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Abstract
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Spinal gene therapy is a promising option for t'i;eatir':xg yariou'sfspinal—related 4 Lordery. Several previous studies using viral vectors reported

successful transfer of therapeutic genes into; the spinal netve system. Howeve
viruses, _non-vir_al_' gene transfer still needs to be developed. One possiblé
microbubbles. The present study shows that this method can be applied fo
of plasmid-DNA, encoded with luciferase and commercially available alb
space in mice." Subsequent percutaneous ultrasonication onl thie lumba

e i of the considerable immunogenicity related to the use of
Papproach is the combined use of ultrasound and echo-contrast

afpeted’ ntrathecal gene delivery. We intrathecally injected a mixture

8 i;obixbiylgs by needle puncture at the lower lurnbar intérvertebral
[eitebiae significantly enhanced the luciferase expression, analyzed by

imaging luciferin ‘bioluminescence, in the dorsal meningeal ¢ells at thiggjnsonated region. No apparent neurological darnages were induced by the

present spinal interventions. In ‘addition 6 the general benefits of thegomitined use of ultrasound and microbubbles, our approach can offer some

advantages specific to spinal gene transfection including minim%&
litnited access of ultrasound waves through anatomical apertyresio)
spinal nerve system... "~ °

©-2006 Elsevier B.V. All rights reserved.

A\ isiveness of simple percutarieous’ dural puncture, fargetability due to the
ﬁgvertebrae, and possible paracrine delivery of therapeutic molecules to the

Keyworz'lx:‘_Gene therapy; Spinal disorder; Intrathecal delivery; Ultrasound; Microbubble

1. Introduction .
Spinal gene transfer is ,equét “become a promising

option for treating various s ififlelated disorders including

&R

nerve injury, degenerative d,is"gi%%,’ ricoplasm, and chronic pain
-[1,2]. To date, the most wﬁéﬁ,‘ used vehicles for gene delivery
are viral vectors. Recent arfiina _stgdi'es using adenovirus vectors
indicated that direct spial mjéction of specific growth-factor
genes achieved functional Técovery after acute spinal cord injury
[3-5]. The feasil;eii'ity-‘of‘?§iims4niediated gene transfer to treat
sy L A .
chronic pain has been:also explored using the precursor genes of
endogenous opioids %6,7]. The targeted spinal tissues for the
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opioid-gene transfer can be both-meningeal and parenchyma
cells. Among the utilized viral vectors that are mostly derived
either from adenoviruses, adeno-associated viruses, herpes
simplex viruses or retroviruses [8], herpes vectors may be the
most promising for antinociceéptive gene therapy because of its
high ‘selectivity to primary afferent neurons 2,9].

Despite such experimental successes in virus-mediated géne
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delivery, however, alferative non-viral transgene applications -

need to be developed because the clinical use of viral vectors is
Jimited by such possible disadvantages as immunogenic
properties, inflammatory résponses, and the difficulty of
producing large amounts of pure virus. In this context, it has
been reported recently that the emission of high-pressure
ultrasound in combination with echo-contrast agents, microbub-
bles, can facilitate gene tz'*c_msfecti,on into cells [10]. Possible
explanations for the mechanisms include the production of

transient pores on the cell membranes as well as an increase inthe -



= 268

. sites. Plasmid DNA’ was ‘purified with a QIAGEN plas

membrane fluidity by impulsive pressures raised when micro-
. bubbles are disrupted by ultrasound [11,12]. The combineduse of .

microbubbles and ultrasound for gene delivery has several
advantages including low toxicity, low immunogenicity, low
invasiveness, high target selectivity, and repeatable applicability
[11]. In the present study, we focused on spinal gene delivery and
demonstrated that percutaneous ultrasonication in combination
with intrathecal microbubbles facilitated gene transfection in
spinal meningeal cells in mice;

2. -Materials and rnethods
2.1. Animals

The study was approved by the Animal Care Committee of
Toholu University Graduate School of Medicine. Male inbred
BALB/c mice were purchased from the institutional breeding
facﬂrtles at 5—6 weeks of age and maintained in an antigen- and

virus-free room (221 °C, 60 10% relative humidity, 12 h/12 h
light/dark cycle, food and water ad libifurm). The mice were
studied at 7-8 weeks of age.

S22, Plasmtd DNA

pCMV- 1ucrfemse—GL3 (chuc-GL3 7.4 kb) was consﬁ-ucted :
by cloning the luciferase | gene from the pGL3-Control Vector -
(Promega Corp ;, Madison, WI, "USA) int6 pcDNA3 (5.4°xb)’

(Invitrogen, San Diego, CA; USA) at the HindIll and BamHI

1solaton kit (QIAGEN Hrlden Germany) and prepared a
final concentratron of 1 mg/ml '

2.3, Intrathecal transfection of plasmid DNA

che were anesthetized with an mtrapentoneal injection
of sodium pentobarbital (80 mg/kg) and immobilizediin a prone
position on an acrylic plate. Intrathecal accessﬂ as accom-
plished by percutaneous lumbar puncturez ough the 4/5th or
5/6th intervertebral space using a 27-gauge Stajnless-steel needle
accordmg to the Hylden and Wilcox égﬁvﬁrq& with modifica-
tion [13]. Dural penetration of the_ eedle was confirmed by
inspecting tail flicks' of the m\@e A;total volume of 10 ul
containing 5 pg plasmid and»commercrally available al'bumm
coated octa—ﬂuoropropane gas» fijcrobubbles (MB), Optison™
(Amersham Health, Oslo, N&Sway® 5-8 x 10%/ml, 345 um in
diameter), in phosphate é\uﬁ'ered saline at a final MB con-
centration either 0, 20%]3'50\\/ % was then injected slowly into
the intrathecal space""usmg a 50-pl microsyringe (Hamrlton
Bonaduz, GR, Smtzerla.réd) A mixture of the plasmid with MB
was prepared by gentlé hand shaking immediately before
injection. Immediately after the intrathecal injection, the mice
were placed at a vertical posmon in a 37 °C water bath and
dorsally insonated for 1 min at the vertebral region that had been
injected using an ultrasound-emlttmg transducer (6 mm in
diameter; Fuji Ceramics Co., Fujinomiya, Japan). The ultra-
sound (US) parameters used were as follows: central frequency,
950 kHz; duty ratio, 20%; the average intensity per cross
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section, 1.3 W/cm®; acoustic pressure at a standoff drstance of
1 mm from the ﬁ'ansducer surface, 0.6 MPa; energy, 2.4 J/em?.
After the insonation, the mice were dried and kept under a heat
lamp until recovery from anesthesia.

2.4. Analysis of luciferase activi‘ty

&

Mice were killed by neck dlslocatrogb~ 1n£er deep anesthesia
with isoflurane at 1, 3, 7 days after uznsﬁacﬁ}gn of the luciferase
gene. The spinal cord was harve e@fb[oa at the level of the
lower thoracic to sacral regi b}@eareﬁﬂ dissection of the
vertebraé and plaoed on a dish; ‘ﬁ SuBsequently, the tissue was
fully covered with Luclfemr,3 mg’:m 1 ml PBS (Promega Co.,
Madison, W1, USA). Lucrfenn% oluminescence was 1rnmed1ately
quantified as the Iucifera$ gbtivity using an in vivo imaging
system (IVIS™, Xenogen Co., Alameda, CA, USA) [14].

