient received a diagnosis of mitral
regurgitation resulting from tethering of the anterior
mitral leaflet and posterior mitral leaflet caused by an
abnormality in papillary muscle insertion and a hypo-
plastic chordae tendineae. The posterior leaflet was
closely tethered to the tips of the papillary muscle with
essentially no chordae tendineae. The flexibility of the
leaflet was restored by surgically removing the abnormal
chordae, and reconstruction of chordae tendinae of the
anterior leaflet was carried out using three loops and of
the posterior leaflet using one loop with a loop technique
method. As an additional procedure for persistent regur-
gitation, an edge-to-edge technique to the posterior
commissure side was performed, after which the mitral
regurgitation disappeared.

Key words Loop technique - Mitral valve plasty -
Subvalvular apparatus abnormality - Port access
minimally invasive cardiac surgery - MICS
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Introduction

Various surgical techniques have been reported for
mitral valve plasty (MVP), all of which show good
results."> MVP is enabled by adjusting various tech-
niques in the case of a complicated lesion. We report a
successful complex MVP using port access minimally
invasive cardiac surgery (MICS)’ for congenital mitral
regurgitation that presented as an abnormality of the
subvalvular apparatus.

Case report

A 16-year-old male patient who had been followed for 4
years at another hospital under a diagnosis of mitral
regurgitation (MR) was referred to our hospital for a
detailed examination because he became aware of breath-
lessness during exercise. On admission, his height was
159cm, body weight was 57 kg, and blood pressure was
116/70 mmHg. On physical examination, a high-pitched
systolic regurgitant murmur (Levine I111/VI) at the lower
left sternal border and a low-pitched early-diastolic
rumble at the apex were detected. Electrocardiography
showed left ventricular hypertrophy with normal sinus
rhythm. Echocardiography revealed moderate MR
resulting from tethering of the anterior mitral leaflet
(AML) and posterior mitral leaflet (PML) caused by an
abnormality in papillary muscle insertion and a shorten-
ing of the chordae tendineae. Notably, the PML was
closely tethered to the tips of the papillary muscle with
essentially no chordae tendineae (Fig. 1). Progression of
MR was accepted in comparison with an echo provided
by another hospital. LV end-diastolic and end-systolic
dimensions (LVEDD/LVESD) were 58/38 mm, and the
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Fig. 1 Preoperative echocardiography.
A.B Abnormality in papillary muscle
insertion (*). The posterior leaflet was
severely tethered to the tips of the papillary
muscle with essentially no chordae
tendineae. C A central part of the anterior
lcaflet was tethered by secondary chorda
tendineae (arrows). D Doppler color flow
image shows the regurgitation jet from the
two junctions of the mitral valve.

A,B Diastolic phase; C,D systolic phase.
PL, posterior mitral leaflet; AL, anterior
mitral leaflet

LV ejection fraction was 59%. The posteromedial papil-
lary muscle insertion site and inferoposterior LV wall
showed severe hypokinesis. Under cardiac catheteriza-
tion, a pressure study showed that LV end-diastolic pres-
sure was 13 mmHg and pulmonary artery wedge pressure
was 12mmHg. Furthermore, LVEDYV showed 178.7ml,
showing potential for the enlargement of left ventricle
volume.

Operative technique

Cardiac exposure was obtained by right anterior small
thoracotomy by means of port access MICS. The mitral
valve and subvalvular apparatus were observed via right-
sided left atriotomy. The flexibility of the AML was
maintained and the leaflet was approximately normal;
however, two secondary chorda tendinaes were fixed to
a portion of the central part of the AML. The PML
presented a fixation such that it was drawn into the free
wall of the left ventricle. The secondary chorda tendinae
of the AML was removed, and the flexibility of the PML
was restored by surgically removing the three short
chordae tendinae that had been attached to it. Next,
replacement of these chordae tendineae was performed
using the loop technique (5-0 Gore-Tex polytetrafluoro-
ethylene sutures)." After having fixed the neochordae
with two loops to each papillary muscle, reconstruction
of the AML was carried out using three loops and of the
PML using one loop (Fig. 2). A coaptation line and
movement of the bileaflet valve proved satisfactory in

