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FIG. 4. A, EMSA analyses using Ad4/SF-1-binding sites of CYP17 promoter. Each end-labeled oligonucleotide was incubated with 10 ug of nuclear extracts from
cAMP-treated (cAMP; lanes 5-8, 1316, and 21-24) or cAMP-untreated (control; lanes 1-4, 9~12, and 17-20) LRH-1-transduced hMSCs and resolved by
electrophoresis on a nondenaturing 4% (—294/—285 and —50) or 6% (—146) polyacrylamide gel. Wild-type (W; lanes 2, 6, 10, 14, 18, and 22) or mutant (M; lanes 3,
7, 11, 15, 19, and 23) unlabeled oligonucleotides (200-fold molar excess) were used as competitor DNAs. Where indicated (+), antiserum-specific for LRH-1 (lanes 4, 8,
12, 16, 20, 24) was included in the binding reaction. Arrows indicate the specific DNA-protein complexes. Arrowheads indicate the supershifted complexes. B, ChiP
assays were carried out using immunoprecipitated chromatin with IgG or anti-LRH from cAMP-treated (A) or cAMP-untreated (C) LRH-1-transduced hMSCs. Recovered
chromatin was subjected to PCR analysis using primers encompassing the LRH-1-binding sites (CYP17 proximal) or approximately 5 kb upstream of the proximal
promoter region (CYP17 distal). Data shown are representative of three independent experiments.

or without cAMP were prepared for use in gel mobility shift
assays. As shown in Fig. 4, a probe containing each Ad4/SF-1/
LRH-1 binding site formed shifted complexes (arrows, lanes 1,
5,9,13,17, and 21) that were competed for by each unlabeled
oligonucleotide containing homologous sequences (lanes 2, 6,
10, 14, 18, and 22) but not by unlabeled nucleotides containing
the mutated sequences that were used for site-directed mutagen-
esis (lanes 3, 7, 11, 15, 19, and 23). Preincubation of the nuclear
extracts with a polyclonal antiserum against LRH-1 shifted
(arrowhead,lanes4, 8,20,and 24) or abolished (lanes 12 and 16)
the complex. The intensities of the complex bands were increased
after cAMP treatment. ChIP analysis also revealed that the in-

duction of the CYP17 gene by LRH-1 was mediated through
direct binding to its promoter region (Fig. 4B). Collectively, these
results demonstrated that the CYP17 gene could be a direct target
of LRH-1 in human steroidogenic cells.

DNA in the CYP17 promoter is demethylated by cAMP
treatment in LRH-1-transduced hMSCs

As we previously reported in adult Leydig-like cells derived
from SF-1-transfected murine MSCs (9), there was a time lag
associated with the induction of steroidogenic enzymes by camp
treatment in LRH-1-transduced hMSCs. P450scc and HSD3B2
mRNAs were rapidly induced within 6-12 h (Fig. SA). This
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FIG. 5. A, Time-dependent induction of steroidogenic genes by cAMP in hMSCs.

LRH-1-transduced hMSCs were cultured and treated with 8-bromo-cAMP (1 mm)

for the indicated times. mRNA levels of each gene were analyzed by RT-PCR. B,
Analyses of the promoter region of steroidogenic enzymes in nonsteroidogenic
hMSCs and steroidogenic hMSCs. Bisulfite genomic sequencing of the promoter
region of CYP11A1 and CYP17 in parental hMSCs and LRH-1-transduced
hMSCs. LRH-1-transduced cells were treated with 8-bromoadenosine-cAMP

(1 mw) for indicated times. Open and closed circles indicate unmethylated or
methylated CpG, respectively. C, Effects of Saza-dC on the expression of
steroidogenic genes. Shown are RT-PCR analyses of each gene in cells cultured
with or without cAMP (1 mm) for 18 h after the treatment with 5-aza-dC (25 )
for3d. :

pattern is very similar to that of LRH-1 mRNA induction.
CYP17 and CYP11B1, however, were induced only after 24-48
h, much later than the induction of LRH-1.

In addition to transcriptional regulation by transcription fac-
tors, epigenetic modifications also contribute to the regulation of
gene expression. Among them, DNA methylation at cytosine
residues of the dinucleotide sequence CpGinduces gene silencing
and is essential for differentiation and development (35, 36). To
compare the DNA methylation status of the steroidogenic genes
induced at different times, bisulfite sequencing analysis was per-
formed on the CYP11A1 (the gene encoding P450scc) and
CYP17 promoter regions in hMSCs (Fig. SB). CYP11A1 pro-
moter regions were comparatively hypomethylated in parental
hMSCs and GFP-transduced cells (data not shown). This con-
dition was almostcompletely unchanged by LRH-1 transduction
and cAMP treatment. In contrast, CYP17 promoter regions were
completely methylated in parental hMSCs. Transduction by
LRH-1 had no effect, as in the case of the CYP11A1 promoter.
However, cAMP treatment mosaically demethylated the CYP17
promoter regions at 24 h and demethylation was increased by
48 h. These methylation patterns of the CYP11A1 and CYP17
promoters closely paralleled the induction patterns of both genes
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by cAMP. To clarify the potential role of DNA methylation in the
expression of steroidogenic enzymes in hMSCs, LRH-1-trans-
duced cells were treated with the demethylating agent, 5-aza-2'-
deoxycytidine (5-aza-dC) (supplemental Fig. 3 and Fig. SC). Al-
though S-aza-dC was unable to induce CYP11A1 and CYP17
genes, it augmented the induction of both genes by cAMP, with
the effect on CYP17 being particularly marked. These results
strongly suggest that the status of DNA methylation in the pro-
moter regions could be important for regulating the expression
of steroidogenic enzymes in MSCs and might be responsible for
the time lag associated with the induction of some genes.

Discussion

SF-1 has been clearly demonstrated to be a master regulator of
steroidogenic organs. SF-1 knockout mice show agenesis of the
primary steroidogenic organs, the adrenals and gonads (5-8).
SF-1 can induce the differentiation of nonsteroidogenic MSCs
into steroidogenic cells (9, 10, 37, 38). In this study, we dem-
onstrated that LRH-1 could also act as a key regulator of the
steroidogenic lincage. It wasabundant in the gonads and induced
thedifferentiation of MSCs into steroidogenic cells without SF-1.
Consistent with our results, it has been reported that LRH-1 and
SF-1 have similar roles in steroidogenesis in some cells (20, 39).
The analysis of LRH-1 actions ## vivo has been hampered by the
embryonic lethality of LRH-1 knockout mice, although steroi-
dogenesis in heterozygous Lrh-1"/~ mice was abnormal in var-
ious organs such as the testis, luteinized ovary, and intestine (20,
22-24). Moreover, it was recently reported that ovarian proges-
terone production was reduced in mice lacking LRH-1 in the
granulosa cells (19). It is therefore possible that LRH-1, as well
as SE-1;is important for adult steroidogenesis i vivo. Inaddition
to detailed analysis of steroidogenesis in the adult, the generation
and characterization of mice deficient for LRH-1 in their steroi-
dogenic organs will also help to elucidate its involvement in the
development of steroidogenic organs. In fact, granulosa cell-spe-
cific knockout model demonstrate a broader role for LRH-1
beyond steroidogenesis in these cells, such as the failure of lu-
teinization (19).