2.5 Immunoh&?‘-g istry

The harve%mal cords were preserved in 10% PFA. for

4 h and then Cibedded in paraffin and sectioned. Sections
4 pm thlclcness) were evaluated for the presence of luciferase
unostalmng The sections were deparaffinized in
 min 3x, rehydrated through. graded ethanol and

: eqm [ibrated in PBS. The sections were incubated in 3% H,0, -

] ;38?,, to dampen endogenous peroxrdase activity. They
i mcubated for 30 min at room temperature with '10%
' rmal goat serum (Nichirei Biosciences Inc. , Tokyo) to reduce
onspecific protein binding. After a wash in PBS, the sections

ere incubated with blonn—labeled rabbit antr—lucxferase

: antibody (0.5 g/ml) (Cortex. Biochem; San Leandro, CA,

USA) overnight at 4 °C. The followmg day, after three washes
in PBS, immunoreactivity: was detected using an antr-rabb1t IeG
Histofine SAB-PO(M) kit (Nlchlrel Biosciendes Tag,;
Japan) and diaminobenzidine (DAB) asa chromogen according
to the manufacturer’s protocols: . After color deével yment, the
spinal cord sections were counterstairied with he atoxylin and
were then dehydrated, cleared and mounted on shdes

2.6, Assessment of post-transfectional spinal injq;jk

2.6.1. Thermal nocxceptzon i

For assessing the nociceptive responses to thermal stimuli
after the intrathecal procedure, the | paw ‘withdrawal. latencies
followmg exposure to infra-red radlant heat wete detemuned
[15]usinga commer(:la] device (7370 -Planter Test, Ugo Basille,
Comerio, Italy) three days after the g gene transfection. Mice were
placed in a clear plasuc chamber (210 mm x 105 mm % 130 mm)
with a glass floor and allowed to acclimate for at Ieast S min.
After the acclimation penod, radiant heat was pro;ected to the
hind paw and time count was started. The heat’  projection was
made through a 5 mm x 10 mm aperture in the top of a movable
case containing the radiant heat source that was positioned under
the glass floor directly beneath the paw. The radiant heat source
consisted of a high intensity projecting Halogen lamp bulb
(8 V=50 W) located 40 mm below the floor. The time count was
stopped when the mouse withdrew its paw. Mice were tested
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with three determinations éach at the right and left paw and were
allowed to rest for at least 30 min between each session.

2.6.2. Rotarod

For assessing motor function after the intrathecal procedure,
mice were tested using a rotarod (ITC; Life Science Instrument,
Woodland Hills, CA, USA) thrée days after the gene
transfection. The rod had a diameter of 3.8 cm and was
accelerated from 0 to 30 rpm over a 17.5-s period. The total time
that the mice remained on the rotarod was measured. The time
count was stopped when mice fell from the rod or when they
rotated around - completely two times without walking [16].
Mice were tested with three trials and were allowed to rest for at
léast 30 min between each session.

2.7. Statistical analyszs

All values are expressed as mean+SEM. Statistical analy51s
fot the spinal luciferase activities was performed by one-factor
analysis of variance (ANOVA) with Fisher’s protected feast
significant difference test (Fisher’s PLSD) as a post-hoc
procédure. Unipaired Student-T test was used for the behavioral
evaluatlons Statistical s1gmﬁcance was defined as p<0 05:

3 Results

3 I Eﬂ'ects of mtcrobubbles and ultrasound on spmal gene'

transféctzon

Fig. 1 shows representatlve views of Iucxferm blolummescengg

in the mouse spmal cord obtamed by the imaging system' ‘
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Fig. 1. Representative image showing huciferin bioluminescence (IVIS™,
‘Xenogen Co., Alameda, CA, USA) in the spinal cord of BALB/c mice a day
after the mtmthecal injection of plasmid DNA and microbubbles (Optison™,
Amersham Health; Oslo, Norway) followed by percutaneous ultrasonication.

Imaging time is 5 min. Color bar units represent photons s~ Tt em™2
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Fxg 2 Plasmxd«ienvcd spmal lucxferase acthty represerited by luciferin
bioluminescence i in mice subjected to intrathecal gene dehvery using ultrasound
and rmcrobubbles The, ultrasound pammeters were as follows: central fre-
quency, 950 kHz; duty rano, 20%, the average mtensxty per cross section, 1.3 W/
cm2 acoustic pressure at a standoff distance of l-mm from the transducer
surface, 0.6 MPa; eriergy, 2.4 I/cm ; éxposure time, 1 min. (a) Treatment effects
of ultrasound and 50% rmcrobubbles one day after the apphcahon Combined
use of ulirasound and mlcrobubbles sxgmﬁcantly enhanced the gene transfection
compared to the other treatments ®) Effects of the microbubble concentration
on the stal gene expression. chrobubblw at concentratlons of both 20 and

50%- slgmﬁcantly enhanced the gene transfechon one day after thc application.
No sxgmﬁcant difference was found betwcen the Tnciferdse activities in mice
treated with the two conicentrations. © Timie course of spinal gené expression

. in mice treated with ultrasound and 50% xmcrobubbles Luciferase activity

significantly increased at 1 and 3 days aﬁcr gene tmnsfectxon which disappeared
by the 7th day. No statistical difference was found between the gene expression
at 1'and 3 days post-transfection. *p<0, 001 n=5 in each group. US: ultrasound;
MB: mlcrobubble (Optison).

" photon counts from a region of interest at 5 min is presented). The

spinal luciferase activities determined one day after four different
treatments (DNA alone, DNA+MB, "DNA+US, and DNA+
MB+US) are shown in Fig. 2a. The concentration of MB used
was 50%. The huciferase activities in the treatments with DNA+
MB and DNA+US were as low as that with DNA alone. In
confrast, ultrasonication after the DNA+MB injection signifi-

. cantly increased the Tuciferase achwty by approximately 25 fold

compared to the other treatments ( p<0.001).
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3.2, Effects of microbubble concentration on spinal gene
tfransfection

Fig. 2b shows the spinal luciferase activities one day after
ultrasonication with 0, 20, and 50% MB. While the treatment
with MB significantly increased the luciferase activities
© (p<0.02), the difference between 20 and 50% MB was not
significant.

3.3. Time course of spinal gene expression

The spinal luciferase activities were analyzed at 1, 3, and
7 days after the intrathecal gene transféction using US and 50%
MB (Fig. 2¢). The luciferase activities significantly increased at
1 and 3 days post-transfection {p<0.02) without an intergroup
difference, and returned to a level similar to that without US (at
1 day post-treatment) after 7 days.

3.4. Histological localization of the transfected gene expression

The immunohistochemical staining revealed that luciferase
expression was mostly limited to the meningeal cells in the

Fig. 3. Local gene expréssion in mouse spinal cord after intrathecal gene
delivery using ultrasound and microbubbles. Expression of luciferase protein
was mostly limited to the dorsal memnaeal cells. (a) H&E staining in coronal
sections of the lumber spinal cord. (b) Immunohistochemical localization of
taciferase (arrows). Scale bar=100 pm. -
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Flg 4, Neumlog:eétgg{uahons of mice obtained 3 days after gene transfection

" using ultrasound and%mbubbles (50%) (a) Paw—mthdmwal latency

following exposuw
right and left h1

“red radianit heat. Three determinations each in the
#Rere. combined in each animal because the laténcy did
two sides: (b) Rotarod latency thiat represents the total

not differ be
_ time mrceé?z%:e Fon the rotarod. Each mouse was tested vnth three trials. No

erence was found compared to untreated mice: in either
iiiatioh, n=4 in each group. US: ultrasound; MB: nucrobubble (Optxson)

ace of the spinal cord (Fig 3). The expressing régions
wetglikely to have been the dura mater because Fig. 3b clearly
Hows a positive staining for cellsina embrane structure apart

. from the spinal parenchyma by the space of medullary fluid. As

'the dura mater consists of two cell types, meningeal cell and

. 'endothehal céll, the present’ data’ cannot strictly exclude the

posmve staining- for the endothelial - cells: However, the
endothelial cells are shown to be very minor cellular
eomponent, so that frequent sta.mmg may mdxcate expression
of the gene product mamly in the memngeal cells There were
no hemorrhage or mﬂammato

3.5. Paw-wzthdrawal and 'rotarod latenczes

Fig. 4 shows the averaged paw—w1thdrawa1 (Fig: 4a) and
rotarod latenicies (Flo 4b) in untfeated and transfected (DNA+
50% MB+US) mice. Smee the. Wlthdrawal 1atencres were not
different between the nght ad left paw (data Hot shown), the
data were- combmed in; each amma] The ' determinations
revealed no sxgmﬁcant dlfference in “the paw""thdrawal or
rotarod latencies’ between the two- groups, mdlcatmg that the
present- mtervennon did’ ot affect the sensory and motor

neuro]oglc ﬁ.mchons of the rmce S

4., Discussion"

The present study clearly demonsu'ated that percutaneous
ultrasonication on' an- intrathecally’ administered mixture of
plasmid-DNA and Optison facilitated the transfection of
luciferase genes into the spinal meningeal cells in mice. No
significant deficit was observed either in the sensory or motor
neurologic functions after the procedures. In addition to the
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general benefits of the combined use of ultrasound and
microbubbles, our approach offers some advantages specific
to spinal gene transfection. First, it requires only intrathecal
needle access and percutaneous sonication that have been
widely accepted in the clinical practice. Although a relatively
short duration of gene expression (<7 days) was observed
(Fig. 2c), the minimal invasiveness of the present surgical
interventions would permit repetitive gene delivery into the
spinal cord. Second, the intervertebral foramina and spaces
would provide highly selective anatomical windows for -
ultrasound access while the vertebral bony structures would
protect the spinal cord from possible excessive sonication.
Although spotty gene expressions in the insonated regions
would not be obvious in animals as small as the mice used in
this stady (Fig. 1), it can be expected that an ultrasound beam
could reach the regions of the dorsal roots or the dorsal horns at
targeted vertebral levels through the boneless apertures in large
animals incliding human. This can be especially promisirig for
transferring antinociceptive genes. Third, gene transfer into
meningeal cells (Fig. 3) may be useful for topical delivery of
bioactive substances into the CSF or adjacent spinal parenchy-
‘ma whilé avoiding direct genetic modulation of parenchyma
cells. -Transgene-derived peptides such as, growth “factors,
* néuropeptides, or. endogenous opioids that are secreted from
meningeal cells would act in a paracrine manner on neurons and ’

glias in the near vicinity, circumventing pharmacological . §

~ problems re_lated"td the. short half-life of the peptides or th
need for high doses to achieve biological activity that coul

result in lindesirable si&é effects.

