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Hepatic Arterial Infusion Chemotherapy for
Liver Metastasis from Gastrointestinal Cancer

Yasuaki Arai*




Hepatic arterial infusion chemotherapy has been
recognized as a hopeful therapeutic strategy for liver
tnetastasis treatment in periods of underpowered sys-
temic chemotherapy. However, clinical trials have
failed to show survival benefits of hepatic arterial infu-
ston chemotherapy. Thus, in a period when systemic
chemotherapy is showing significant advances, the use
of hepatic arterial infusion chemotherapy should be
limited to uncontrolled liver metastasis by systemic
chemotherapy and to special situations where it can be
used due to evidence obtained from clinical studies. On
the other hand, the results of clinical studies must be
considered based on a deep understanding of tech-

niques for hepatic arterial infusion chemotherapy, If
advances in systemic chemotherapy fail to control liver
metastasis, a reappraisal of hepatic arterial infusion
chemotherapy may be required.

Key words : liver metastasis, hepatic arterial infusion
chemotherapy, colorectal cancer, gastric
cancer

*Department of Diagnostic Radiology, National Cancer
Center Hospital, 5-1-1 Tsukiji, Chuo~ku, Tokyo 104-
0045, Japan
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. Abstract

"Microchannel (MC) emulmﬁcauon is a novel technique for producing -monodisperse emulsions. In this study, we investigated the effect

- of interfacial tension on the dynamic behavior of droplet formation with various surfactant concentrations. Interfacial tension did not affccl

the resultant droplet diameter in lower flow velocny ranges, but it did affect the time-scale parameters. These results were interpreted usmg :

. the droplet formation mecharism reported in our previous study. At surfactant concentrations below 0.3%, the emulsification behavior was
differed from that at higher surfactant concentrations. An analysis of diffusional transfer indicated that dynamic mtcrfacwl tension affects the -
emu151ﬁcat10n behavior at lower surfactant concentrations. Dynarnic interfacial tension that exceeded the equilibrium value led to a shoncr
detachment timie. This resulted in stable dioplet formation of monodispersed emulsions by spontaneous transformation, even at flow velocities

~ above the predicted critical flow velocity. A previous study predicted that the droplet formation would become unstable and polydispersed -
larger droplets wotild form over critical flow velocity, Wetting of the MC with the dlspersed phase at lowcr surfactant concentrations induced

formation of larger polydispersed droplets at hlgh flow velocmes
@ 2003 Elsevier Inc All nghts reserved.

Keywords: Mlcroch:mnel emulsification; Monodlspersed emulsnon Droplet format:on. Interfacial tension; Dynatmc mterfac:al lensmn Surfactant
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' ‘,1.- Intrbdtictiori '

" Emulsions have been‘ﬁtilizéd in various industiies, jn-
cluding food, cosmetics, and pharmaceuticals. The stabil-
L ity, ‘theology,. appearance, chemical reactivity, and physi-

‘caJ properties of emulsions are influenced by both the av-
" erage size and the size distribution of the droplets [1-3].
‘ Monodlspcrsed emulsions are useful for fundamental stud-
- ies since the 1ntcrpretat10n of experimental results is much

- simpler than for polydispersed emulsions {3]. Various instru--

- ments have been used to ‘produce emulsions on industrial
and laboratory scales, including high-speed blenders, col-
loid mills, and high-pressure homogenizers [1,4]. The role
of surfactants in these emulsification processes is impor-

» N y
Corresponding author.
E-mail address: mnaka@nfri.affre.go.jp (M. Nakajima).

0021-9797/5 — see front matter © 2003 Elsevier Inc. All rights reserved.
doi:10.10161.jcis.2003.07.031

- tant because tﬁcy exert dynamic effects on the interface and
-reduce the interfacial tension. Dynamic interfacial behav-

iors, such as dynamic i.nterfacial tension, interfacial tension
gradients, and interfacial rheological properties (dilational

- elasticity/viscosity), affect the resulting emulsion [5,6]. The

interfacial tension of the droplets is neither constant nor uni-
form when the droplets are disrupted. 'The average:value
of interfacial tension will be greater than at equilibrium if

 transport of the surfactant between the bulk solution and
" interfacé by convective flow and diffusion is slower than

both the surface extension of the drops and their break- -up. -
The interfacial tension gradients enable the interface to re-

sist tangential stresses from the adjoining flowing liquid.
The Gibbs-Marangoni effect, which is based on interfacial

tension gradients, contributes to stabilization against recoa-

lescence. The interfacial viscoelasticity resists movement of

the interface. '
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" Membrane emulsification is a promising technique for

© . producing emulsions ‘with narrow size distributions {7-9].