LRH-1-transduced cells abundantly expressed CYP17 and
produced testosterone with the aid of cAMP. In human steroi-
dogenicorgans, LRH-1 and CYP17 were colocalized intesticular
Leydig cells. It is therefore possible that LRH-1 is involved in
testicular androgen production. In accordance with our results,
Volle et al. (20) reported that LRH-1*'" mice showed lower
plasma testosterone concentrations than LRH-1+"* mice. How-
ever, even though the testicular mRNA levels of various steroi-
dogenic genes such as Star, Cyp11al, and Hsd3b1 were lower in
LRH-1"" mice, there were no differences in the expression of
the Cyp17 gene between LRH-1*"* and LRH-1*"" mice. Dele-
tion of SHP, a transcriptional repressor of LRH-1, however,
resulted in increased testosterone production due to enhanced
expression of StAR, Cypllal, and Hsd3b1. In these mice, the
testicular expression of Cypl7 was unaffected. The authors
therefore concluded that expression of the Cyp 17 gene might not
be controlled by the LRH-1/SHP pathway. Our study, however,
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clearly demonstrated that LRH-1 directly regulated the tran-
scription of the CYP17 gene via three binding sites located in its
promoter region. There are several possible explanations for the
discrepancies between these results: it is possible that the regu-
lation of CYP17/Cyp17 gene transcription by the NRSA family
varies between species, and Miller and his colleagues (40) noted
species-specific variation in the transcriptional regulatory strat-
egies of the CYP17 gene. Observations made in one species can-
not therefore reliably be applied to the CYP17 gene in another
species, despite the high-sequence similarity of their promoter
regions. Another possibility is that although LRH-1 could reg-
ulate the transcription of the Cyp17 gene in mouse Leydig cells,
haploinsufficiency might be compensated for by other factors,
such as SF-1. It is also possible that it could be compensated for
by factor(s) derived from other cells by the reduction of LRH-1.
Studies in a Leydig cell-specific knockout model would resolve
these issues and clarify the role of LRH-1 in androgen production
in adult Leydig cells. On the other hand, LRH-1 is unlikely to be
involved in steroidogenesis in the fetal testis because it was not
detectable in the interstitial space in fetuses or neonates, whenthe
fetal Leydig cells are responsible for the production of testicular
androgens (data not shown). In addition, our stem cell model
used in this study could also contribute to the investigation of
LRH-1 function in steroidogenesis because hMSCs differenti-
ated into SF-1-deficient steroidogenic cells.

Its expression in spermatogenic cells indicates that, in addi-
tion to its role in androgen synthesis, LRH-1 could also play a
vital role in human spermatogenesis. Expression of LRH-1 has
also been reported in both Leydig cells and spermatogenic cells
in rats (41). Its localization was similar to the spatial pattern of
expression of the aromatase gene in the testis, leading to the
suggestion that LRH-1 might regulate the expression of the aro-
matase gene in not only Leydig cells but also spermatogenic cells
and so be involved in intratesticular estrogen signaling. This hy-
pothesis is consistent with the results in MSCs (Fig. 1), in which
aromatase was induced by the introduction of LRH-1, aided by
cAMP signaling. On the other hand, ovarian aromatase expres-
sion was increased in granulosa cell-specific knockout. The re-
sults of ChIP analysis indicated that ovarian aromatase expres-
sion was not regulated by LRH-1. Hence, the regulation of
aromatase gene expression might be complex. In addition to
aromatase, LRH-1 could also regulate other genes associated
with spermatogenesis in spermatogenic cells.

In addition to steroidogenic enzymes, SF-1 and LRH-1 mR-
NAs were also induced by cAMP treatment in their respectively
transduced cells. Hormone/cAMP regulation of SF-1 and LRH-1
remains a debatable subject because results have varied, depend-
ing on the cells used. Similar phenomena to those seen in this
study were observed inrelatively undifferentiated adrenocortical
cell lines stimulated with ACTH (42). However, it has been
shown in Leydig or adrenocortical cell lines that SF-1 mRNA
levels were largely unaffected by LH/human chorionic gonado-
tropin, ACTH, or agents that stimulated cAMP production (43~
45). Although the reasons for this apparent discrepancy remain
unclear, the expression of SF-1 in granulosa cells derived from
diethylstilbestrol-primed rats may indicate the complex pattern
needed to explain the differences between cells (29). In this
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model, SF-1 mRNA and protein levels remained almost constant
for at least 4 h after FSH treatment but then increased markedly
from 12 to 24 h and up to 48 h. This pattern parallels that of the
induction of steroidogenic genes and steroidogenesis (luteiniza-
tion). Once luteinized, SF-1 levels in granulosa cells were unaf-
fected by human chorionic gonadotropin or cAMP treatment,
even though progesterone production was increased by these
treatments {46). Thus, SF-1 or LRH-1 might be up-regulated
during the differentiation of steroidogenic cells by a pituitary
hormone/cAMP pathway. However, their expressions should be
unaffected after differentiation has occurred. In support of this
hypothesis, SF-1 proteins were also induced in nonsteroidogenic
Leydig stem cells when they were cultured in medium containing
LH and differentiated into testosterone-producing cells (47). As
described above, SF-1 was not responsive to the LH/cAMP path-
way in differentiated Leydig cells (43—45). Although the precise
mechanism underlying the up-regulation of SF-1 and LRH-1
mRNA by cAMP signaling is not clear, mRNA stabilization of
both genes is likely to be responsible for this up-regulation;
mRNA [evels of other genes (GFP, DAX-1, and NUR77) trans-
duced into hMSCs using the same retrovirus vector (same pro-
moter) were not affected by cAMP treatment. Further studies
are necessary to determine the mechanisms of NRSA-regu-
lated expression.

Bisulfite sequencing analysis demonstrated that the CYP17
promoter was completely methylated in hMSCs and was de-
methylated by LRH-1 transductionand cAMP treatment. In con-
trast to the CYP17 gene, the CYP11A1 promoter region was
relatively hypomethylated and was unaffected by LRH-1 and
cAMP. It has been shown that methylation of the CpGssite in the
promoter region was involved in the silencing of tissue-specific
genes (48,49). Consistent with this fact, the methylation patterns
of the CYP11A1 and CYP17 promoters closely paralleled the
expression patterns of both genes. Low levels of P450scc mRINA
were expressed in LRH-1-transduced cells before cAMP treat-
ment, whereas CYP17 mRNAs were expressed after 24 h and
only after cAMP treatment. Treatment with the demethylating
agent 5-aza-dC up-regulated CYP17 mRINA. These results sug-
gest that DNA methylation is an important determinant of the
timing of induction of steroidogenic genes in MSC-derived ste-
roidogenic cells. Similar results were obtained from SF-1-trans-
duced MSCs (our unpublished results). Although the mecha-
nisms of demethylation of the CYP17 promoter region by NRSA
family and cAMP were not determined, it has been reported that
cyclical changes in the methylation status of promoter CpG is-
lands, mediated by DNA methyltransferases, occurred in genes
regulated by the estrogen receptor and its ligand (50, 51). A
similar phenomenon might occur in genes regulated by LRH-1
and SF-1, which is also a nuclear receptor. Further studies are
necessary to elucidate the mechanisms involved in the regulation
of the methylation states of steroidogenic genes in MSCs.