Spinal gene therapy can be expected to be a pron
approach to treat various spinal-related disorders. In piev
animal studies, the delivery of therapeutic genes intbﬁeﬁ%"
nefve System has béen mostly achieved using viral vectors*8].
~ However, becauseé of the considerable disadvantages involved

in using viral vectors, the development of alfgmative non-viral
transgene techniques is needed. Cationicg edBents such as
cationic liposomes [17] have been devet%%e} 'or-_%qi)n-viral gene
transfection. Achieving the efficient delifry of such molecules,
however, to the spinal cord includes ihh%%é t difficulties. First,
- intrathecal injection induces diﬁhfs"‘m ez}-‘p‘t? reagents into the
cerobral spirial fluid (CSF), resultipghiizlck of target specificity.
Second, since the CSE contx’ilug%‘ﬁi(%girculates and replaces, a
constant concentration of g%gen wfor necessary transfection to
a specific site would not be,ti}@i_e %d. Ultrasound gene therapy
is an altemnative .non—yi%i%igpproach [18]. The insufficient
transfection efﬁciencﬁgggggfmple ultrasonication can be
improved by the =,’c”o"fn;p§g§g’i’1$¢ of echo-contrast microbubbles
{11]. The use of ulzf‘rgs'éﬁ‘rfd with microbubbles, which enables
non-invasive, tissue-specific gene delivery, has received much
interest and enhanced gene transfer has been reported in various
animal tissues in vivo including beart [19], peripheral arteries
[20], skeletal muscles [21], and brain [22]. Very rtecently,
Shimamura et al. reported successful gene transfer into- the rat
spinal cord using ultrasound and microbubbles [23]. The
authors intrathecally injected naked luciferase DNA with
Optison through the 4/5th lumbar intervertebral space and

applied sonication directly on the thoracic dural sac by

2N

removing the dorsal part of the 9-10th thoracic vertebra, -
which resulted in the enhanced expression of luciferase in the
meningeal cells in the insonated region. In contrast, we
accomplished transgene expression in the meningeal cells by
intrathecal injection of luciferase DNA with Optison through the
lower lumbar intervertebral space, as in their study, but then
employed simple transcutaneous insopation at the same hambar
region without surgical eprsm%gj%gne ‘dura. The lower
invasiveness in our methodology, Would séem to be more
clinically wuseful. Interestingly? t ti‘z’”‘ ,du}?ation. ‘of transgene
expression was consistently ggggxo&as a.week in both studies.
Although Shimamura et al4 eéc%béafthat. the short expression
of transgene by single trapsfection would be acceptable to treat
acute spinal cord traumaf{23 e repeated applicability due to the
lower invasiveness in thelpresent study could enable treatments
for chronic ailments. In fact, we have fecently shown that
successive gene expression was obtained by repeat transfection
using the Pigsent ultrasound-microbubble technique [24].
Nonetheless .sﬁ%%,@\gene expression for longer than 3 weeks was
previouslyfa%ﬁ%’ited by spinal electroporation via an intrathecal
electrodezc eEr in rat meningeal cells [25,26], the present
ultras: e“ﬂ};""ﬁ]ﬁi@'crobubble approach has the potential for method-

,.gnn‘(-. m-,;u\{x'.'mﬂm,\'ﬂmw \
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o‘ inprovement to prolong the duration of transgene -
expression

by optimizing acoustic paranieters such as intensity,
dutyiratio, frequency, and spatial pressure distribution [12] and

fiiging the membrane properties of micrbbhbbléé R
&ﬁé‘: présent acoustic parameters were relatively consistent

. with those reorted in previous studies in which ultrasound and
*Optison weré safely used for transférring genes into ‘nervous
tissues [22,23]. Consistent with those studies, we did not find

macroscopic injuries in the skin or' muscles, microscopic
damagé in the spinal cord, or significant deficits. in the spinal

peurological functions. In addition, the present neurological -

tolerance may be alternatively explained by a characteristic of
our approach, namiely that the intact vertebral bony structures
surrounding the intervertebral apertures limited. excessive
sonication of the spinal cord. Nonetheless, further optimization

" of the ultrasound parameters will improve the: safeness of

sonication on nervous tissues. The‘physi‘ca’.l‘ conditions of the
microbubbles used in this study.are additional issues to be

discussed. First, although we evaluated only the usefulness of

Optison, the possible utility and safety of microbubbles other
than Optison (e.g. lipid microbubbles) for intrathecal gene
transfer remains to be explored. Second, we should note that
Optison at a concentration as high as 50% was used in most
series of the present experiments. The reasons for this were that
a trend of higher transfection efficacy was observed in the 50%
group (but ns vs. 20% groups, Fig. 2b) and that no apparent
neurological damage was observed in the transfected mice
(Fig. 4). However, earlier studies [22,23] successfully used
Optison at concentrations” 6f’ 20~25% for intrathecal gene
delivery in rats. It seems reasonable that intrathecal micro-
bubbles at lower concentrations would induce fewer adverse
effects while enabling an increase in the relative content of
plasmid DNA in a limited volume of mixture. Therefore, it is
possible that the concentration of microbubbles for intrathecal
injection could be further optimized. The authors finally note
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*_..

= that the functional expressions of genes transfected into the
spmal nerve system have not yet been examined. Further efforts
using genes that are encoded with neurobitactive peptides are
clearly needed to mvestigate the clinical usefulness of the
present ultrasound—microbubble approach. '

ultrasoand: from diagnosis to thcrapy, Eur 1. Echocardiog. 5 (4) (2004)
245-256.

[11] R. Bekeredjian, P.A. Graybum, R.V. Shohet, Use of ultrasound contrast
agents for gene or drug delivery in cardiovascular medicine, J. Am. Col]
Cardiol. 45 (3) (2005) 329-335.

[12] T.Kodarha, Y. Tomita, K. Koshiyama, M.J.K. Blomley, Transfection effect
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Pl In conclusion, we demonstrated that simple percutaneous of microbubbles on cells in superposed ultrasound waves and behavior of
5%5 ultrasonication on intrathecally administered plasmid DNA and cavitation bubble, Ultrasound Med. Biol. 32 (6) (2006) 505-914.
%g% [13] 1.L. Hylden, G.L. Wilcox, Intrathecal morphmcm mice: a new technique,

= echo-contrast microbubbles enhanced the gene transfer into

spinal meningeal cells in mice. The present approach can
provide some advantages speclﬁc to spinal gene therapy
including minimal invasiveness, regional targetability, and
possible paracrine delivery of therapeutic molecules to the
spinal netve system. Studies including functional asséssments
of therapeutlc gene transfer as well as the application of the
techniques in larger animals will further clarify the feasibility of
the present ultrasmmd—mlcrobubble method in spinal gene
therapy.
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Abstract -