L &

Fig. 2 Schematic presentation of the surgical procedure. Second-
ary chordae of the anterior leaflet and abnormal shortening of
chordae of the posterior leaflet were divided to allow the flexibility
of the leaflet (A,B). Reconstruction using a loop technique of the
AML was carried out using three loops and of the PML using one
loop. AML, anterior mitral leaflet; PML, posterior mitral leaflet

this plasty; however, a small degree of MR remained on
the posterior commissure side. As an additional proce-
dure for persistent MR, an edge-to-edge technique to the
posterior commissure side was performed, after which
the MR disappeared. Ring annuloplasty was carried out
using a 32-mm Cosgrove annuloplasty ring. After this
procedure, transesophageal echocardiography revealed
a dramatic reduction of MR; however, extremely mild
mitral stenosis remained (Fig. 3). The postoperative
course was uneventful.
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Fig. 3 Postoperative echocardiography showed
physiological movement of both leaflets and no
residual mitral regurgitation

Discussion

In this case, because the MR had resulted from abnor-
mal papillary muscle insertion and marked foreshorten-
ing of the chordae tendineae, use of the standard MVP
procedure was difficult. For valvuloplasty in younger
patients, the ideal approach is to perform valve plasty
while securing as wide a mitral valvular area as possible
to allow for future physical growth. A valvular excision
and resuture can cause partial degradation of leaflet
mobility as a result of consolidation and cicatrization.’
In this patient, therefore, the loop technique was em-
ployed in an attempt to preserve the mobility of the
posterior mitral leaflet, to allow a broad range of plasty
and to maintain as large a mitral valve area as possible.®
The aberrant short chordae causing tethering were there-
fore surgically removed to permit recovery of the flexible
leaflet. Because multiple neochordae tendineae were
necessary in this case, artificial chorda replacement was
employed using the loop technique. Using this method,
a satisfactory coaptation line was successfully formed
by reconstruction with neochordae, and a loop tech-
nique method that permitted multiple and simultaneous
replacement proved effective.* A second congenital
anomaly resulted in a papillary muscle being present in
the vicinity of a mitral valve. It appeared likely that
physiological movement of the leaflet would be inhibited
by this papillary muscle because it was in close proximity
to the leaflet edge. As a solution, the distance between
the papillary muscle and the valve leaflet was increased
by fixing the neochorda unit to the central portion of the

papillary muscle. Preservation of physiological leaflet
motion was thus enabled.

Valve replacement can now be performed safely with
relatively low morbidity and mortality. However, the
MVP is preferable in young patients because it reduces
the need for long-term anticoagulation treatment and
provides a more physiological correction of the lesion.
MVP in MR caused by congenital anomaly appears
to be feasible by adopting various techniques, as was
demonstrated in this case. In addition, initial operations
using port access MICS will enable safe reoperation
using standard procedures in the future.
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{EIEKIMEENI congenitally corrected transposition of the great arteries & (3, BRSIEMNES
B E-EE-MER EE-EZ-ABRCHIERXELTU CH 5. REBLERISERM L E
RDGEEHD 5.

FMEICE 25 I LDHFVAREREZLEPRRE, WERFETH B, BBEETI=
Sf (EHBEZEH) L2205 ERVTEL A (EALE) BEFRL X ) FHES
BBV, EGTFHREINSOFELBENEST2Y. I REEZEEBEORLS
ELEL, KEFEICHT 2980 & L Tid, BREMEER conventional repair & BBRIEMNEER
anatomical repair ¥ 7z{% double-switch FMASE L L TEIRI 13,

b1

. S FERCHERREPRES ¢

BERERICEAL Tk, FAE L TBEEEAPHALBEAD 2BFEL, LEPRELEPR
® alignment BTN TV EREBOFHIC L o> C, LEFRBEDEEN L DEVHDOERZEHD
HHE ) TRHOEERMAR (His H) LBEHRL, GERELTEBETS. ZoRMESHT,
R LB N OB E I EEBESBET 2 2 L% 42D, LEPRDETS limbus 25
EREZERFHBIOGEL HSICKET 2. kb His RIBRE=A%» B sMBRAFBORS
ZEHoTVSD TLZFRIZEL, Z2OLEGZ TEL T, RBLEUBHEMOBEIIE, LB
il L LEPRED alignment 2FEFNIC L D KE( RL 2 - BRI 3EEEHRIIHOI L LB
FDZELHB, FIADOER L LEPREDEEMNAEL L T34, MADERMNZENE
#U His WA ¢ X VSD i3% T sling 2R L, HRBEFEROFERL L2235 5.