Insummary, we have determined that LRH-1, as well as SF-1,
could act as a key regulator controlling the differentiation of
some stem cells into steroidogenic cells. It is possible that the
function of SF-1 in primary steroidogenesis could be replaced by
LRH-1. In support of this hypothesis, Ingraham and her col-
leagues (52) showed, using SF-1 haploinsufficient mice, that the
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full SF-1 gene dosage was necessary for early adrenal develop-
ment but not in the adult adrenal, in which compensatory mech-
anisms restored near normal function. In addition, Morohashi
and his colleagues (8, 53), using transgenic mice, reported that
differential gene dosage effects of SF-1/Ad4BP existed between
the gonads and adrenals, even though they had a common de-
velopmental origin. Our results strongly suggest that LRH-1 is
involved in these phenomena and can compensate for SF-1 func-
tion in these models. Future studies aimed at simultaneously
investigating the functions of both SF-1 and LRH-1 will be es-
sential for developing a more precise understanding of the reg-
ulation of primary steroidogenesis.
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Micrometer-sized microcapsules collapse upon exposure to ultrasound. Use of this phenomenon for a drug delivery system (DDS), not only
for local delivery of medication but also for gene therapy, should be possible. However, enhancing the efficiency of medication is limited
because capsules in suspension diffuse in the human body after injection, since the motion of capsules in blood flow cannot be controlled.
To control the behavior of microcapsules, acoustic radiation force was introduced. We detected local changes in microcapsule density by
producing acoustic radiation force in an artificial blood vessel. Furthermore, we theoretically estimated the conditions required for active
path selection of capsules at a bifurcation point in the artificial blood vessel. We observed the difference in capsule density at both in the
bifurcation point and in alternative paths downstream of the bifurcation point for different acoustic radiation forces. Comparing the
experimental results with those obtained theoretically, the conditions for active path selection were calculated from the acoustic radiation
force and fluid resistance of the capsules. The possibility of controlling capsule flow towards a specific point in a blood vessel was

demonstrated. © 2009 The Japan Society of Applied Physics

1. Iniroduction

The phenomenon that microcapsules or microbubbles of
micrometer size collapse upon exposure to ultrasound near
their resonance frequency has been identified as a basis for a
physical drug delivery system (DDS).'~" To minimize side
effects, medication should only affect the target area, not
other parts of the human body. Although the majority of
recent research on DDSs has been focused on gene trans-
duction using gene vectors, this method takes time and its
development is costly. The microcapsules, which can
contain a specific drug inside a shell, are suitable for use
with various types of medication. Furthermore, microcap-
sules are easily detected” and actuated’’ by ultrasound. The
distribution of capsules inside the body is easily determined
by echogram (B-mode image) because the brightness of an
echogram varies depending on capsule density. We have
developed software to detect local changes in capsule
density using the variation in brightness of an echogram.
Figure 1 shows a microscope image of F-80E microcapsules
(Matsumoto Oil), which we used in this work.

However, because of the diffusion of capsules after injec-
tion, it is difficult to enhance the efficiency of medication. If
the behavior of capsules could be controlled, the amount of
medication required would be minimized. Microbubbles
aggregate in water owing to Bjerknes forces, '’ which are
produced by an ultrasound pressure gradient and oscillation
of the diameter of the microbubbles. Since the oscillation of
microcapsules is smaller than that of microbubbles, because
of the microcapsule shell, a microcapsule is thought to
receive an acoustic radiation force''"' and be propelled
by acoustic propagation. In this paper, we describe our
attempt' "' for active path selection of microcapsules in an
artificial blood vessel by acoustic radiation force.

2. Theory

Assuming spherical microcapsules, an acoustic radiation
force''' acts to propel the capsules in the direction of
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Fig. 1. (Color online) Microscope image of F-80E microcapsules.

acoustic propagation as per the following equation:
(D

where Ry is the average capsule radius, P is the sound
pressure, p is the density of the medium, and A is a constant.

When the microcapsules are placed in flow, a capsule
should receive a flow resistance Fy as per the following
equation:

Fyq = 6 Ry, (2)

where u, is the velocity caused by the acoustic radiation
force and pt is the viscosity coefficient of the medium.

Thus, if ultrasound is directed at a microcapsule in flow,
and the acoustic radiation force is greater than the flow
resistance, the trajectory of the capsule is curved, as shown
in Fig. 2.

When microcapsules pass through an acoustic field where
the sound pressure is higher than that in other areas, capsules
are propelled away from their original course. At larger
values of angle # in Fig. 2, a capsule passes through the
acoustic field for a longer period causing a larger displace-
ment from the original course. The displacement of a
capsule before it reaches the bifurcation point, shown in
Fig. 2, can be calculated using eq. (3), where m is the weight

C 2009 The Japan Society of Applied Physics
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of a capsule. In Fig. 2, although the shape of the acoustic
field is expressed as a square, it is dependent upon the
transducer and should be measured before the calculation of
theoretical displacement.
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3. Experiments

3.1 Observation of capsule hehavior

We used the above-mentioned F-80E microcapsule, which
has a shell made of poly(vinyl chloride) (PVC), a specific
gravity of 0.0225, and an average diameter of 99.2 um. We
selected only those microcapsules with a diameter in the
range from 65 to 73 um because of the limited magnification
of the microscope. This size of capsule, of course, is not
suitable for use in vivo, but is useful for confirming the
fundamental behavior of capsules before minimizing them in
future experiments.

We have also prepared an arttificial blood vessel made of
poly(ethylene glycol) (PEG), including a Y-form bifurca-
tion, as shown in the schematic view of Fig. 3. The external
size was 50 x 80 x 10mm? and the inner diameter of the
paths was 2 mm. The blood vessel was placed in the bottom
of a water tank, which was filled with water. Because the

07GK03-2

Fig. 4. Configuration of artificial blood vessel, transducer, and water
tank.

Capstiles.

Fig. 5. (Color online) Comparison of microscope images of obser-
vation area (a) before and (b) after injection of capsule suspension
with ultrasound focused at point Q.

acoustic impedance of PEG is similar to that of water, the
energy of ultrasound in water reaches the path with high
efficiency. Using an inverted microscope (Leica, DMRIB),
an optical image of the observation area indicated in Fig. 3
was recorded.

As shown in Fig. 3, the axis of the transducer was set at
50° counterclockwise to the x-axis and &deg clockwise to
the z-axis to prevent physical interference between the
transducer and the edge of the water tank. Figure 4 shows
the configuration of the experimental setup. The transducer
included a concave ceramic disc with a diameter of 25 mm.
Ultrasound was emitted by amplifying a sinusoidal signal of
| MHz to an amplitude of 160kPa where the focal area of
ultrasound is created in 60mm from the surface of the
transducer with a half width of sound pressure of 8 mm.