The emulsions are produced by pressurizing a dispersed

- phase into a continuous phase through a microporous mem-

brane; the emulsion droplet size is controlled by the mem-
brane pore size. This technique can be used to prepare
emulsions without excessive mechanical stress at a lower en-
ergy input than conventional emulsification techniques [10].
The dynamic interfacial tension reportedly affects the emul-
sification behavior during the membrane emulsification
process [10,11].

We recently proposed a nove! method for generating
monodispersed emulsion droplets from a microfabricated
channel array [12]. This emulsification technique is known

_as microchannel (MC) emulsification. Emulsions with a co-

efficient ‘of variation of approximately 5% have been suc-

" cessfully prepared by applying.this technique. The droplet

size is controlled by MC geometry [13,14]. We have applied

it to preparations of several types of oil-in-water emulsions,

water-in-oil emulsions {15,16], lipid microparticles [17], and

“polymer microparticles [18]. The role of the surfactant is im-
portant in MC emulsification [16,19]). Anionic surfactants .

and hydrophilic surfactants are suitable for producing oil-

_in-water emulsions; hydrophobic surfactants are suitable for
* water-in-oil emulsions. Surfactant molecules maintain a hy-
' d.['OphlllC 'MC surface and prevent wetting of the MC plate

with the dispersed phases in producuon of oil-in- water emul—

_stons {19).

Droplet formation in MC emuls1ﬁcauon is based on a -
umque mechanism, MC. emuls:ﬁcanon exploits interfacial -
tension, the' dominant force on a micrometer scale, as the

" driving force for droplet formation [20]. Monodispersed

droplets are formed by spontaneous transformation from a
distorted (elongatéd) disklike shape to a spherical shape,

driven by interfacial tension. The energy input for MC emul- -
 sification is very low compared to the conventional emulsi- .
- fication technique since droplet formation from the MC is
“based on spontaneous transformation. The droplet diameter

can be predicted from the MC structuie based on the droplet

formation mechanism [14] "The MC structure consists of a
narrow chamgel and a terrace; there is a deeply etched welI

“at the terrace edge. The droplet diameter corresponds to the
-volume of the dispersed phase flowing into the well dur-

ing droplet formation, which is determined by terrace length

“ and channel depth. The MC structure also affects the emul-
. sion productivity [21]. Droplet formation behavier changes
" significantly above the critical flow velocity (Uc). Uc can

be predicted by the critical capillaty number [21]. Interfa-

cial tension, the driving force of droplet formation in MC
emulsification, dominates other forces below Uc. Monodis-

persed droplets ';Lre subsequently formed. The viscous drag -

force, which induces laminar flow, dominates the interfacial

tension above Uc. The dispersed phase consequently flows

" - out continuously like a laminar flow, and larger droplets are
. formed. The droplet formation behavior is determined by

the balance between the interfacial tension and the viscous
force.
Considering the - droplet formatlon mechanism in. MC

emulsification, interfacial tension affects the emulsification

behavior. Previous studies investigated the effects of the sur-
factant on the potential for emulsification and the resultant
droplet diameter [15,16,19). We further investigated the ef-
fect of (dynamic) interfacial tension in this study by exam-
ining the dynamic droplet formation behavior at different

* interfacial tensions with various surfactant concentrations.