REDBEFREE, REOEMHSIEMDGE, KEBIRA A, MEMRIE®RICR 3, MEiRoE
B3, ERLORBRER L ARICEADERFLET 3, MEERMD wedging 2R\,

TBEMRETICERD DR VDS, THD facing sinus 7 6 EHLOBEER % & 28805
%,

B.2. DAEBEHRSK ¢

1) conventional repair
COMATREHT ZRECHTE2BEOAETH  AE/ZRADBENEEDIEFA
BIZ% Y 9 5. FRifizl43 anatomical repair ICHE L T& D simple TH H, FHFHL L"Cﬁi@
BTH2EVAE, FRLEPRPLEAOEERELALL, T ERES L CEBEET 2:8RHEF
ﬁﬁﬂ‘(@%‘fﬁ:%!ﬁi)‘& VI EPHIRFENS, L Luds, BRRNESERORERIRET 2
DT, BB b REENEED SR L ARICHMECRE NS, 06 OMEnOR
EESRIERACET 2820353, BEHICH 1957 £ LR anatomical repair BSHERE 113
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1990 F X TOFLIFETH -7, Th s OHBHECEFRICHEE S 117: conventional repair %%
DEIARLELZ, Fontan FHEED b O & FRKIC mortality, morbidity & & i 2 #ED B L H\ T |
RT26DTH-7H?, BEDMIE%EA T conventional repair D FHLERREE I BIFTH D,
MEDELDHEBICR S S ICRNOEBEEIC L UBELBEL T2, D FicohsnmEi s
T rEERRC > TR 3B,

a) DERIBRIE ventricular septal defect (VSD)

VSD B3FE T 55 &1L MITEIRENYIC unrestrictive 24 4 X25% b, inlet & b Ic{riB+ 2. 5&
BRI AEYIE, BMEATIETH . <y FHED7-DDE %iE De Leval 5YDHEIBT 2 k
71, concordant heart & RKICEAE, ELMEZAF (EF) BBL—BRNTH S (X 3-89).
VSD ORIT#& T, VSD 8L i BHI#HEZMOLEFRICS %% 247 patch #HBICEZ L
T, BY DB 0B 2 REFLNEZN L VD2, His HOMBIX, VSD UG DM
ATEQVHE LTLIELIEEZETH S, £7- VSDBEL =LK (ERIEZH) AEIELE
BhONERNZHER T 2 2 EBEET, L ABED straddling (RHEIEFEL D VSD 00&ic f
BLTV3) THoTH, HMEER L =ZAF (EABEH) WRRLEBOMES OB BET
52 LIZHEETH 27-%, anatomical repair % OB R 2 EZETRETH B,

b) EhENIRIRE

VSD & &6f7 2 MBIIRSEAR IC 0 T 2 MBI R 2 iR 5, SAEBALIEH T L & FRETRR, £
ROUBEET, BLUZNLDMAEGDLETH S, WEEROMALE L TUTD b Db 5 s
BECRHIFAE - MBIRERMOCEBRICEL TRIRT 2. 48, BEORRRER I REEN
EZEOBEEEL L b2, LEFRBOEZEMADEAICHE S ZLANMATHOEMIC L - T4
CH=RAAFHFLOREELHE, GLA2EETH 3,

VSD "OEEEAEELEERE
BREBEORTIREKROEZ
5

SAfAS b FERSE L AH His ROMENE
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Patch Hikfild, REEIBEAL LRSEINSLBEIOEEL 45, BHFNAZHTE-
MRS, 60 (RAZmE) SEREE CERICE Ak, REFNENTT
B EREEOMIC B AESH 20, TNLEZRIBIRBEELIBHREE>Tw 57
Dz, B RERRITIRE & 2 2EMIIENRES NS,