A Japanese word; monozukuri (literally téanslated “making things™) is the philosophy of first having the idea and then the
faith in the technical expeértise and experience to accomplish the result. We believe that the concept of engineering is
monozukuri. Through the process of trlonozl4k;¢ri,'engingered natural s¢ience Based on mathiematics and physics has been
déyeloped. Medicine is the field of study which has been deéveloped for maintaining daily healthy life with diagnosis,
treatinent, examination, and protection. Biomedical engineering i$ the intérdisciplinary study of éngineering and medicite,
and should be developed based o sionozukuri, In this particular reséaich; we have developed a physical molecular delivery-
method for cincer gene therapy usirig nano/microbubbles and ultrasound, First, the behavior of ‘cavitation, bubbles dand’
subsequent shock wave phenomena involved in the meclianism of molecular delivery were analyzed, combining theory and
computer simulation. In a sécond step, the methodology was optimized #n vitro and in vive, Finally, the therapeutic potential
of the method in pre-clinical models was evalugted using transgenes relévant to cancer gene therapy instead of reporter
génes, and whole body, rion-invasive imaging using singlé photon emission computed tomography (SPECT/CT) was used
to evaluaie the selectivity of géne delivery iz vivo. ’ :

Key words: Cavitation bubble, ultrasound, shock wave, imaging, molecular dyhamics simularion

Introduction cancer gene’ therapy, this method could efficiently

target cancer; and may be more efficient than
immurie gene therapy, as patients are often immu-
nocompromised. In addition, NMB can be used as a
targeted marker of molecular imaging to detect
angiogenesis in cancer, inflamimation, and throm-
bus. This method is not toxic and non-immuno-
genic. However, several essential aspects remain
unexplored. First, cavitation bubbles are believed to
be a'major mediator for molecular delivery, however,

Non-invasive, tissué-specific molecular delivery is
_crucial for the efficiency and reduced side effects of a
wide range of treatments.” This is particularly the
case in gene therapy applications. Nano/rnicrébub,-
bles NMB), which are encapsulated gas bubbles
with a diameter < 10um, haye been developed with
the aim of optimizing vascular iméging (1). Recently,
a physical method that combines NMB with ujtra-’

sound (US) has been regarded as one of the few
methods capable of delivering genes into target sites
pnon-invasively. Conceptually, gene vectors mixed
with NMB are injected either locally or system-
atically and targeted gene transfer is achieved by
selective insonadon of a defined area. Applied to

the relation between wave characteristics and sub-’
sequent generation and collapse of cavitation bub-
bles has not been elucidated, and therefore gene
transfer has not been optimized. In addidon,
molecular delivery and subsequent gene expression
have not been quantified i wivo.
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In our research project, we conducted three main
studies aimed at developing translational research in
combination with the NMB and US (NMB-US)
method (Figure 1). First, we optimized these ultra-
sound and cavitation parameters n vitro and in viwo,
and elucidated the mechanism of molecular delivery

with theoretical and compiiter analysis.” Second,

rransgenes relevant to cancer gene therapy were
delivered instead of a reporter gene to evaluate the
therapeutic potential of the approach in pre-clinical
models. Third, in addition to more classical immu-
" nohistochemical analysis, whole body, non-invasive
imaging using single photon emission compuited
tomography (SPECT/CT) was used to evaluate the
selectivity of gene delivery in wvivo. This will be
performed in pre-clinical rodent models and may be
applied to patients at a later stage, as SPECT/CT
imaging is scalable to humans. '

Mechanism of molecular delivery with
the‘oretical and computer analysis

In previous experiménts it was found that NMB
were completely destroyed at intensities >0:5%/
cin?, resulting in the generation of narobubbles. Weé
bypothesize that these bubbles. can behive as

cavitation. bubbles (Figure 2). Cavitaton bubbles '

generate impulsive pressures such as liquid jet
impact and shock wave. Liquid jet is generated due
" to non-syminetric collapse of a cavitation bubble and
its direction and intensity depends on the dynamic.
propérties of its surrounding boundaries. In general,
liquid jets would not be generated near materials
with high compliance (2); therefore, cavitation
bubbles would not produce liquid jet near tissue:
Shock waves are produced at the generation and
" rebound of cavitadon bubbles, are"attenuated" as
. approximately 1/r (% radial distance from the center
of each bubble) while they are propagated. Shock

NMB-US method | MITAT
e m 5
Optimization of expression P
e o : 2 A
] et thomimario
S L ) SO g finvivo |
Mechanism ; 1 { i Nondnvasive , %! &
of i ' Therapeutic ! imaging . { pre-clinical
molecular § | potential : ofgene ! 'model G
delivery ! : } expression ¢ T 7T
: - PR 7 .- te s ——— e ',

, " Non-invasive issue-specific -
_moleculay defivery method of cancer gene therapy ;

- Figure 1. Projects aimed at developing translatdonal research.
N MB: nano/microbubbles, US: ultrasound.
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Plasmid DNA # &2} Transient

;gi’ membrana
- permeabilizafion

TNano—mvitaﬁon

bubbles
Gena expression (GFP)

Figure 2. Mechanism of molecular delivery into cells, using
ultrasound and nano/microbubblés.

waves are nonlinear and finite-amplitude waves, and
the flow induced by the shock waves can not be
ignored. The displacement of liquid induced behind
shock wave. may have an effect on bio-material

-including cells. This movement of liquid may be

related to the change in membrane permeability.
Kodama et al. (3) reported that the impulse (defined
ag the integral of pressure with duration) of the
shock, wave might be an important factor governing
the temporary permieability increase necessary for
delivering macrotnolecules into cells, )

" To investigate the interaction of shock wave with

.'cgll..membrane, we conducted molecular dynamics

(MD) simulation (4). A cell membrane was designed

‘as'a 32 dipalmitoylphosphatidylcholine (DPPC)

lipids bilayer, placed between two 1200 . water

. miolécules ldyers in the rectangular calculation box.

The shock impulse per unit area I is definéd as

I= J*p(t)‘dt, 1)
0

where ¢ is the time, p(z) the pressure near the cells in
water, and ¢z, the positive phase duration of a half
cycle of the shock wave (3). In the MD simulation
we observed that structural changes of the bilayer .
were induced by the impulse, followed by watexr
molécule penetration into the hydrophobic region of
the bilayer. In addition, we investigated the process
of sporitaneous water pore formation in the phos-
pholipid bilayer, which is expected to occur after the
water roleciles penetration (5)- Furthermore, we
discussed the possibility of the uptake of 5 fluorour-
acil (5FU) into the bilayer in the presence of shock
waves, which has been used in cancer therapy.
Stokes radius is the effective radius of a molecule '
that depends on the molecular weight and molecular .
configuradon ‘and has been used as a determinationt
of transport through matrices (6). Stokes radius of
the plasmid DNA was estimated to be 13 nm(2) if
its length is 10kb, which is larger than water radius
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(=0.01nm) by a factor of 1300. The uptake of
endogenous molecules depends not only on the
impulse value, but also on the molecular weight
(3,7 and the impulse times (8). The molecular
weight of water is different from that of plasmid
DNA and the mechanism of exogenous molecules

" incorporated into cells is a complex phenomenon.
However, the present simulation will give valuable
infotmaﬁég on the mechanism of molecular delivery
on the molecular level.

Therapeutic potential of the approach in pre-
clinical models

Suicide gene therapy of cancer essentially requires
efficient gene delivery and highly selectve gene
expression. One suicide gene therapy is to transfer
cDNA of the herpes simplex virus thymidine kinase

(HSVtk) gene into tumor cells; which sénsitizes the -

cells to the normally non-toxic antviral drug,
ganmclovu' (GCV) (9). The actvity of antitumor
effect results from HSVik expressing tuimor "cells
activating GCV to its cytotox1c triphosphate deriva-
“tive; This derivative, when incorporated into repli-
cating DNA, interferes with DNA chain elongation
and results in cell death (10).
 Im the project we demonstrated ‘the’ therapeutxc
potenual of the NMB-US method ‘of cancer gene

theérapy “using HSViR/GCV (11). We transduced

HSVik gene into five cell 'lines (A549 MCF?7,
EMTS6; colon 26 and 293T cells) usmg albumin or

" lipid bubbles (10% v/v). under the’ optimized US
conditions (frequency: 945kHz, duty ratio:50%,
pressure: 0.96MPa). The mRNA of HSVzk expres-
sion was detected by real time PCR at 24h after gene
transfer. The anti-cancer effects of GCV treatument

. were evaluated using MTT assay four days after
gene transfer Significant cytotoxity was obtfained
only in treated cells wh1ch expressed the mRNA of
" HSVtk, compared to untreated cells. These results
suggest that GCV phosphorylated with HSVik
~ would induce specific cytotoxity to transfected
cancer cells Next, we tested this system n vivo
and demonstrated that NMB-US mediated HSVzk
gene rransfer could result in a therapeutic effect ina

mouse- model of colox_'ect_al cancer. However, these

‘studies are required to evaluate the full potendal of
this methodology.