2. Materi_rals and methods

2.1 Matefial&

.Triolein (purity > 90%) obtained from Nipponr Lever
B. V. (Tokyo, Japan) was used as the dispersed oil phase, and
MilliQ water as the continuous water phase. Sodium dode-
cyl sulfate (SDS) purchased from Wako Pure Chemical Ind.
(Osaka Japan) was used as the surfactant for emulsxﬁcanon

2.2 MC emulsiﬁcatt’on

Figure 1 schematically illustrates the MC plates used in- -
this study, which were described pxevmusly [20]. The MC .
plates were fabricated by photohthography and orientation-
dependent etchmg [23]. The MC structure cons1sts ofa chan- .
nel and a terrace, and there i is a deeply etched weIl over the
terrace edge. '

" Top view of
MC plate

10mm -
WGt

_+« Channel . 7

B Well
:‘k_ Channel width
@t 144um .
i {Average)
')l -
Terrace length
29.6 um
- Terrace¥Vell ‘ N
Channel Ty Y-MC depth
“FWell depth
3100 pm

Fig. 1. Schematic of the MC plate.
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~ Droplet formation process}———————

Terrace el Channe! Terrace

Channel

(B)

Detachment
process

. -Fig. 2. Schem1t1cs of the emulsnﬁcatlon process (A) and the droplet forma-
tion process (B).

" - The lébc)ratory-scale apparatus - for MC emulsification

. has been described previously [12). Figure 2 depicts the.
schematic flow of the dispersed oil phase through the MC. -

“The emulslﬁcatmn behavior was observed through a glass
. plate using a microscope video system with a total magnifi-

" cation of x1000. A high-speed camera (FASTCAM Ultirna - ,
1024; Photoron Ltd.; Tokyo, Japan) that can capture 16000

B frames/s was attached to the mzcroscope to record the dy-
“namic droplet formation behavior in this study. )

- _ The droplet formation process is also depicted in Fig. 2B

E _and was described previously [20]. The distorted dispersed

* . phase is. spontaneously transformed into spherical droplets -

by interfacial tension .during' droplet formation. The dis-
" persed phase, whlch has passed through the channel, inflates
on'the terrace in 4 disklike shape (the inflation pfocess) “This

- distorted disklike shape is essential for’ spontaneous transfor-
. mation since a disklike shapc has more interface area than a

", spherical shape, resulting in instability frori interface free

- .energy. The dispersed phase reaches the edge of the terrace,
detaches from the terrace, and s pontaneously transforms into
sphencal droplets (the detachment process)

'2.3. Measurement and analyrical method

The droplet diameters were determined from pictures
" taken with the microscope video system. Winroof (Mitani
* Corporation, Fukui, Japan) software was used to dnalyze the
captured images. The interfacial tension was measured with
a fully automatic interfacial tensiometer (PD-W; Kyowa In-
terface Science Co., Ltd., Saitama, Japan) using the pendant
drop method.

3. Results and discussion

We first investigated the relationship between the surfac- -
tant concentration and the interfacial tension for our exper-
imental system. We used SDS as a surfactant since anionic
surfactants are suitable for producing monodispersed emui- -
sions [19]. SDS was dissolved with the water phase. Triolein
was used as the oil phase. Figure 3 presents the interfacial
tension measurements We used Fig. 3 to determine the crit-
ical micelle concentration (CMC) as 0.28% SDS, which is

slightly more than in previous studies {24,25]. This variance

from previous studies is reasonable and is attributed to dif-

" ferences in the experimental system and analytical method.

We performed MC emulsification utilizing triolein as the
dispersed phase and various concentrations of SDS aqueous
solution as the continuous phase. We used surfactant concen-
trations of 0.05, 0.1, 0.3, and 1.0%. The interfacial tension
varied from 3.6 mN/m (1.0% of the surfactant concentra-
tion) to 17.5 1hN/m (0.05% of the surfactant concentration).
‘We measured the droplet diameter, droplet formation rate,

‘time for inflation, and time for detachment at differént flow
- velocities of the dispersed phase to investigate the dynamic .

droplet formation behavior. The droplet formation rate is de-
fined as the number of droplets produced within 1 s. We
calculated the droplet formation rate in the images captured
with the high-speed camera. The inflation time is defined
as the time from the endpomt of the previous dctachment

. process (just after the previous droplet formation, 0.00 s in

Fig. 2B) to the point at which the dispersed phase reaches the
terrace edge (0.10's in Fig. 2B). The detachment time is de-
fined as the time from the point at which the dxspersed phase .