DAV k 2 B8R (Rastelli BFR) 3, BOLEFCAML SN RERRETH 5. TR
EFOWRICE D, BEIEHERTEEIRGRERSEL LGBt S3. EEVBEELR
Wie (LRHE D TiEnd) LEDEESCHRAZRBLTY3 (13-90). LEYIHEEC Al
I LEORED S ETHEAALAGONEBLERL, I BT TURTS I LPHRTH D,
- OBETR, EE 0BT THAMIOATERRS 2 OEMLALDIILEY, 2D
EOICBEOEMMNBESIND I LRV

2) anatomical repair (double-switch)

anatomical repair T!4, discordant % B5ERAf% & discordant 7 E K ImME IR % 32 concordant %
MG BT MR TH 5. EELFRTEDOICTFHEFMISBIES 512 b02b 6 7, EH
iz BiF A BRSSO ER) SBME XN T 5%, ZORiRIT LD, conventional repair <E
USRI B EMIC A U ) 2 BEIFNAS SAROBERLXER T 200050 THS. %
£ L7k LR 10 £ TOSBRERLSYOMFIHIRFLLNEVL 57 EIcEL
IR CA E 215 EHFEE L, ARAYIC anatomical repair Z{T I ER L H 5 —H, LER
TR 5 AR 20 OEMMEB DR E > £ KR MigIROFEHRA, Rasteli RFHIFH )
EHERTO mortality & & (& morbidity DREBEOB S BETIERLH . OWR
DRGSR BT b, BRLNESRERSPIRAMFET LM - 250, ZRAR
ER% (Ebstein {L® straddling % &) DED SN BEMTITHON S,

Rastelli & conventional repair Rastelli & anatomical repair
= #5850 (Senning LB PIERHR{A &
DA EDYE)
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EEBIRIEEN & L T Senning, Mustard »3, ERMEBIRESEH & L T arterial switch, Rastelli
ROBRDOEAEOEDFLET 2. 48 double-switch &v> ) AFBIZIIBAERIEA SN, arte-
rial switch IC X 2 B KMEBREE & Senning £ 7- (2 Mustard DA S DLE DA X BT HMR
& anatomical repair DEF XIS TEMRMBEL T 3,

Senning, Mustard .0 WIMTEEHT % - OHEBIZT HIHE, LEFRED malalignment 232473
A6 B I &, T mesocardia dextrocardia LI LITAHTH I LICLY, FHFA Y DETE
BEYIBA# % Senning @ & Z O hE flap I patch HEE D XEH: 4 ¥, concordant heart DBEED H D
LY R B I EHF. ZOFEN morbidity % BT 572912, hemi-Mustard #% & L iFh
%, LENA baffle % @IEFH & MERFAOBOMIC H T T ABRKIM% =LA I re-routing L, EX
#IRM(3 M 75 @ Glenn shunt % &> THEIAR & WA T 5 1+1/2 L ZEH (one-and-one-half ven-
tricular repair) & ¥ 3 HE LRI T3,

Rastelli i3 AR HERREMITEMIC RE TH 3 BAILE IR 5 (K 3-91). BEIEMEE
»SDLNEEOMEIX, BWEOETICZZ Z LA TRKEBROER (REELER DR OS
GRAWH) ZEL THEIRICESTZ EBEE Ly, HBROY A XPHBIZLOWEDET %2
BYIBIC 6 X258 VWBEL %,

arterial switch %17 ) 5& 3, MBIRASHEBNBENICERETH 5 2 LENESETH Y, W
BIDMTBEIC L > TR INGHPRAZ7INTVBEI LSS E I LICHET S, £ -FHRDE
TRELKAALN, FICH—EHRCHEBIROBESESEI 22y —ALEET 3.