Non-invasive imaging of gene expression

In gene therapy, non-invasive imaging of gene profile
expressed in patients after gene transfer and effective
treatment are required. In the third project, we

We have collaborated thh many other researches on
_the present project. Masao Ono, Yuji Owada,

_Shinohara, Tohoku University Hospital, Masatoshi
. University, Toshiyuki Hayase, Yasuaki Kohama,
Instxt_ute of Fluid Science, Tohoku University,
.Manabu Fukumoto, Institute of Development,

‘Matsumura; ‘National Cancer Centér, Japan,

- Apostolos Doukas, Michael Hamblin, Harvard

-18014002), Grant-in-Aid for Exploratory Research ;j

investigated noninvasive imaging of gene expressio:
using SPECT/CT, delivered with the NMB-U.
method. We showed that the NMB-US metho
could deliver of the sodium iodide symporter (@ (\ZIS)',_
gene #n ‘witro and we are currently repeating th
experiment i vivo with the aim to visualize and
quantify . gene expression measured by uptake of
iodide #n wivo.

Conclusions *

Currently, this methodology is being developed and
its full potential in vivo remains to be established.
However, pilot studies have demonstrated the
feasibility of gene transfer in vivo using the metho-
dology and we expect that practical application will
be developed. Therefore, by developing this new
methodology from the design to the therapeutic
applications, this project follows the general con-
cepts of monozukuri. '
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Structural Change in Lipid Bilayers and Water Penefratlon Induced by
Shock Waves: Molecular Dynamics Simulations
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ABSTRACT The struotural change of a phospholipid bllayer in water under the action of a shock wave is numerically studied
with unsteady nonequlhbnum molecular dynamics simulations. The action of shock waves is modeled by the momentum .
change of water molecules, and thereby we demonstrate that the resulting collapse and rebound of the bilayer are followed by
the penetration of water molecules into the ‘hydrophobic region of the bilayer. The high-speed phenomenon that occurs during
the collapse and rebound of the bilayer is analyzed in detai, particularly focusing on the change of bilayer thickness, the acyl
chain bend angles, the lateral fluidity of lipid molecules, and the penetration rate of water molecules. The result shows that the
high-speed’ phenomenon can be divided into two stages: in the fi rst stage the thickness of bilayer and the order parameter are
rapidly reduced, and then in the second stage they are recovered relatively slowly. It is in the second stage that water molecules
are steadily introduced into the hydrophobic region. The penetration of water moleculés is enhanced by the shock wave impulse
and this qualitatively agrees with a recent experimental result.

INTRODUCTION

A cell permeabilization technique with shock waves is

" capable of introducing macromolecules and small polar mole-
cules into the cytoplasm (1—7) This technique is definitely
suitable for appllcatlons in gene therapy and anticancer drug
delivery since shock wayves can be focused into, spemﬁc
target sites of:patients’ bodies noninvasively. The primary
concem in recent studies has been the efficiency of macro-
molecule delivery. Kodara'et al. (6) have expenmentally
&emonstrated that the permeablhty ofcell membrane can be
enhanced by the increase of the shock wave unpulse defined
as the time integral of pressure over the shock-pulse du-
ration; irrespective of the peak pressure of the shock wave,
The mechamsm ‘of the mcrease in permeablhty, however
remams unlcnown and the lack of the knowledge of the phe-
riomenon still prevents the development of the applications
mentioned above. Clearly, the microscopic information about
the molecular transport across the membrane is required and
it will be obtainéd by molecular dynaxmcs (MD) simulations.
In this study, we carry out unsteady nonethbnum MD
simulations of lipid bilayers. of cell membranes subjected to
the action of shock impulses. We thereby clarify the funda-
mental and important characteristics of the dynamical process
of structural change in lipid bilayers and water penetration
into the hydrophobic region of the bilayer.

The biological cell membranes are, as well known, com-
posed of phospholipids, proteins, and carbohydrates, and
models describing its structure continue to be revised and
refined, beginning from the fluid mosaic model (8) to the
lipid rafts microdomain models (9,10). Although the cell

Submitted January I 8,2006, and acceptédfor'publication June 13,2006.
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membranes in general have such complex structures, the
fundamental and-common, élement is the phospholipid bi-
layer. The method of MD snnulatlons for cell membranes has
been developed for the lipid bilayer accordingly. There are a
number of important contributions about the numerical meth-
odology, such as the force field (11), ‘the charges of polar
molecules (12), the effect of choice of ensembles (13), the
treatment of the electrostatic interactions (14),and so on. On
the basis of these contributions, works on the moleculaf
transport across the bilayer are being published (15-18). The
simulations of pore formation in lipid bilayer have also been
performed recently (19-22).

However, we emphasize that much effort has been
devoted to the research of an almost static cobfiguration: or
slow translocation of lipid molecules. Dynamical processes
of ell membranes under the action of shock waves have not
been investigated with MD simulations so ‘far, to our knowl-
edge. The shock wave is a high pressure wave with a steep
wave front that propagates at a supersonic speed, and it
passes the cell membrane within a very short time of the order
of picoseconds. Therefore, understanding a high-spe¢d phe-
nomenon induced by the interaction of shock waves with cell
membranes should be indispensable to the advance of the
gene/drug delivery technique with shock waves. We address
this challenging problem in this work using unsteady non-
equilibrdium MD simulations.

METHODS

As mentioned in the Introductxon, the interaction of shock waves with cell
membranes is a high-speed phenomenon completed in'a very short time be-
cause the thickness of the membrane is of the order of nanometers and the
shock propagation speed is supersonic. Such high-speed phenomena have
never been studied in the field of biomolecular dynamics, to onr knowledge.
Neither the simulation methods nor the analysis tools have been established.

doi: 10.1529/biophysj.105.077677
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We therefore bave to constract a new method for modeling of shock waves
and new analysis tools. To avoid unexpected difficnlties arising from newly

introdnced techniques, however, we make the most of existing methodology

established in the equilibrizm simalations with great care.

Lipid bilayer/water system

The simmlations here have first been performed with a small bilayes/water
system consisting of 32 dipalmitoylphosphatidylcholine (DFPC) lipids and
4800 water molecules in a rectangular simulation box. Thereafter, we have
validatéd the results by conducting further simmlations with a larger system
of 128 lipids and 19,200 water molecules. This section explains the sim-
ulation method of the equilibrium bilayer/water System; whichi was utilized
for an initial condition of shock wave simulation described jn subsequent
sections: .

The refined united atom force ficld (23) with AMBER99 force field (24)
was applied to the DPPC lipids. The atomic charges calculated by Chiu et al.

(12) were used for DPPC, and they. are illustrated in Fig. 1 with the mo- .

lecular structure and AMBER atom types. The simulation procedure was
substantially the same as an already established ‘one (23). For water, the
simple point charge model (25) was used. Leanzrd-Jones interactions weie
cut off at 1.0 nm, and long-range electrostatic iriteractions were handled by
rmeans of the particle mesh Ewald method (26) with Ewald coefficient 0.275.
The initial configuration of the bilayer/water system for shock wave
simulation was prepared in an equilibration simulation (VPT computation),
where the femperaturé and pressure were controlled using the weak coupling
algorithm (27) with 7p=05 ps, T =323 K, 7= 1.0ps, and p = 101:3 kPa.

_ The equations of motion of molecules ‘were integrated employing the leap
“frog methiod with time step 7 = 2.0 fs, and the three-dimensional periodic
" boundary conditions were applied. After an ~8-ns run of equilibration
' simulation with the SHAKR algorithm (28), ‘we obtained an equilibrated

“bilayer/water system of volume 7.18 X 5.99 X 17.51 nm in the case of the
{arger system; where the linedr dimension of the ‘simulation box in thé z
direction normal fo the bilayer plane (the xy plane) is17.51 ‘nm. The volume
of the smaller system was 3.77 X 2.72 X 18.32 nm. -

Here; we remark that our bilayer/water system included a large water
fayer of thickness ~ 14 nm, whereas the thickness of the bilayer was ~4 nm.
Thi$ is because this simulation of shock waves required a large number of

~ water molecules, as explained below. Such a large water Jayer has also been

 used by Marrink et al. in an MD simulation of lipid adhesion 29).-
i Bécause we are intérested in the dyhamical process of structural change
* in bilayer resulting from shock wave irradiation, it may be better to remove
the constraint of mblecular bond lengths based on the SHAKE algorithm.
We therefore continued the equilibrium simulation of the bilayer/water
 system withont using SHAKE and confirmed that the’ equilibrium config:
" uration of lipid and watér molecules remained plauisible at least up t6 12 ns
withott SHAKE, as compared with not- only earlier numerical. results

(11,13,14;23) but also experimental ones (30). For example, the average. »

interfacial areas pér lipid molecule were 67 AZin the larger system and 64 A?
in the smaller one, and they are included in the range of experimental values
from 56 A2 to 72 A2 reported in a review article (30). The obtained
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FIGURE 1 Atomic charges and AMBER atom types of DPPC molecule.
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equilibrium bilayerfwater system was utilized for the preparation of the
inftial configuration for the shock wave sinmlations.