The center of the focal area is set at the point indicated in
Fig. 3. Defining point O as the intersection of the three
paths, the points P, Q, and R indicate points 1, 2, and 3 mm
upstream from O, respectively. We observed the behavior of
capsules near the bifurcation point shown in Fig. 3 upon the
injection of a capsule suspension at a flow velocity of
100mm/s. Floatation of the capsules owing to their buoy-
ancy was not confirmed. When ultrasound was emitted, more
capsules entered path B than path A, whereas no significant
difference was observed without ultrasound emission.
Figure 5 shows the comparison of microscope images of
the observation area before and after the capsule suspension
was injected and ultrasound was focused at point Q. Since a
large amount of capsules was observed as a shadow, the
possibility of active path selection of capsules was indicated.
Here we confirmed that the capsules were not destroyed by
the ultrasound since the frequency used was far from the
resonance frequency of the capsules.

C 2009 The Japan Saciety of Applied Physics
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3.2 Evaluation of path selection

To evaluate the number of capsules that passed through
each path, we extended the two paths using semitrans-
parent tubes and established an observation area, where
both paths were observable in a single view, as shown in
Fig. 6.

Figure 7 shows microscope images of the area, which
were captured using a high-speed camera Phantom-V4.2
(Nobitec) with an interval time of 2 ms, upon injection of a
capsule suspension under the same conditions as for Fig. 5.
Individual microcapsules can be distinguished.

To measure the number of capsules, we established two
square regions of interest in each path [region of interests
(ROIs) A and B] and calculated the average brightness.'” "
The brightness of a region decreases depending on the
number of capsules present. Thus, we defined the shadow
index o using the following equation to determine the
number of capsules in each ROI:

REF 3 5 fx.y)

X A
7= REF ’ 0
where f is the brighiness of the ROI and REF is the
summation of brightness in the absence of capsules in the
ROL Then, we confirmed the relationship between shadow
index and capsule density. A capsule suspension was passed
through the ROI without ultrasound and the average of the
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shadow index for 15 frames (duration 30 ms) was calculated
for various flow velocities. As shown in Fig. 8, using capsule
densities of 0.15-0.25 g/L, significant changes in density
were detected.

4, Results and Discussion

We measured the shadow indices in two ROIs upon emission
of sinusoidal ultrasound with a frequency of 1 MHz, a flow
velocity of 100mm/s, and a capsule density of 0.2 g/L,
where ultrasound was focused at points O, P, Q, and R
shown in Fig. 3. Figure 9 shows the difference in shadow
indices between ROIs A and B versus the angle of
ultrasound emission & for four focal points. Because the
difference was calculated by subfracting the shadow index
of ROI A from that of ROI B, a positive value for the
difference indicates that more capsules passed through
path B than path A. When the focal point was at O, no
significant difference was observed. Upstream from O, clear
capsule selection to path B was confirmed at angles of
emission between 30 and 60°. The optimum condition for
active path selection in the experiment was at an angle of
50° at focal point Q, which was used in the following
experiment.

We repeated the same experiment at a flow velocity of
100mmy/s. Figure 10 shows the values of shadow indices
versus sound pressure. When the sound pressure was less
than 120kPa, there was no difference between the two ROIs.
However, the value of shadow index in ROI B increased in
proportion to the sound pressure at more than 140 kPa. More
than 90% of the capsules entered path B when the sound
pressure was more than 160 kPa. In the same figure we show

¢ 2009 The Japan Society of Applied Physics
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ultrasound focused at point Q and sound pressure of 160 kPa.

the displacement of a capsule, as determined using eq. (3)
for the same conditions by assuming an acoustic field width
of 3mm from the half width of the maximum sound
pressure. When the sound pressure was between 130 and
140kPa, the displacement of a capsule should be approx-
imately | mm, which is half of the inner diameter of the
artificial blood vessel.

Next, we fixed the sound pressure at 160 kPa. Figure 11
shows the values of shadow indices versus flow velocity.
The value of shadow index in path B decreased in
proportion to the flow velocity. The range of flow velocity
for path selection appears to be 150—200 mm/s. When the
flow velocity was more than 200 mm/s, path selection did
not function, which we assume is because the capsules pass
through the acoustic field without receiving sufficient
acoustic radiation force. When the flow velocity was
150mm/s, the theoretical displacement was determined to
be 0.7mm, which is similar to the actual result shown in
Fig. 10.

From these results, the sound pressure, focal point, and
flow velocity should be considered to realize active path
selection of microcapsules. When the focal point of ultra-
sound emission is at the bifurcation point itself, active path

07GKO03-4

selection of capsules is not realized. The focal point should
be located upstream from the bifurcation point to ensure
sufficient displacement of capsules. In the present experi-
ment, the inner diameter of the path was 2mm, so a 1 mm
displacement was necessary from the beginning of the
acoustic field to the bifurcation point, as shown in Fig. 2. For
further analysis, the precise conditions necessary to realize
active path selection for more complicated shapes of blood
vessel should be elucidated.

5. Conclusions

In this study, we realized active path selection of micro-
capsules at a bifurcation point in an artificial blood vessel.
We confirmed that capsules with a diameter between 65 and
73 um were directed into the desired path and were not
destroyed by ultrasound of a sinusoidal signal of 1 MHz. The
conditions for active path selection of capsules were as
follows: 1) a sound pressure higher than 150 kPa when the
flow velocity was 100 m/s and 2) a flow velocity lower than
150mm/s when the sound pressure was 160kPa. We are
going to continue our research by varying other parameters
to further elucidate the mechanism of this phenomenon.

Acknowledgment

This work was supported by Research and Development
Committee Program of the Japan Society of Ultrasound in
Medicine.

1) M. Watanabe, K. Chihara, K. Shirae, K. Ishihara, and A. Kitabatake:
Proc. 11th Symp. Ultrasonic Electronics, Kyoto, 1990, Ipn. J. Appl.
Phys. 30 (1991) Suppl. 30-1, p. 241.

2) K. Okada, N. Kudo, K. Niwa, and K. Yamamoto: | Med Ultrason 32
(2005) 3

3) D. Koyama, A. Osaki, W. Kiyan, and Y. Watanabe: 11F]
Ultrason. Ferroelectr. Freq. Control 53 (2006) 1314,

4) K. Ishihara, K. Yoshii, K. Chihara, K. Masuda, K. Shirae, and T.
Furukawa: Proc. IEEE Ultrasonic Symp., 1992, p. 1277.

5) Y. Yamakoshi: Jpn. J. Appl. Phys. 40 (2001) 1526,

6) K. Wei, D. M. Skyba, C. Firschke, A. R. Jayaweera, K. R. Lindner,
and S. Kaul: J. Am. Coll. Cardiol. 29 (1997) 1081,

7) K. Masuda, Y. Muramatsu, I. Mizobe, and K. Ishihara: Seitai Ikogaku
46 (2008) 275 [in Japanese].

8) H. Yoshikawa, T. Azuma, K. Sasaki, K. Kawabata, and S. Umemura:

Irans

Ipn. ) |. Phy 45 (2006) 4754,
9) H. Mitome: Ipn. 1. Appl. Phys. 40 (2001)
10) Y. Yamakoshi and T. Miwa: Jpn. J. Appl. Phys. 47 (2008) 4127,
11) T. Kozuka, K. Yasui, T. Tuziuti, A. Towata, and Y. Iida: Ipn | Appl

H 47 (2008) 4336.