*¥ &K
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Abstract

An advantage of using vesicles (liposomes) as drug delivery carriers is that their pharmacokinetics can be controlled by surface
characteristics, which can permit specific delivery of the encapsulated agents to organs or cells in vivo. Here we report a vesicle
formulation which targets the bone marrow after intravenous injection in rabbits. Surface modification of the vesicle with an anionic
amphiphile; L-glutamic acid, N-(3-carboxy-1-oxopropyl)-, 1,5-dihexadecyl ester (SA) results in significant targeting of vesicles to bone
marrow. Further incorporation of as little as 0.6 mol% of poly(ethylene glycol)-lipid (PEG-DSPE) passively enhanced the distribution of
SA-vesicles into bone marrow and inhibited hepatic uptake. In this model, more than 60% of the intravenously injected vesicles were
distributed to bone marrow within 6 h after administration of a small dose of lipid (15 mg/kg b.w.). Histological evidence indicates that
the targeting was achieved due to uptake by bone marrow macrophages (BMM4¢). The efficient delivery of encapsulated scintigraphic
and fluorescent imaging agents to BMM¢ suggests that vesicles are promising carriers for the specific targeting of BMM¢ and may be

useful for delivering a wide range of therapeutic agents to bone marrow.

© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Nanoparticulate carrier systems have been investigated
as candidates for targeted delivery in cancer therapy and
gene therapy [1.2]. A wide variety of nanoparticle systems
have been developed for biological applications. One of the
advantages of using nanoparticulate materials is based on
their controllable surface properties which permit specific
interactions with cells, tissues, and organs. Although a
number of investigators have demonstrated that endocy-
tosis of nanoparticles in vitro is accelerated by surface
modification of the particles with specific ligands, the
specific in vivo targeting of cells remains challenging
because it is hindered by competing interactions, especially

"Corresponding author. Tel.: +81352863120; fax: +81332054740.
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fairly high mononuclear phagocyte system (MPS) uptake
in vivo.

Phospholipid vesicles (liposomes) have been widely
investigated as potential carriers for drugs, genes, and
proteins because their capsular structure permits encapsu-
lation of various therapeutic agents [2-4]. Because of their
particulate nature, these vesicles are trapped in the MPS,
particularly hepatic Kupffer cells and spleen macrophages
following intravenous administration [5,6]. Once in the
bloodstream, the binding of plasma proteins such as
immunoglobulins, complement proteins, apolipoproteins,
etc., which together are termed “opsonins’’ on the vesicular
surface have been reported to accelerate phagocytosis of
the vesicles by macrophages, because the macrophages
have scavenger receptors to bind the opsonins [5]. In
addition to this mechanism, vesicles containing anionic
phospholipids such as phosphatidylserine (PS), which are
markers of apoptotic cells, have been reported to bind with
a PS receptor on macrophages [7]. Improved vesicles with
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prolonged circulation times preventing MPS uptake have
been formulated with poly(ethylene glycol) (PEG) deriva-
tives [8]. These vesicles have been termed as stealth
liposomes, due to their ability to evade uptake by the
macrophage, particularly Kupffer cells. Long circulating
liposomes with PEG surface modification are currently
being used as anti-cancer drug delivery agents [9].

On the other hand, the phagocytic ability of the MPS
contributes to achieving an active targeting of particulate
carriers to macrophages [10,11]. Macrophages produce a
wide range of biologically active molecules that are both
beneficial and detrimental. Many of the detrimental effects
of macrophages are associated with their pro-inflammatory
effects. Thus, interventions targeted to macrophages may
open new therapeutic approaches for controlling diseases
associated with inflammation. Evidence from a number of
sources suggests that cancer-associated inflammation
promotes tumor growth and progression, and tumor-
associated macrophages play a critical role in the initiation,
maintenance, and resolution of inflammation [12]). These
tumor-associated macrophages are inactivated by media-
tors from tumor cells, and they serve to promote tumor
growth. The importance of macrophages in disease
development has led a number of researchers to investigate
methods for the site-specific delivery of drugs to macro-
phages.

Bone marrow, which contains macrophages, is one of the
organs responsible for uptake of circulating particulate
materials [5,9.13-17]. Also, macrophages associated with
erythroblasts in a hematopoietic environment participate in
erythropoiesis control, and engulfment of nuclei from
erythroid precursor cells [18,19]. The development of drug
delivery systems with specific bone marrow targeting may
have therapeutic benefits for hematological malignancies as
well as hemopoiesis control. However, very little attention
has been paid to bone marrow as part of the MPS because
its contribution to the overall MPS is generally much less
than that of the liver and spleen in vivo. Another essential
problem for targeting of BMM¢ is caused by lack of
understanding of their specific targeting receptor. There-
fore, development of a method for specifically targeting
bone marrow will be facilitated by knowledge of the
strategies to allow nanoparticles to escape from liver and
spleen uptake, but not from bone marrow uptake, and
development of specific ligands to induce targeting of bone
marrow MPS.