Modeling of shock waves

In the previous experiment (6), it was ‘shown that the transport of
finorophores across the membranes of Ienkemia cells is govemed by the
shock impulse rather than the maximum pressure. The shock impulse per
unit area [ is defined as ’ :

1= /;'+p(r)dr,'. o o

wl;&p tis the time, p(§) is the pressure pear the cells in water, and ¢ isthe

positive phase duration of a half cycle of the shock yévq (©). The experiment
(6) was carried out with different types of shock waves produced by alaset
and a shock tube. Their peak pressures and shock-pulse durations were con-
siderably different, and therefore the shock impulse defined by Eq, 1 was
introduced to examine the effect of shock waves on the cell permeabilization
systematically. - - R ol

" Prom the definition of impulse, the shock impulse / can be regarded as the
increment of momentum of water divided by an area A on which the pressure
p(o) is exerted. That is, ’ Wt

M) —M(0)
1= @)

where I'W(_t)l is the momentom of Water at time £, At tirthe ¢ = 0, the shock

s

wave did ri6t reach the cells and Watéf ahead of the shock wave was at rest,

and henca M(0) = 0. Whei ¢ = t4; the shiock wave passed d small volume of |
water riéar the cells arid the momentuin M(t,) =1 X A was transferred to the
small volume of water." * B B S
The shock waves in the experiment were, pulses with duration times of at
least 180 ns, comresponding to the Pﬁl'sé'i)vi@‘lﬁ\ of ~270 pm in water. It is
ithpossiblé’or prohibitively éxpensive to reproduce such shock wayés in the
simulation box With a periodic boundary condition. In this study, We nu--
merically expressed the shock impulse by the momenturn M(ts)of Wgtg:rmol—
ecules. More precisely, at the beginning of shock wave simulation, we added

agijgi;éni'tlé the bilayer, where the area A 1s the grqs_s’-sed_:ional aiea’qcfr;np! to
the 7 diréction of the simulation box, e.g\, A = 7.18 % 5.99 nm = 43.01 fm?

the momentum M(r4) = I X'A to water molecules in a volume A X Lz

" in the larger system, and Lz is the lerigth.of thie volurne in the z directiod (see
.. Fig. 2). The choice of Lz is arbitrary, and we put Lz= 4 nm, which is almost
-, equal to the injtial thickness of bilayers, because this simulation was focused

. on the behayior of bilayers withrthe excess momenturn M(t) added by’
_ shock wave.

‘The momentum change of water molecules-at the beginning of

shéck. simulation’ was numerically implemented by the addition of an
average velocity V to the thermal velocity of water molecules in the equili-
brated bilayer/water system, as shown in Fig. 2. The average velocity V is

given by .

e

-

. FIGURB 2- Schcmatxc of thc jﬁiﬁal cénﬁgﬁ?t.iciyi__éf s;hpck: wave simula-
C ti('_);i% The average _vel'oc.ity:V defined by Eq. 3 is added to water molecules in

avolnime A X Lz, where A is the cross-sectional area of simulation box, and

" Lz =.4 nm. The NVE MD simulations ‘were performed from this initial

configuration.
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M(t+) IXA
N N ©))

where m is the weight of a water molecule and N (almost 4000 in the larger
system and almost 1000 in the smaller one) is the number of water molecules
in the volume A X Lz, The impulse ] was increased from 0to 100 mPa-s at an
interval of 2.5 mPa-s, and then V was chariged from 0 025, 600 m[s Note that
the impulse Jused in the simulation was very small compared with that in the

V=—-=

experiment (), which was typrcally 100Pa-s, although the average velocrty \ /2

in the simulation appeared to be large. H the impulse Jis raised to, 100 Pa-s, the
required average velocity Vis 10* times larger than the sound | speed in water.

The average velocity Vcorresponds neither to the sound speed of hqv.ud water
norto the propaganon speed of thé shock wave. It just represénts the increase
of momentum of water molecules due ta the shock wave. The modelmg of
shock waves by the impulse makes the qualitative comparison possible be-
tween the numerical results in this work and the previous experimental ones.

Unsteady nonequnhbrlum S|mulat|on

We performed constant-volume MD sxmu!auon (NVE simulation) without
using the contro] of temperature. and pressure and the SHAKR algorithm
from the mmal oonﬁgurdnon shown in Fig. 2. The penodlc boundary con-
dmons were applred in the thrée directions. The time step  for integration of
equations of motxon was varied from 7 = 2.0 fs to 0.78 fs according to the
size of V to avoxd the excess approach of molecules with large velocities.
The AMBER 7 set of programs (31) was used for computations.
Owing to the periodic boundary conditions, the simulations should be
termiinated at the time when the effect of the shock impulse reached the
_ boundary atthe opposrte side of the srmulatlon Box. To srmula.te the ecsent:al

part’ of structural changes of the bilayer before_ the terrmnahon ‘of the -

. s:mnlanon, sufﬁcxenﬂy tluckwater regwns were requned n both sides of the
" bilayer in the’ simulation box. We therefore used the brlayer/water system
. wnth a large water layer of thrckness ~14 m.

- ANALYSlS

‘ The consplcuous structural change of brlayers in the dy-

namical | process, unider the ‘action of the shock 1mpulse was
. the collapse and rebound of bilayers. In this study, the col-
lapse and rebound- of bilayers. were ana]yzed by evaluating
the thickness of bxlayers, which was defined as the distance

“between phosphorous atoms in’ the: headgroups ‘of hpld"

mojecules in uppér. and lower sides of “bilayer. This definition.
is reasonable because two peaks in.the electron densrty pro-
- file acros$ the bllayer comrespond to the locatrons of phos-
phorous atoms (23)
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In the collapse and rebound stages of bilayers, the ordering
in the tails (acyl chains) of lipid molecules was considerably
different from that in the equilibrium state. The order pa-
rameter Scp (11,14,32) is widely known to be a useful
measure for the ordering of lipid molecules in equilibrium
states, and usually Scp is evaluated in a long-time average. In
the analysis of collapsing and reboundmg bilayers, the ap-
plication’ of long-ume averages should be bypassed; and

: therefore we used an ‘averaged instantaneous order parameter

Scp defined as -

o=t = (35 40w00- ), @

where @; is the angle between the axis of the ith molecular
axis and the bilayer normal (the z axis) and Nc¢ (=28)is the
nuinber of carbons in both sn-1 and sn-2 chains (see Fig. 1).
The angle ©;s were evaluated from the iristantaieous con-
ﬁguranons of lipid molecules By definition, in the, equilib-
rium states,. gcn is equal to the average of the usual -—SCD

- over all carbons il acyl chains, the: valué of which is

estlmated a§ ~0.16 from an earlier numencal result (11).
. The ﬂu1d1ty of 11p1d molecules wrthm the bilayer plane (the

,xy plane) has often been studied by means of the diffusion

coefﬁcrent in the equrhbnum MD srmulatrons (33) However,
the diffasion‘coefficient was not an appropnate measure of the
ﬂmdlty ina lugh-speed phenomenon-in the unsteady and

' ,nonequlhbnum state. To.quantify the lateral fluidity of lipids
- i the bilayer plane in unsteady states, we introduced an
" accumulated lateral dlsplacement ALD defiried as

Am(r)—z er. (k+1)Ar)—r.(kA:)|, ®)

* where rl is the distanCe from an origin ‘of thie xyz coordinates

to the pro_]ectron of the position of miass center of the ith lipid
molecule onto the xy plane, Ng’ (=320r 128) is the number

-of hp1d molecules in the bilayer, Af (= 87)is a time interval
“for producmg a conﬁgurauon frarne, k is the frame number,
g and n= t/At Note that Ayp is mdependent ‘of the choice of
_»the orlgm of the coordinate system, and jt increases with
" jrictease in the movement of lipid molecules in the bilayer.