12) T. Lilliehorn, U. Simu, M. Nilsson, M. Almqvist, T. Stepinski, T.
Lawell, J. Nilsson, and S. Johansson: |'ltrasonics 43 (2005) 293,

13) Y. Muramatsu, K. Masuda, S. Ueda, and K. Ishihara: Proc. 28th
Ultrasonic Symp. 2007, p. 407.

14) Y. Muramatsu, S. Ueda, R. Nakamoto, Y. Nakayashiki, K. Masuda,
and K. Ishihara: Proc. Ewopean Medical Biological Engineering
Conf., 2008 p. 1589.

¢ 2009 The Japan Society of Applied Physics



3P5-12

Proceedings of Symposium on Ultrasonic Electronics, Vol. 30 (2009) pp. 545-546

18-20 November, 2009

Evaluation of trapping performance of fluid microcapsules
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1. Introduction

Making use of the phenomena that microcapsules or
microbubble of pm order collapse themselves after
ultrasound emission near their resonant frequency,
physical DDS (Drug Delivery System) has been
proposed[1]. To minimize the side effect of
medication, drug should affect to the target area, not
to other parts inside human body. Though recent
mainstream of DDS is focused on the gene
transduction by using gene vector, it takes time and
cost to develop for each object. The microcapsules,
which can contain the specified drug inside the
shell, have the possibility to correspond to various
kinds of medications. However, because of the
diffusion of capsules after injection, it was difficult

to enhance the efficiency of medication. If the
density of capsules inside human body can be
controlled, the amount of drug would be minimum.
Then we have noticed the acoustic radiation force
[2], which is a physical phenomenon where an
acoustic wave pushes an obstacle along its direction
of propagation. When a microcapsule receives
the acoustic radiation force against flow, it is
trapped or propelled to the opposite direction of the
flow. In this paper, we introduce our research to
investigate local density of microcapsules in the
straight artificial blood vessel according to the
acoustic condition.

2. Principle

Fig.1 shows behavior of fluid microcapsules under
acoustic emission. Considering the shape of a
microcapsule as sphere, the acoustic radiation force
F, acts to push the microcapsules to the direction
of acoustic propagation[3]. On the other hand, when
the microcapsules are put in flow, a capsule
receives the flow resistant . Thus, if F; and F., in
Fig.l are similar, the acoustic radiation force
balances with the flow resistant to trap fluid
microcapsules.
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Fig.1 Behavior of fluid microcapsules under ultrasound
emission.

3. Experiment

We used microcapsule F-04E (Matsumoto Oil,
Japan) which shell is made of PVC (polyvinyl
chloride) with specific gravity as 0.0225 and
average of diameter as 3.5 [um]. We sieved it as the
range of diameter is 20 [um] or less and the size is
to be applied to use in vivo. Also we have prepared
the artificial blood vessel, which is made of PEG
(polyethylene glycol), including the straight vessel
as Fig.2.
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Fig.2 Schematic view of the experiment to trap fluid
microcapsules



The external size is 50x80x10 [mm] and inner
diameter of the path is 2 [mm]. The transducer is set
a direction of acoustic propagation to be opposite
flow direction and 8 = 45 [deg] to x-y plane as
shown in Fig.2. We used a focal type transducer

with center frequency of 1 [MHz] to emit
ultrasound.  We  injected  suspension  of
microcapsules with water of 0.3 [g/l] from

upstream of the observed area, where focal point of
ultrasound is included in the center. By using
an optical microscope (KH-7700, Omron, Japan),
behavior of microcapsulesis observed and
recorded.

4. Results

We produced several kinds of ultrasound waveform
by varying PRF (pulse repetition frequency) and
duty ratio, which ranged 10, 20 and 50 [kHz], and
40, 60, 80 and 100 [%], respectively. We adjusted
maximum sound pressure at the focal point to be
300 [kPa]. Fig.3 shows time series images of the
observed area, when the suspension was injected by
20 [mm/s]. Injection was finished within 10 [sec].
In 20 [sec] after injection 100 [um] order size
aggregations of microcapsules were confirmed
through thick suspension. The size of the
aggregation saturated before 90 [sec]. As long as
the behaviors of microcapsules were observed
through the experiments, the reproducibility in
shape, number and motion of the aggregation was
poor. However, total occupied area of
microcapsules was seemed to increase with the duty
ratio, which indicates the amount of microcapsules
increases in proportion to the duration of ultrasound
emission.

—— 1 [mm]

Thick suspension

Flow direction

0 [sec]

T "*- s o< '_" s _&'

58 [sec] 87 [sec]
Fig.3 Time series images of the observed area after

injection of the suspension with ultrasound emission.

To evaluate quantitative amount of trapped
microcapsules, we measured the occupied area of
microcapsules by labeling method. Fig.4 shows the

total occupied area of trapped microcapsules in
0~87 [sec] after ultrasound emission versus the duty
ratio with PRF as a parameter. We confirmed the
area increases according to duty ratio, where there
was no significant difference in PRF variation.
Therefore duration of ultrasound emission is
important to trap microcapsules in flow. In many
cases, aggregations of microcapsules were seen
upstream before they were trapped, which should
be caused by Bjerknes forces [1] produced by an
ultrasound pressure gradient and oscillation of the
diameter of the microcapsules. We consider that an
aggregation of capsules makes equivalently a larger
diameter capsule to receive more acoustic radiation
force, which is proportional to the cube of the size
of a microcapsule.
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Fig.4 Occupied area of trapped microcapsules versus
duty ratio of ultrasound

5. Conclusions

In this study, we have experimented to trap fluid
microcapsules in artificial blood vessel. We
confirmed the capsules with diameter of 3.5 [pm]
were trapped in the middle of the path and by
ultrasound of sinusoidal signal of | [MHz]. To trap
capsules in flow, duration of ultrasound emission
was important to make aggregation of capsules. We
are going to apply the experiment by varying other
parameters and to investigate the mechanism of the
phenomena.
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1. Introduction

Microcapsules or microbubbles collapse upon
exposure to ultrasound near their resonance
frequency. The phenomenon has been identified as
a basic method for drug delivery [1,2]. Making use
of sonoporation [3], the existence of capsules (or
bubbles) improves the introduction efficiency to
affect the target area. While the lifetime of the
microbubbles is several minutes, the microcapsules
are thought to be better for use with various types
of delivery. However, because of the diffusion of
capsules after injection, it is difficult to deliver
capsules to desired target area. If the behavior of
capsules could be controlled, the introduction
efficiency would be enhanced. Then we have ever
reported our attempt to propel microcapsules in
water owing to an acoustic radiation force [4,5],
which is a physical phenomenon where an acoustic
wave pushes an obstacle along its direction of
propagation. We have elucidated the conditions in
sound pressure, flow velocily and diameter of
capsules for active path selection of capsules in an
artificial blood vessel [6]. Then we have used the
diameters of capsules ranged from 65 to 73 pm,
which size is not to be applied in vivo. Considering
that an acoustic radiation force is proportional to
the cube of the size of a capsule, we have
investigated with plane wave of ultrasound and
smaller size of capsules for active path selection.