~ reaches the terrace edge (0.10 s in Fig. 2B) to the point at

which the dispersed phase detaches from the MC and forms
scparatc dloplets (0.11 s in Fig. 2B). We measured the infla-
tion time and detachment time in the images captu:ed with
the high-speed camiera. Details of the time-sequence images :

- were described previously [20]. We examined droplet for-.

mation from a single channel located at the center of the ter-

race line. The flow velocities of the dispersed phase through -
-the’ channcl were calculatcd from the dloplct dlameters and -
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Fig. 3. Relationship between surfactant concentration and mterhcnl ten-
sion.
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Figure 4 illustrates the effect of the mterfacml tension on:

the number-averaged droplet diameters and dr oplet forma-

tion rates at different flow velocities of the dispersed phase. -

Figure 5 depicts the effect of interfacial tension on infla-
tion time and detachment time at different flow velocities of
the dispersed phase. Number-averaged values were used for
inflation and detachment times. The expelimental results in-
- dicated that the formed droplet diameters were independent

of the inteffacial tension and indeperident of the Aow velog- -,
"ity in lower flow velocity ranges. These results are explained
by the droplet formation mechanism described in previous

‘articles [14,20] and depicted in Fig. 2. The previous study
demonstrated that the droplet diameter is determined by the
" volume of the dlspersed phase ﬂowmg into the well during
the detachment process [14]. The results depicted in Fig. 5
indicate that the detachment process is much faster than the
. inflation process, even though the times for inflation and
detachment differed under varied conditions. Therefore, the

volume of the dispersed phase flowing into the well can be-

determined by the MC geometry and is independent of the
interfacial tension and flow velocity. Consequently, the in-
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Fig. 5. Effect of interfacial tension on mﬂanon time (A) and dclachmcm .

- time (B) at different flow velocities of the’ dlspersed phase.- The SDS con- -

centrations and interfacial tensions were 1,0% and 3.6 mN/n1(0), 0.3% and

.4, 5 mN/m (&), 0. l% aud _13 7 mN/m (0J), and 0. 05% and 17.5 mN/m (@),

te1fac1al tension and ﬂow veIocxty d1d not affect the droplet . -

_diameter; they ofily affectecl the tlme-scale pa:ameters for ..

droplet formation.

“The inflation times decreased at each SDS concentration -

in mverse proportion to the ﬂow velocity. This is reasonable

“since the droplet diameters were independent of the SDS
" concentration in low flow veloc1ty ranges (Fig. 4A).

- The formed droplet diameters were constant below a
1 mm/s flow velocity for a 1%-SDS concentration, but in-
creased significantly at velocities over 1 mm/s (Fig. 4A).
Other parameters, such as the droplet formation rate and
detachment time, also sngmﬁcantly changed at a-velocity
over 1 mm/s (Figs: 4B ‘and 5). These results are similar
to those observed in our previous work [22]. The interfa-

“cial tension dominated the other forces at a flow velocity

below | mm/s (critical flow velocity, Uc), and monodls-_ '

‘persed droplets were formed. The viscous force dominated
the interfacial tension above Uc. Consequently, the dis-

persed phase flowed out continuousty like a lammar flow,
and larger droplets were formed.

The emulsification behavior at 0.3, 0.1, and Q. 05% SDS
concentrations differed from that at a 1% SDS concentration.
The formed droplet diameters were almost constant over a

‘2 mm/s flow velocity. Spontaneous transformation by in-
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terfacial tension was dominant, and monodisperse droplets
were formed. Qur previous work [22] demonstrated that the
critical capillary number (Cac), which corresponds to Ug,
was constant if the viscosity ratio of both phases and the MC
geometry were the same,

Cac = '?_E_;E = constant,. (D

where 7 is the liquid wscosuy and y is the interfacial ten-

sion, Equation (1) indicates that Uc should be proportional
‘to y if the other parameters have the same value, and larger
droplets should form above Uc. However, Ug was not ob-
served even at 3 mmys of flow velocity for the 0.3% SDS
" concentration in Fig. 4A, while the ratio of y between 0.3
and 1% SDS concentrations was 1.3. This result conflicts
with our previous study. The detachment time profiles for
- 0.3, 0.1, and 0.05% SDS concentrations also differed from
that for the 1% SDS concentration. The detachment times
decreased with increasing flow velocities, parhcularly for
lower SDS concentrations.