FIGURE 3 A series of snapshots of the collapse and
rebound of lipid bilayer ander the action of shock impulse
. of I=50 mPa-s. The impulse was applied downwards. The
. headgroups of DPPC are shown in yellow and the acyl
chains in green. Water molecules are not shown for clarity
++ - of presentation. (@) Equilibnum state; (b) 0.15 ps after the
application of shock impulse. The upper layer began to
move downwards; (c) 030 ps. The lower layer began to
move; (d) 0.45 ps. The rebound stage of bilayer. The snap-
shots were made with the VMD program (Humphrey, W.,
Dalke, A., and Schulten, K. 1996. J. Mol. Graph. Model.
14:33-38).
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10 T L ¥ T uiaﬁon, we decided that the water molecule was transported
1 o into the bilayer.
@ DPPC32
2 081 DPPC128 : '
g | RESULTS AND DISCUSSION
f; 06k Collapse and rebound of bilayers
>
2 } Fig. 3 is a series of snapshots in a typical result of” shock
- wave simulation for I = 50 mPa-s and V = 12,800 mfs,
! 04| 7 where the collapse and rebound of bilayers are clearly
g - : 1 shown. The excess momentum of shock impulse propagated
Z oal a downwards; first pushing down the upper layer and keepmg

’ the lower layer intact (see Fig. 3, b and c). Finally; the excess

M | 1 . 1 T - .
%% 200 400 600 025 (@) L N
t(fs) . i DPPC32
: o  DPPC128

FIGURE ‘4 The evolution of bilayer - t.h:ckness normahzed by its initial
“value (4 nm) at ] = 50 mPa-§. The sohd curve represents the result with the
smaller system (32 lipids) and the operi.circles that with the larger system
(128 hplds)

0.20 ‘ AT

045}

We also examined the growth rate of Ap, defined as dAvol
dt, which should be a constant in an -equilibrium.state. .
The transport of water molecules into the bilayer was the
- mbst important phenomenon in the results of these .situla-
tions. It has been suggested. expenmentally (34, 35) and con-
~ fixmed pumerically (11,13) that very few water molecules :
" éxist beyond the carbonyl group in the sn-1 chain (see F1g 1)
- in ethbnum states. Accordingly, when a water molecule en- 0b
tered a hydrophobic région between the carbony] groups in
- sn-l chains in upper and lower s1des of bxlayers in the sim-

0.10

Lateral dl_s,placementALD (nm).

0.05

L Co T ep L .
02 . : — —— R (b) , . o
DPPC 32 (Upperlayer) . _ 1. . @ .
: . — — DPPC 32 (Lover iayer) 08 = ' v S ]

AT AL o DPPC 128 (Upper layer)
045 5% s\ A DPPC 128 (Lowerlayer)

0DPPC32 °
06| eDPPC128 .. .

0.1

A
=Sco

0.05

Growith.rate of ALy (nps)

-o_oso, - lmpulse (mPa s)

. FIGURB 6 (a) Accumulated 1ateral splacement A;_D dcﬁncd by Eq.5at

e 1= 50 mPa-s; The behavxor of ALD is explaired by ! the $olid curves with
FIGURE 5 The temporal change of averaged instantaneous order paxam- S0 arrows (b) The chance of the growth mte dALD/dt in the rebound stage for
eter §op, defined by Eg. 4 at ] = 50 mPas. va:ymg shock 1mpulse )
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momentum was transferred to the lower layer and it was also
pushed down (Fig. 3 d). At that time, since the excess
momentum had already passed’ the upper layer the force
pushing it down became weak, and the rebound stage set in.
In this case, the simulation was termmated att="700fs. The
change of bilayer thickness is shown in Fig. 4: Ope can see
that it decreased to almost half of the initial value (4 nm) at
~350 fs from the instant of shock 1mpulse impact, 2 and then it
rebounded slowly. The numerical result in the smaller sys-
tem completely agrees with that i in the larger syster..: .
The thickness of abllayer is closely related fo the length of
‘acyl chains in the bilayer. The: change of chain length can be

charactenzed by the averaged instantaneous order parameter .

SCD, because the chain length becores small if the disorder
of chain bend angles increases, In Flg 5, we present the
temporal changes of —Scps of the upper and lower, 1ayers
separately for the case of / = 50 mPa-s. Before the beginning
of collapse, both —Scps were equal t0 0.16 as expected from
knowIedge of the equilibrium state (11), As.the shock
impulse propagated downwards i in the bllayer, first the —Scn
of the upper:layer and then that of the lower layer began to
decrease and the time lag was ~0 l Ps, which corresponded
to the time that the shock impulse passed the bilayer. The two
—.?CDS were rapldly reduced until reaching their minimum

values, and the followmg rebound process was, relatlvely'

slow. Frorn the comparison. with Fig. 4, it is 1mmed1ate1y

rea.hzed that the change of bllayer thickness was due to the’

change of cham bend angles

Fluidity of iipid molecules

Fig..6 a_shows_the temporal evolution of the accumulated - -
lateral dJsplacement Ayp, defined byEq 5, for the case of [ =
50 mPa -s. In the stable state (equlh'bnum state), it constantly
grows with time, as indicated by a bold bioken line in the
figure: On the other hand, the growthi of ALD in the shock
wave simulation was composed of two stages in the first
stage from ¢ = Otot = 300 fs, the growth rate dALD/dt-
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gradually increased, and in the second stage after t =300 fs,
it was almost constant, as indicated by thin solid curves with
arrows. These two stages precisely agreed with the collapse
and rebound stages of bilayers shown in Figs. 3-5. In par-
ticular, it is worth noting that the growth rate was hardly
weakened in the rebound stage.

Fig. 6 b shows that the growth rate dAy; p/dt in the second
stage was an increasing function of shock impulse. In the

ibrium state it is not 0 but ~0.1' nm/ps (see Fig. 6 a).

However, despite the nonzero growth rate, very few water
molecules enter the hydrophobic region in the equilibrium
state, as mentioned before. Therefore, the continnance of
high fluidify, ie., the large growth rate for some period,
seems to play an essennal role for the penetration of water
molecules because the growth rate can be regarded as a
measure of the lateral fluidity of lipid molecules.

Water penetration into the hydrophobic region

The application of shock 1mpulse to bilayer induced the
penetratlon of water moleculés in the hydrophobic region of
the bilayer. In the following, we demonstrate how the water
molecules penetrated into the bilayer and discuss this im-
portant phenomenon

Fig, 7 is a series of snapshots for the same result as that
showanig 3(in ashght close-up). In the figure, acyl chains
aré eliminated  and: water molecules are indicated by blue

- §pots. The penetration of water molécules into the hydro-

phoblc region of the bﬂayer is shown clearly Note that, as can
be séen from Fig. 7 a, even in the ethbnum state (before the

-arnval of the shock unpulse), several water molecules exist

near the lipid headgroups shown in yellow. However, they are
outside the hydrophoblc region between the carbonyl groups

in sn-1'chains in upper and lower sides of the bilayer, and they

cannot enter the hydrophobrc regxon without the action of the
shock impulse in the tlmescale of MD simulations.
-We plot the number of water molecules in the hydropho-

bic region in Fig. 8 a for the case of I = 50 mPa-s. Except for

FIGURE 7 A series of snapshots of water penetration
" for the same result as that shown in Fig. 3. Water molecules
are signified by blue spots, and acyl chains arc climinated.
(a) Equilibrium state; (b) 0.15 ps. Some water molecules
were carried into the hydrophobic region; () 030 ps; (d)
0.45 ps. Even in the rebound stage, water molecules still
penetrated into the hydrophobic region.
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FIGURE 8 (a) The number of water molecules in the hydrophobic region v

at I = 50 mPa-s. The broken line denotes the penetration rate except for the
-begmnmg of collapse of bilayer. (b) The penetrauon rate of water molecules
versiis shock impulse.

,,;«.- .

'the beginning of the collapse stage; the number of water- i
molecules increased with time at a constant. rate (100.t

molecules/ps) even after the rebound stage began (300 fs :

This means that the rebound stage is more 51gmﬁcant forwa =+ '
ter penetration than the collapse stage, although the structural o
. change (bilayer shrinkage and acyl chain drsorder) occurs.
much more violently in the collapse stage. The number of
water molecules in the hydrophoblc region in the larger sys- -,

tem of 128 lipids is four times as large as that in the smaller i
. propagauon of shock wave is indicated by arrows. (@) The initial proﬁle ®)

L Atr=312f5,ahigh densxty water region appears near the bl.layer and water
: molecules have already been transported into_the hydrophobxc region

~_system of 32 hpxds, as expected.