2. Theory

Assuming spherical capsules or bubbles, an
acoustic radiation force [10] acts to propel the
capsules in the direction of acoustic propagation as
per the following equation,

4 5 P°
Ezc =_jZRO A—z_ (1)
3 pc’
where Ry is the average capsule radius, P is the
sound pressure, and 7 is the density of the medium.

Kohji Masuda, e-mail: musuda ko ce.tuatac.ip

A is a constant which is derived from p and the
density of capsules.

When the microcapsules are placed in flow, a
capsule should receive a flow resistance Fy. If the
acoustic radiation force is greater than the flow
resistance, the trajectory of the capsule is curved, as
shown in Fig.1.

G .- Transducer

7] Trajectory of Flow
amicrocapsule  direction  Original
| Course

Acoustic radiation () | y
force I, ( ) e N NS

Displacement /

<L

\coustic lield 3

Flow resistance £

Fig.1. Trajectory of microcapsule in flow under
ultrasound emission.

At larger value of angle 6 in Fig.1, a capsule
passes through the acoustic field for a longer period
causing a larger displacement from the original
course. In Fig.1, although the shape of the acoustic
field is expressed as a square, it is measured before
the calculation of theoretical displacement.

3. Experiment

We used the F-04E microcapsule, which has a
shell made of polyvinyl chloride (PVC), a specific
gravity of 0.0225, and an average diameter of 4 pm.
It contains isobutene inside and is stable in room
temperature. We selected only those microcapsules
with a diameter less than 20 pm. We also have
prepared an artificial blood vessel made of
polyethylene glycol (PEG), including a Y-form
bifurcation with inner diameter of the paths was 2
mm. The blood vessel was placed in the bottom of a
water tank, which was filled with water. As shown
in Fig.2, the observed area was recorded optically
using an inverted microscope (Leica, DMRIB).

In Fig.2, the relationship between focal areas of
ultrasound and the bifurcation is shown. The axis of
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the transducer was set at 40 degrees to the x-axis
and 0 deg to the z-axis to prevent physical
interference between the transducer and the edge of
the water tank. The transducer included a flat
ceramic disc with a diameter of 25 mm to emit
plane wave of ultrasound.
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Fig.2. Relationship between focal points of ultrasound
and the bifurcation area.

4. Result

When ultrasound was emitted, more capsules
entered path B than path A, whereas no significant
difference was observed without ultrasound
emission. To evaluate the amount of capsules that
passed through each path, we extended the two
paths using semitransparent tubes and established
the observed area, where both paths were
observable in a single view. To measure amount of
microcapsules, we established two square regions
of interest in each path (ROIs A and B) and
calculated the average brightness. The brightness of
a region decreases depending on the number of
capsules present. Thus, we defined the shadow
index o using the following equation to determine
the number of capsules in each ROI,

REF - f(_.x,y))/REF 2)

where f'is the brightness of the ROI and REF is the
summation of brightness in the absence of capsules
in the ROI.

We measured the shadow indices in two ROIs
upon emission of sinusoidal ultrasound with a
frequency of 0.5 and 2 MHz, and a flow velocity of

O =

5, 10 and 20 mm/s. Fig.3 shows the ratio in shadow
index of ROI B to the summation versus the sound
pressure at the bifurcation, where 6 was fixed as 45
degree. In Fig.3, a ratio more than 50% indicates
that more capsules passed through path B than path
A. When the frequency is 2MHz, clear capsule
selection to path B was confirmed.
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Fig.3. Ratio in shadow index of ROI B to the summation
(ROI A and B) with 8= 45 degree.

From the result, using higher sound pressure than
400kPa, 80% of capsules were introduced to a
desired path, which result is much progressed than
our previous attempt [6] using a focused ultrasound.
For active path selection of capsules, higher
pressure, higher frequency and plane ultrasound
should be required.

5. Conclusion

In this study, we realized active control of
microcapsules of micrometer size in an artificial
blood vessel. We confirmed that capsules with a
diameter less than 20 pm were directed into the
desired path. For further analysis, the precise
conditions necessary to realize active control of
capsules in a complicated shape of blood vessel
should be elucidated. Also we are going to apply to
in vivo experiment.
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Abstract—Mlicrocapsules of pm order collapse themselves
after ultrasound emission. Applying this technique as drug
delivery system (DDS), not only local medication but also gene
therapy method should be possible. However, it has been limi-
tation to enhance the efficiency of medication because capsules
suspension spreads in human body after the injection, where
motion of capsules in blood flow cannot be controlled. To
affect behavior of microcapsules, acoustic radiation force was
introduced. We have observed the local aggregation of micro-
capsules by producing local acoustic radiation force in the
artificial blood vessel. Then we estimated amount of trapped
capsules by optical image processing. We confirmed fluid
microcapsules of similar diameter with red blood cell were
trapped in the middle of the path and by ultrasound of sinu-
soidal signal of 1 MHz. The condition to trap capsules was
indicated by higher sound pressure and lower flow velocity.

Keywords— drug delivery system, microcapsule, acoustic ra-
diation force, artificial blood vessel, trapping

1. INTRODUCTION

Making use of the phenomena that microcapsules or mi-
crobubble of pum order collapse themselves after ultrasound
emission near their resonant frequency, physical DDS (Drug
Delivery System) has been proposed. To minimize the side
effect of medication, drug should affect ouly to the target
area, not to other parts inside human body. Though recent
mainsireain of research in DDS is focused on he gene
transduction by using gene vector, it takes time and cost for
development. The microcapsules, which can contain the
specified drug inside the shell, have the possibility to corre-
spond to various kinds of medications. Also the feature to
use the microcapsules is easily detected and actuated by
ultrasound. The distribution of capsules inside the body is
easily recognized by echogram (B-mode image) because the

brightness of echogram varies according to the density of

capsules. However, because of the diffusion of capsules
after injection, it was difficult to enhance the efficiency of
medication. If the density of capsules inside human body
can be controlled, the amount of drug would be minimum.
Then we have noticed that microbubble aggregates in water

by the effect of Bjerknes force “» which is produced by
pressure gradient of ultrasound and the oscillation of dia-
meter in microbubble. Since the oscillation in microcapsule
is smaller than in microbubble, because of the shell, a mi-
crocapsule is thought to receive the acoustic radiation force

>3 to be pushed out w1th acoustic propagation. In this paper
we describe our attempt > to trap fluid microcapsules i an
artificial blood vessel by acoustic radiation force.

1I. METHOD

Fig.1 shows behavior of fluid microcapsules under ultra-
sound emission. Considering the shape of a microcapsule as
sphere, the acoustic radiation force F,, acts to push the
capsules to the direction of acoustic propagation. On the
other hand, when the microcapsules are put in flow, a cap-
sule should receive the flow resistant F; Thus, if F; and
Faee in Fig.1 are similar, the acoustic radiation force bal-
ances with the flow resistant to trap fluid microcapsules.

! . Lo Transducer
Acoustic radiation foree £

Blood vessel wall >,

Flow

Microvapsiles
dircetion |} .