We believe our results are related to the dynamlc mterfa-
cial tension. We use the term “dynamic interfacial tension”
here to describe the state in which the interfacial tension has
a higher value than the equilibrium due to the limitation 6f
surfactant transportation. Previous studies demonstrated that
the dynamic interfacial tension affects the emulsification be-
- havior for conventional emulsification {5,6] and membrane

emulsification { 10]. The dynamic interfacial tension depends.

on the rate at which the surfactant can be transported to the
“newly created interfice. This transport in the present system
is achieved by diffusional transfer since MC emulsification
is carried out without a continuous phase flow. The diffu-
sional transfer is composed of two steps. The first step is

diffusion in the well from the edge of the MC plate to the’
terrace (see Fig. 1). The second step is diffusion to the newly

created mterface in association with the rate of interface ex-
tensnon '

) We will first dlSCIlSS diffusion from the end of the MC'
S plate to the terrace. The dlff_usmna] transfer of the surfac-

tant molecule can be estimated from the creation rate.of the
new interface, assuming that the surfactant molecules imme-
" diately adsorb onto the whole newly created interface. New
interfaces are created constantly at the exit of the MC during
"MC emulsification. The interface area (dA /dt) credtion rate
. from one channel is ‘estimated by the equation :

S =Nma?, R

. where N is the dloplet foxmatlon rate and d is the dmplet
diameter. The surfactant molecules that. absorb orito the in-
' terface are transferred by diffusion from the end of the MC
plate to the exit of the MC (near the terrace line). The surfac-
tant flux () necessary for adsorption onto the whole newly
created interface is calculated by assuming that the surfac-
tant molecules diffuse in the water phase between the close

packed oil droplets,

_ Nrd’r

lh(l - p)
where Iy is the saturation adsorption,  is the mterval length
between MCs (90 pm), £ is the well depth (100 ym), and p

is the packing rate of hexagonal closed packing (0 74). The
diffusion fiux is given by. Fick's law as

dC :

where D is the cliffasion coefficient for the SDS and Cisthe
surfactant concentration. The concentration gradient neces-
sary for diffusional transfer in the well is calculated from
Eqs. (3) and (4) by the following equation; :
dC _ ~Nmd*[s .
dx ~ Dih(1-p)’ . T
The value of —dC/dx is calculated as 3.6 x 10* miol/m®

based on Eq. (5) and using values of 20 droplets/s as N, .

j==D

18 pm as d, 2.5 x 107 mol/m? as I [25], and 6 x

10719 m?/s as D [26]. The diffusion length, which corre-
sponds to the well length from the exit of the MC to the edge
of the MC plate, is 3 x 10~* m. Therefore, the concentration
difference between the exit of the MC' and the end of the MC

plate is 11 mol/m (0. 3%) This concentration difference is

comparable to the concentration used in this study, although

‘the value of I is different in other atticles, It is difficult -
to reach saturation adsorption at the exit of MC when the

surfactant concentration is less than 0.3%. The diffusional
transfer rate of the surfactant in the well appears.to affect -

-the dynamic interfacial tension, and the dynarmc 1nterfacml _

tension subsequently exceeds the equilibriuin value,

‘'We will next discuss the second step, the diffusion rate

compared with the interface extens:on The.effect of diffu-. -
sional transfer is.evaluated by comparing the relative ;.ate of

.interface extension; 8 In A /8¢, with the diffusion time scale, ~

t4 [6]. The diffusion is too slow at relatxvely high extension -
rates to resupply the expandmg mterface which will behave
as an emulsxﬁer—flee interface: -

dln A

3t
“The emulsifier dtffuswn is fast enoigh for the mte;'facml '
tensicn to achieve equ1]1b11um at sufﬁcxently low rates of in-

>%m)lﬁr SC AT - ©

: terface extensmn

SInA
ot

The value of § In A /8¢ co1responds to the change in mterface _
area during the inflation process.- -We roughly estimated it

L@t oymya -'(7')