Recently, we have discovered a vesicular formulation
which shows remarkable targeting to rabbit bone
marrow even when administered at small lipid doses. In
this article, we address the components of this vesicle
responsible for the targeting of bone marrow and
additional vesicular modifications for escaping from liver
and spleen uptake, but not from bone marrow. These
results may be widely applied to the design of nanoparti-
culate carriers that target the bone marrow. Bone marrow
targeting carriers could open up a wide variety of new
therapeutic applications.

2. Materials and methods

2.1. Materials

1,2-Dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) and cholesterol
(CH) were purchased from Nippon Fine Chemical Co. Ltd. (Osaka,
Japan); l,2-distearoyl—sn-glycero—3—phosphoethanolamine-N—[monomethoxy
poly(ethylene glycol) (5000)} (PEG-DSPE) was purchased from NOF Co.
(Tokyo, Japan). L-glutamic acid, N-(3-carboxy-1-oxopropyl}-, 1,5-dihexade-
cyl ester (SA) was synthesized as previously reported [20]. Glutathione was
purchased from Sigma (St. Louis, MO). Superoxide dismutase (SOD) was
purchased from Wako Pure Chemical Industries Ltd. (Osaka, Japan). 44~
diﬂuoro-S-methyl—4—bom—3a,4a-diaza-s—indacene-3—dodecanoic acd (C,-
BODIPY C,,) and Texas Red (TR) sulfonyl chloride were purchased from
Molecular Probes, Inc. (Eugene, OR).

2.2. Preparation of vesicles

All vesicle preparations were performed under sterile conditions. DPPC
and CH (1:1 molar ratio), or DPPC, CH, and SA (1:1:0.2 molar ratio)
were dissolved in benzene and Iyophilized to lipid powders. The mixed
lipid powder was hydrated with a glutathione (30 mm) and NaCl (120 mm)
solution (pH: 7.0) at 5gdL™', and submitted to three cycles of
freeze-thawing. After controlling vesicle size by an extrusion method
(final pore size of the filter: 0.22 um, Fuji microfilter, Fuji Photo Film Co.,
Tokyo, Japan), the unencapsulated glutathione was removed by three
ultracentrifugation steps (3 x 10%g, 60min each) and the vesicles were
dispersed in saline solution. Surface modification with PEG was
performed by making use of the spontaneous incorporation of PEG-
DPSE into vesicles [21]. Various concentrations of the PEG-DSPE
dispersion were added to the vesicle dispersion and the mixture incubated
at 37°C for 3h. The vesicle dispersion was ultracentrifuged (3 x 10%g,
60 min) to remove unincorporated PEG-DSPE in the supernatant. After
washing the precipitated vesicle pellet by ultracentrifugation (3 x 10%g.
60 min), the PEG-modified vesicles (PEG-vesicles) were dispersed in saline
at 7gdL”™", and the dispersion was then passed through a sterilized
membrane filter (pore size 0.45pm, DISMIC filter 45, ADVANTEC). The
amount of PEG-DSPE incorporated was determined from the peak area
ratio of methylene protons of PEG-DSPE (3.63ppm) to the choline
methyl protons of DPPC (3.39 ppm) using '"H-NMR spectroscopy (JEOL
JNM-LAS00) [21]. SA-vesicles containing 0.3, 0.6, 1.4, and 2.6 mol% of
PEG-DSPE on the surface (represented as PEG(0.3)-, PEG(0.6)-,
PEG(1.4)-, and PEG(2.6)-[SA-Ve], respectively) and control vesicles
containing 2.6mol% of PEG-DSPE (represented as PEG(2.6)-Ve) were
prepared and characterized for these studies. The diameter of the resulting
vesicles was determined with a COULTER submicron particle analyzer
(N4SD, Coulter, Hialeah, FL), and represented as an average diame-
ter +standard deviation (SD). Endotoxin contamination was determined
to be below 0.1 EU/mL by the Limulus assay test [22].