/ L
Flow resistam s

Fig. 1 Behavior of fluid microcapsules under ultrasound emission.

We used microcapsule F-04E which shell is made of
PVC (polyvinyl chloride) with specific gravily as 0.0225
and-average of diameter as 3.5 pum., We sieved it as the
range of diameter is from 4 to 20 ym to be applied to use in
vivo. We have prepared the artificial blood vessel, which is
made of PEG (polyethylene glycol), including a straight
path as the schematic view shown in Fig2. The external
size is 80 mimn X 55 mm x 10 mm and the inner diameter of
the path is 2 mm. It is placed in the bottom of water tank,

O. Dossel and W_C. Schlegel (Eds.): WC 2009, IFMBE Proceedings 25/VIIL, pp. 206-207, 2009.
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which is filled with water. By using an optical microscope
(KH-7700, Omron, Japan), behavior of microcapsules is

observed and recorded.
Qﬂmmluccl\

i s

—" Anificial
JT\ \ blood vessel

Suspension

e 22

Microscope

Fig. 2 Schematic view of the experiment to trap capsules.

We introduced two transducers to be focused at the same
point with their angle and 26 as shown in Fig.2. The plane
which includes axes of the transducers is set ¢ = 50 deg to
prevent physical intervention between the transducer and an
edge of the water tank. The transducer includes a concavity
ceramic disc with the diameter of 25 mm. Ultrasound is
emitted by amplifying sinusoidal signal to the amplitude
210 kPa where the focal area of ultrasound is created in 60
mm from the surface of the transducer with the half width
of sound pressure in 8 mm.

1II. ResuLTts

We observed the focused area under emission of sinusoi-
dal ultrasound with frequency as 1 MHz, flow velocity as
20 mm/s and angle 6 as 30 deg. Fig.3 shows time series
microscopic images of the area where capsules are trapped
in the middle of the path. Thus we confirmed the possibility
to trap fluid microcapsules which sizes are similar to red
blood cell under ultrasound emission.

B e A AN e
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20 3[sec] 26.7[sec]

Fig. 3 Time series microscopic images where fluid microcapsules are
trapped at the focused arca under ultrasound emission (210kPa, INHz)

IFMBE Proceedings Vol. 25
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Then we measured amount of trapped capsules by calcu-
lating occupied area by capsules in the microscopic images
when the amount of capsules is saturated. We experimented
in various flow velocities and sound pressures. Fig.4 shows
the occupied area by capsules versus flow velocity with
parameter of sound pressure. When sound pressure is in-
creased, much more amount of capsules was trapped. In the
same sound pressure, the amount of capsules in 10 mm/s
was more than in 20 min/s.
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Fig. 4 Occupied area by microcapsules in the microscopic images versus
flow velocity with parameter of sound pressure.

IV. CONCLUSIONS

In this study, we have experimented to trap fluid micro-
capsules in artificial blood vessel. We confirmed the cap-
sules with diameter of 3.5 pum were trapped in the middle of
the path and by ultrasound of sinusoidal signal of 1 MHz.
The condition to trap capsules was indicated by higher
sound pressure and lower flow velocity. We are going to
apply the experiment by varying other parameters and to
investigate the mechanism of the phenomena.
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Active Control of Microcapsules in Artificial Blood Vessel by
producing Local Acoustic Radiation Force
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Abstract— Micrometer-sized microcapsules collapse upon
exposure to ultrasound. Use of this phenomenon for a drug
delivery system (DDS), not only for local delivery of medication
but also for gene therapy, should be possible. However,
enhancing the efficiency of medication is limited because
capsules in suspension diffuse in the human body after injection,
since the motion of capsules in blood flow cannot be controlled.
To control the behavior of microcapsules, acoustic radiation
force was introduced. We detected local changes in
microcapsule density by producing acoustic radiation force in
an artificial blood vessel. Furthermore, we theoretically
estimated the conditions required for active path selection of
capsules at a bifurcation point in the artificial blood vessel. We
observed the difference in capsule density at both in the
bifurcation point and in alternative paths downstream of the
bifurcation point for different the acoustic radiation forces.
Also we confirmed the microcapsules ave trapped against flow
with the condition when the acoustic radiation force is more
than fluid resistance of the capsules. The possibility of
controlling capsule flow towards a specific point in a blood
vessel was demonstrated.

I. INTRODUCTION

HE phenomenon that microcapsules or microbubbles of

micrometer size collapse upon exposure to ultrasound
near their resonance frequency has been identified as a basis
for a physical drug delivery system (DDS) [1-3]. To
minimize side effects, medication should only affect the
target area, not other parts of the human body. Although the
majority of its recent research on DDSs has been focused on
gene transduction using gene vectors, this method takes time
and development is costly. While the lifetime of the
microbubbles is several minutes, the microcapsules, which
can contain a specific drug inside a shell, are suitable for use
with  various types of medication. Furthermore,
microcapsules are easily detected [4] and actuated [5,6] by
ultrasound. The distribution of capsules inside the body is
easily determined by echogram (B-mode image) because the
brightness of an echogram varies depending on capsule
density. We have developed software to detect local changes
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in capsule density using the variation in brightness of an
echogram [7]. Figure 1 shows a microscope image of F-80E
microcapsules (Matsumoto Oil), which we used in this work.

(@ )

Fig.1. Microscope image of F-80E microcapsu‘les‘

P

However, because of the diffusion of capsules after
injection, it is difficult to enhance the efficiency of
medication. If the behavior of capsules could be controlled,
the amount of medication required would be minimized.
Microbubbles aggregate in water owing to Bjerknes forces,
[8,9] which are produced by an ultrasound pressure gradient
and oscillation of the diameter of the microbubbles. Since
the oscillation of microcapsules is smaller than that of
microbubbles, because of the microcapsule shell, a
microcapsule is thought to receive an acoustic radiation
force [10-12] and be propelled by acoustic propagation. In
this paper, we describe our attempt for active path selection
of microcapsules in an artificial blood vessel by acoustic
radiation force.

II. THEORY

Assuming spherical microcapsules, an acoustic radiation
force [10] acts to propel the capsules in the direction of
acoustic propagation as per the following equation:

P 2
Ty = %ﬂROBA_:. (1)
pc -
where R, is the average capsule radius, P is the sound
pressure, and p is the density of the medium. A is a constant
which is derived from p and the density of capsules.

When the microcapsules are placed in flow, a capsule
should receive a flow resistance F; as per the following
equation:

F, =6aR, i, ) 2)

q
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where u, is the velocity caused by the acoustic radiation
force and u is the viscosity coefficient of the medium. Thus,
if ultrasound is directed at a microcapsule in flow, and the
acoustic radiation force is greater than the flow resistance,
the trajectory of the capsule is curved, as shown in Fig.2.
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Fig.2. Trajectory of microcapsule in flow under ultrasound emission.

When microcapsules pass through an acoustic field where
the sound pressure is higher than that at other areas, capsules
are propelled away from their original course. At larger
value of angle @ in Fig.2, a capsule passes through the
acoustic field for a longer period causing a larger
displacement from the original course. In Fig.2, although the
shape of the acoustic field is expressed as a square, it is
dependent upon the transducer and should be measured
before the calculation of theoretical displacement.