“using the followmg equatlon from the 1mage capturetl wnh '

the high-speed camera,-

dlnA  InAz; —InAj
ES] \ 8

&t At 7 _ ®)

where A; and A3 are the interface areas before and after the

inflation process (840 and 2240 um?) and Ay is the time for
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the inflation process. The value of 61n A /St is estimated as
20 (s7!) using the value of 0.05 s as the inflation process
time. The adsorption kinetics for the jonic surfactant have
~ been studied in depth [23,27,28], although they are not as
simple as the nonionic surfactant because of the existence of
an electrical double layer, The theoretical model predicts 74
to be on the order of 10~ to 10~ s for an SDS concentra-
" tion of 0.03% [27). Measurements using the capillary-ivave
method [23] also yield an adsorption relaxation time on the
order of 1072 s for SDS in concentration ranges similar to
“those in our experiment. These values seem rapid compared
to the interface extension estimated by Eq: (8), although
14 15 affected significantly by the surfactant concentration,
and the acteal surfactant concentration at the exit of MC
is unknown due to the limitation of diffusional transfer in
* the well. Therefore, the rate-determining step for diffusional
transfer is the first step, i.e., diffusional transfer from the
edge of the MC plate in the well. =~ .

The above discussion suggests that the' dynamlc mterfa-
cial tension during MC emulsification may exceed the equi-
libriuin value. The dynamic interfacial tension is greater at

" lower -surfactant concentrations and higher flow velocities

because the diffusion of SDS molecules is slow and creation
of the new interface is accelerated. Greater dynamic interfa:

cial tensions led to shorter detachment times, which accords
‘with the experimental results (Fig. 5). These phenomena
_were not observed at 4 1% SDS concentration because trans-

fer of the SDS molecules is sufficiently high relauve to the A

-creation of new interfaces. -
The droplet diameters were constant abovc al mm/s

- flow velocny for SDS ‘concentrations of I¢ss than 0.3%, even
. though the droplet diameters increased significantly at a ve-
. locity over'l mm/s for'the .1% SDS concentration. The

increased dynamic interfacial tensions of lower SDS concen-
‘trations contribute to the stable droplet formation driven by

interfacial terision, even in higher flow velocity ranges. This
" . enables droplcts to form by spontaneous transformation at
. hlgh flow velomﬂes of 2to 3 mm/s Howevet, the emulsifi-

cation behavior: depends on the position of the MC. The data
‘shown in Figs. 4 and 5 were measured for MCs at the center

. of the terrace line. The dispersed phase flowed out at a lower -
flow velocity for MCs near the end of the terrace than for .

=" MCs néar the center of the terrace, pnmanly because the dif-
" “fusion efficiency depends on the geometry of the MC plate.

~ MCs near the end of the terrace have an advantage in diffu-
sional transfers because no MCs are fabricated at the outer
150 pm of the terrace: Therefore, surfactant molecules dif-
fuse into the newly. formed mterfaces miore easily near the
end of the terrace than at the center. The ‘dynamic interfacial
tension near the end of the terrace was lower than that at the
center, rﬁsumntT in an outflow of ‘dispersed phase at a lower
flow velocity.’ Comprehenswe and quantitative treatment of
. the dypamic interfacial tension is complicated because it is
.affected by MC geometry, the position of the terrace line on
_the MC plate; and diffusion onto the newly created inter-
face. Quantitative treatmients for cross-flow MC plates [29)

0.0016 s

0.0032 s

and straight-through MC plates [30] are more complicated _
because they include convective transfer of the surfactant, .
However, clarifying the dynamic interfacial behavior, is im-

portant for designing an MC emulsification process and for

understanding the MC emulsification phenomena.

The droplet formation behavior changed for 0.05% SDS
concentrations at flow velocities exceeding 2 mm/s. The
droplet diameter increased slightly, the droplet formation
rate was not proportional to the flow velocity, and the detach-
ment time gradually increased.- The same phenomena were
observed for a 0.1% SDS concentration at a 2.6 mm/s flow
velocity. These phenomena are probably due to the wetting
of the MC with the dispersed phase. Figure 6 depicts the
detachment process from a wetted channel. The welted part
displayed in the broken circle disturbs the movement of the
interface, resulting in the formation of larger droplets. The
MC plate must be wetted with a continuous water phase
for stable droplet formation [19]. Surfactant molecules ad-

sorbed onto the interface keep the water molecules between

0.0000s

Wetfed part

0.0048 5.

0.0064 5

Fig. 6. Detachment from a wetted MC.