2.3, Technetium-99m (°°™Tc)-labeling of vesicles

Radiolabeling of vesicles was performed according to a method
described previously [14,17,23,24]. A saline solution of sodium ™ Tc]per-
technetate (SmL, 2.78 GBq (75mCi)) (GE Healthcare Radiopharmacy,
San Antonio, TX) was injected into a vial containing lyophilized
hexamethylpropyleneamine oxime (HMPAO; 0.5mg, SnCly; 7.6 ug)
(CeretecTM; GE Healthcare, Arlington, IL). The mixed solution was
incubated for S5min at room temperature. The 9™ Tc-HMPAO solution
(1 mL) was then added to the vesicle dispersion ({lipids) = 7 gdL", 1 mL),
and the resulting mixture was incubated for 1h. After removing free
9mTc. HMPAO by gel filtration (Sephadex-G25 column), total radio-
activity was measured in a dose calibrator (Radex, Mark 5 Model,
Houston, TX) and the labeling efficiency was calculated as the percentage
of radioactivity in *™Tc-vesicles to radioactivity measured just before gel
filtration.
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2.4. Labeling stability of ™ Tc-labeled vesicles in vitro

Labeling stability was examined in vitro according to a previously
reported procedure [25]. Prepared *™Tc-labeled vesicle dispersions
(0.5mL) were mixed with rabbit serum (1.5mL) and incubated at 37°C
to check the labeling stability. A 100 pL aliquot of incubated sample at 24
and 48h after mixing was passed through a Bio Gel A-15m
(200-400mesh) spin column. The sample was eluted by sequential
addition of 100uL of Dulbecco’s phosphate-buffered saline (pH 7.3)
under the centrifugal force of 1000 rpm for 1min. Each fraction was
collected separately and counted in a scintillation well counter (Canberra
multichannel analyzer; Canberra Industries, Meriden, CT). Another
100 uL aliquot of incubation sample was used as a standard. The sum
total of activity eluted with vesicle fractions was compared with total
radioactivity in the standard. As for ™ Tc-labeled PEG(0.6)-[SA-Ve], the
labeling stability was also examined in human plasma at 37 °C for 24 h.

2.5. Animal experiments

Animal experiments were performed under the National Institutes of
Health Animal Use and Care guidelines and approved by the University of
Texas Health Science Center at San Antonio Institutional Animal Care
Committee. Male New Zealand White rabbits (2-3 kg, n = 3-4 per each
vesicle formulation) were anesthetized with an intramuscular injection of
ketamine/xylazine (both from Phoenix Scientific, St. Joseph, MO) mixture
(50 and 10 mg/kg body weight (b.w.), respectively). One ear of a rabbit was
catheterized with a venous line, and the other ear was catheterized with an
arterial line. ®™Tc-vesicles were infused into the venous line at 1 mL/min
and blood samples were drawn from the arterial line. Each rabbit received
a total dose of 214.6~377.4 MBq (5.8-10.2mCi) **™Tc-activity and 15mg/
kg b.w. of lipids. As a control study, *™Tc-HMPAO solution (3 mL) was
mixed with glutathione solution (30mm, 3mL), and the mixed solution
was infused into the venous line at 1 mL/min in rabbits. Each rabbit
received a total dose of 321.9-399.6 MBq (8.7-10.8 mCi) *™Tc-activity.

2.6. Imaging study

Rabbits were placed in the supine position under a Picker (Cleveland,
OH) large-field-of-view gamma camera using a low-energy all-purpose
collimator and interfaced with a Pinnacle imaging computer (Medasys,
Ann Arbor, MI). One-minute dynamic 64 x 64 pixel scintigraphic images
were acquired over a continuous period of 1.5h after the injection of
#¥mTc.vesicles. Static images were also acquired at various times post-
injection. The image analysis was performed using a nuclear medicine
analysis workstation (Pinnacle computer; Medasys, Ann Arbor, MI). The
regions of interest were drawn around images of the whole body, one
femur, liver, and spleen. The radioactivity counts were decay-corrected at
each time, and converted to a percentage of whole body counts.
Corrections were made for the blood pool contribution of each organ
using the percent injected dose (%ID) measured immediately after
infusion.