In Fig. 8 b, we illustrate how the nmnber of penetrated'

water molecules increased with the increase in shock im-
pulse. The ordinate in the figure represents the number of
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‘water molecules in the hydrophobic region at the instant of
termination of simulation divided by the cross—sectlonal area
(A = 43.01 om” in the larger system and 1025 nm? in the
smaller one) and the simulation timhe. The rate of water
penetration in the rebound stage can be’ estimated as ~2.5
molecules/ps- nm” in the case of I = 50 mPa-s and it
exceeded 7.5 molecules/ps-nm? in the case of I = 100 mPa-s.
We remark that the trend observed in Fig. 8 b is similar to
that of the growth rate of ALD shown in Fig. 6 b. That is, as
the shock impulse increases, the latéral fluidity of lipid
molecules mcreased and so did the namber of penetrated
water molecules.”

" As shiown in Fig. 8 b, the number of penetrated water
molecules mcreased withi increasing shock impulse. This qual-
mtxvely agrees with the: prevmus expenment (6); although there
were a few d1fferenceS' in the experiment, calcein (622 Da)

and ﬂuorescem 1sothlocyanaie dextran (71 6 kDa) were .
dellvered into the cells by the shock unpulse of 100 Pas,
whereas in the simulation, water (18 Da) penetrated into the
brlayer by the impulse of at most '100 ‘mPa:s. This'may be a
reflection of the fact that ‘the transport of Iarge molecules
acrbss cell meiribranes requires & large' amouint of imipulse.

The mass densrty ‘profile of water molecules in the case of
=50 inPa-§ is illustrated in Fig. 9, wheré Fig. 9'd shows the
initial profile and thé shading indicates the hydrophobic

- region. From the figure, it is clear that water molecules are -

carried into the hydrophoblc region, (see Fig. 0) and the
shrmkage and. fecovery. of the hydrophoblc regxon are

- {glorrf)

ty proflle of water:

&«

' ?Massoen_sl

z (nm) ‘

FIGURE 9 ’I’he mass density proﬁles for the case of I = 50 mPa =3 in the
larger system of 128 hpxds The mass density is evaluated by counting the
number of water fnolecules in a slab of width 1.74 A. The direction of

indicated by the shading. (c) Att= 628 fs, 4 high density water region
appears in the opposite side of the bilayer:.
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induced by bigh density water. An empty region behind the
high density water (12 nsh < z < 15 o) is caused by the
velocity difference in the initial condition.

These shock wave simulations were limited toa relatively
small bﬂayer/water system. Nevertheless, as a result of
careful simulations and analyses we clarified several impor-
tant features in the dynamical process of hprd bilayers under
the action of shock unpulses which had never been inves-
Ugated, to our knowledge from the molecular pomt of view.
Now, on the ba313 of these numencal results, we propose a
possible mechamsm of molecular transport of éxternal macro-
moleculés across the cell mémbrane by the shock wave.
Unlike the penetration of water molecules, the transport of
macromolecules requires a fransient pore filled with water in
the cell membrane, as several authors have consrdered (5 19—
22). As shown in these snnulatlons, the action of the shock
_ impulse results in the penetratlon of water moleculés and is
not diréctly connected to the pore f formatlon We predrct that

the inclusion of a large pumber of water molecules in the

hydrophoblc regron of the bilayer leads fo the spontaneous
pore formation in the cell membraneé after the shock wave
has gone. Thls w111 be demonst:rated in a forthcoming work.

- SUMMARY.- o
Unsteady and’ nonequrllbrlum MD simulations of the
' mteractmn of ‘a singlé shock unpulse with a'lipid bilayer
were performed. The detailed picture of the structural change
in the bilayer was clarified to be composed of the two stages,
the collapse and rebound stages. The change of the bilayer
thickriess, the drstnbutxon of chain bend angles, ‘the lateral
fluidity of lipid 1 molecules, and the subsequent water pene-
tration into the hydrophoblc region were examined. These
structural changes ‘depended ori the intensity ‘of the shock
impulse, and the results showed the qualitative agreement
. with those in the previous experiment, We found that the
lateral fluidity of lipid molecules continited to be large for
some period in the rebound stage without being weakened,
and it is in this: rebound stage that water molecules are
transported into thé hydrophobic region of the bilayer at a
constant rte for a given shock impulse.
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IV .

, EMERGING TECHNOLOGIES USING
ULTRASOUND FOR DRUG DELIVERY

Katsuro Tachibana and Shunro Tachibana

Therapeutic ultrasound has mainly been applied for its thermal or mechan-
ical effects. Medical applications of high-energy ultrasound to ablate can-
cers are now under investigation: Recently, there have been numerous
reports on the application of non—thermal ultrasound energy for treating
various diseases in combination with drugs. Furthermore, the introduction
of microbubbles and nanobubbles as carriers/enhancers of drugs has addeda
whole new dimension to therapeutic ultrasound. Progress in the past decade
from the pharmaceutical side has further addéd much excitement in apply—
ing this technology especially in the field of molecular biology, gene therapy
and regenerative medicine. Alternatively, from the device side, therapeutic
ultrasound catheters and extracorporeal ultrasound probes are under devel-
opment specifically for this purpose, with somie already in clinical trials. -
Examples such as enhancement of thrombolytic agents by ultrasound have
proven to be beneficial for patients with acute strokes and peripheral arte-
rial occlusions. Non-invasive focused ultrasound in conjunction with anti
cancer drugs may help to reduce tumor size and lessen recuirence, as well
as reduce severe drug side effects. Chemical activation of drugs by ultra-
sound energy for the treatment of atherosclerosis and tumors is another
new field recently termed as “Sonodynamic Therapy”. Lastly, advances in
molecular i imaging have also initiated great expectations in applying ultra-
sound for both diagnosis and therapy at the same time. Microbubbles or
nanobubbles targeted at the molecular level will permit medical doctors to
make a final diagnosis of a disease by ultrasound and immediately proceed
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to therapeutm ultrasound. This chapter will put emphasis on emergmg tech-
nologles in therapeuuc ultrasound related to the above topics.. .

1. Introduction -

A completely new concept of usmg non—thermal ultrasound in con_]uncuon
with drug has broadened the scope of therapeutic u ultrasound Characterized
ultrasound thermal bioeffects and their application have been studled pre-
viously, | but relat1vely few researchers have mvestrgated the possrbrhty of
using nonthermal ultrasound as a means to enhance the effechvrty of drugs
until recently. Non-thermal mechanisms mclude various forms of energy
such as cav1tat10n, acoustic streammg, micro Jets and radrauon force whlch o
increases possrbﬂmes for targeting tissue w1th drugs and enhancmg drug‘
eﬁfecuveness or even chemically acuvatmg certam matenals In these apph—
cations; the ultrasound itself produces onIy rmmmal damage to t13sues the
bloeﬁ'ects that occur lead to a beneficial outcome for ‘drug therapy

In order to discuss the significance of ultrasound apphcauon in con- -
junction with drugs, one must understand the pharmacologlcal background
involved. Although there are thousands of types of drigs avallable for use
today, the number of drugs that never reached the market may be. ten-fold
or even a hundred-fold greater. ' These types of drugs elther had severe side
effects or proven to be ineffective duririg the prechmcal or early clinical
trials, The various agents for cancer chemotherapy are of these types. Some
of these agents administered systemlcally cankill solid tumors but severely
damage healthy tissues and organs at the same Ume t0o. Renal ot heart fail-
ure and liver dysfunction are not rare among cancer patients treated with
these highly toxic chemotherapeutic agents. A tumor site-specific, drug is
deﬁmtely needed in this case. On the other hand; drugs for hypertension
require a 24-hour elevated drug concentratlon levelin order to maintain sta-
ble blood pressure. As still another requrrement intermittent insulin injec-
tion is needed after each meal for d1abehc patients. A new drug release
system which could eliminate frequent oral administration of the drug is
desired. These issues have béen a major limitation and a challenge to phar-
macologists for many years. Pharmaceutical companies have attempted to
address these problems by suggestmg the concept or strategy termed “drug
delivery system (DDS)” since the 70s. The two keywords for DDS ‘are