2.7. Blood persistence and biodistribution

Blood was collected from the arterial line of the rabbit (100uL) at
various times post-injection. The radioactivity of blood samples was
quantified in a scintillation well counter (Canberra Multichannel
Analyzer, Meridan, CT) during the same counting session. The counts
at each time were converted to the percentage of the counts in the sample
collected immediately after injection. The animals were rapidly sacrificed
at 6 or 24 h and the tissue samples were collected, weighed and counted for
radioactivity in the same scintillation well counter for calculation of
biodistribution. To calculate the %ID per organ, total blood volume,
muscle and skin mass were estimated as 5.7%, 45%, and 10% of total
body weight, respectively [26,27]. Bone mass was estimated to be 12 times
that of one femur [28).

2.8. Microscopic study

Histological examination of fluorescence delivered into bone marrow
tissues was performed using PEG(0.6)-[SA-Ve), double fluorescently
labeled by encapsulating SOD conjugated by TR sulfonyl chloride (TR-
SOD) in inner aqueous phase and embedding C,-BODIPY C,, in bilayer
membrane. Conjugation of TR-SOD to SOD was performed according to
previously reported procedure [29], and purified TR-SOD was encapsu-
lated in mixed lipids including 1 mol% of C,-BODIPY C;, to obtain the
double fluorescently-labeled PEG(0.6)-[SA-Ve] with size of 247 +22 nm in
diameter. Labeled vesicles were i.v. injected into anesthetized Male New
Zealand White rabbits (2.5kg, lipids: 15mg/kg b.w.). At 6h after
injection, femoral bone marrow tissues, liver and spleen were taken, fixed
in 10% formalin solution, and then sliced into sections. The sections were
fixed on the glass slides with agar at 4°C and examined with a
confocal scanning microscope (Olympus 1X-70). Transmission electron
microscopic (TEM) observation was performed to observe the bone
marrow tissues at a higher magnification. PEG(0.6)-[SA-Ve] were i.v.
injected into anesthetized Male New Zealand White rabbits (2.5kg). The
rabbits received 15mg/kg b.w. of lipids. Control rabbits received no
injection. Bone marrow was taken from the left femur of rabbits at 6h
after injection of vesicles, and fixed in 2.5% glutaraldehyde solution. The
fixed bone marrow was then washed with 0.1 mol/L phosphate buffer, pH
7.4, and stained with 2% osmic acid solution at 4°C for 2h. The organs
were first dehydrated stepwise with ethanol, and then polymerized using
Quetol 812 at 60°C for 28h. The obtained samples were sliced into
sections by using an Ultracut S microtome. The sliced samples were
stained with 3% uranyl acetate solution for 20 min and then treated with
Satoh’s lead solution (lead acetate, lead nitrate, and lead citrate) in citrate
for Smin, washed, and dried. The sample was observed and a picture
taken with a transmission electron microscope (TEM, H-7500, Hitachi,
Tokyo, Japan).

2.9. Theoretical estimation

The theoretical estimation for surface coverage by PEG on vesicles has
been reported previously [30,31]. At low grafting densities of PEG, the
chains of grafted-PEG are displayed “‘mushrooms”, in which area Apgg
covered by each molecule is theoretically calculated as

Apeg = nRE, (n
where the Flory radius Rg is given by
Rp = N¥/3g, (2)

where N is the degree of polymerization, a is the size of a monomer.
The percentage of covered surface area by PEG in the mushroom
conformation R was estimated as

R = Apeg x M [ Aipia, ’ 3)

where M is the mole percentage of PEG-DSPE and Ajpig is the
average area of total membrane lipids. In subsequent calculation, we
used N=114 and ¢=035nm for PEG (Mw 5000), and Ajipia®
0.4nm* for average area as mixed membrane of DPPC and CH
(1:1 molar ratio) [32].

2.10. Statistical methods

Values are reported as mean+standard error of the mean
(SEM). Statistical analysis was performed using Microsoft Excel for
Windows. Biodistribution data were compared using the Student's
unpaired -test. A p-value <0.01 or 0.05 was considered statistically
significant.