III. EXPERIMENTS

A. Evaluation of active path selection of microcapsules

We used the above-mentioned F-80FE microcapsule, which
has a shell made of polyvinyl chloride (PVC), a specific
gravity of 0.0225, and an average diameter of 99.2 pm. It
contains isobutene inside and is stable in room temperature.
We selected only those microcapsules with a diameter in the
range from 65 to 73 pm because of the limited magnification
of the microscope. This size of capsule, of course, is not
suitable for use in vivo, but is useful for confirming the
fundamental behavior of capsules before minimizing them in
the future experiments.

We also have prepared an artificial blood vessel made of
polyethylene glycol (PEG), including a Y-form bifurcation
as shown in the schematic view of Fig.3. The external size
was 50 x 80 x 10 mm® and the inner diameter of the paths
was 2 mm. The blood vessel was placed in the bottom of a
water tank, which was filled with water. Because (he
acoustic impedance of PEG is similar to that of water. the
energy of ultrasound in water reaches the path with high
efficiency. Using an inverted microscope (Leica, DMRIB),
optical images of the observed areas 1 and 2 indicated in
Fig.3 were recorded independently.

Figure 4 shows the relationship between focal areas of
ultrasound and the bifurcation in the observed area 1. The
axis of the transducer was set at 350 degrees
counterclockwise to the x-axis and 6 deg clockwise to the

z-axis to prevent physical interference between the
transducer and the edge of the water tank. The transducer
included a concave ceramic disc with a diameter of 25 mm.
Ultrasound was emitted by amplifying a sinusoidal signal of
1 MHz to an amplitude of 160 kPa where the focal area of
ultrasound is created in 60 mm from the surface of the
transducer with a half width of sound pressure of 8 mm.
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Fig.3. Configuration of artificial blood vessel, transducer, and two observed
areas using microscope to evaluate active path selection of microcapsules.
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Fig.4. Relationship between focal points of ulirasound and the bifurcation in
the observed area 1.

Defining point O as the intersection of the three paths in
Fig.4, the points P, Q, and R indicate points 1, 2, and 3 mm
upstream from O, respectively. We observed the behavior of
capsules in the observed area 1 upon the injection of a
capsule suspension at a flow velocity of 100 mm/s. When
ultrasound was emitted, more capsules entered path B than
path A, whereas no significant difference was observed
without ultrasound emission. Figure 5 shows the comparison
of microscope images of the observed area 1 before and after
the capsule suspension was injected and ultrasound was
focused at point Q. Since amount of capsules were observed
as a shadow, the possibility of active path selection of
capsules was indicated. Here we confirmed that the capsules
were not destroyed by the ultrasound since the frequency
used was far from the resonance frequency of the capsules.

To evaluate the number of capsules that passed through
each path, we extended the two paths using semitransparent
tubes and established an observed area 2. where both paths
were observable in a single view, as shown in Fig.3.
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Path A

Fig.5. Comparison of microscope images of observed area 1 (a) before and
(b) after injection of capsule suspension with ultrasound emission.

Figure 6 shows microscope images of the observed area 2,
which were captured wusing a high-speed camera
Phantom-V4.2 (Nobitec Co., Ltd., Japan) with an interval
time of 2 ms, upon injection of a capsule suspension under
the same conditions as for Fig.5. Individual microcapsules
can be distinguished.
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Capsules
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Fig.6. Microscope images of observed area 2 taken at 500 fps after injection
of capsule suspension (a) without and (b) with ultrasound emission.

To measure the number of microcapsules, we established
two square regions of interest in each path (ROIs A and B)
and calculated the average brightness. The brightness of a
region decreases depending on the number of capsules
present. Thus, we defined the shadow index o using the
following equation to determine the number of capsules in
each ROT:

o =|REF =Y ¥ f(x.y)|/REF (3)

where [ is the brightness of the ROI and REF is the
summation of brightness in the absence of capsules in the
ROL. Then, we confirmed the relation between shadow index
and capsule density. A capsule suspension was passed
through the ROT without ultrasound and the average of the
shadow index for 15 frames (duration 30 ms) was calculated
for various flow velocities. When capsule density was
0.15-0.25 g/L, significant changes in density were detected
[13].

B. TI'(lppflIg I)IfCI'OC(lpSII/ES (lgm'nsfﬂow

To observe the behavior of microcapsules if the acoustic
radiation force propels microcapsules against flow, we have
prepared the artificial blood vessel including a straight path
as the schematic view, as shown in Fig.7. The external size
is 55 x 80 x 10 mm® and the inner diameter of the path is 2

mm. It is placed in the bottom of water tank, which is filled
with water. By using an optical microscope (KH-7700,
Omron, Japan), behavior of microcapsules is observed and
recorded.
e Attiticial
[ A, blond vessel
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tlow
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Fig. 7. Schematic view of the experiment to trap capsules.

We introduced two transducers, which were the same used
for active path selection, to be focused at the identical point
with their angle and 26 as shown in Fig.7. The plane which
includes axes of the transducers was set ¢ = 50 deg to
prevent physical intervention between the transducer and an
edge of the water tank. Ultrasound was emiited by
amplifying sinusoidal signal to the amplitude from 110 to
210 kPa.

We observed the focal area under emission of sinusoidal
ultrasound with frequency of 1 MHz and angle 8 of 30 deg.
Fig.8 shows a microscope image of the area where capsules
are trapped by ultrasound of 175 kPa in the middle of the
path against flow of 40 mm/s. Thus we established the ROI
of 3.2 x 1.6 mm” in the image to measure occupied area by
trapped microcapsules, which was similar evaluation to the
above-mentioned shadow index.

Fig. 8. A microscope image where microcapsules are trapped against flow
at the focused area under ultrasound emission (210kPa, 1NHz)

IV. RESULTS

A. Evaluation of active path selection of microcapsules
P )

We measured the shadow indices in two ROIs upon
emission of sinusoidal ultrasound with a frequency of 1
MHz, a flow velocity of 100 mm/s, and a capsule density of
0.2 g/L, where ultrasound was focused at points O, P, Q, and
R shown in Fig.4. Figure 9 shows the difference in shadow
indices between ROIs A and B versus the angle of
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ultrasound emission 6 for four focal points. Because the
difference was calculated by subtracting the shadow index of
ROI A from that of ROI B, a positive value for the
difference indicates that more capsules passed through path
B than path A. When the focal point was at O, no significant
difference was observed. Upstream from O, clear capsule
selection to path B was confirmed at angles of emission
between 30 and 60 degrees. The optimum condition for
active path selection in the experiment was at an angle of 50
degrees at focal point Q.
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Fig.9. Shadow index difference between two ROIs versus angle of emission
with ultrasound of 1 MHz, 160 kPa, and flow velocity of 100 mm/s.

We repeated the same experiment at a flow velocity of
100 mm/s. When the sound pressure was less than 120 kPa,
there was no difference between the two ROIs. However, the
value of shadow index in ROI B increased in proportion to
the sound pressure at more than 140 kPa. More than 90% of
capsules entered to path B when the sound pressure was
more than 160 kPa. Next, when we fixed the sound pressure
to 160 kPa, the value of shadow index in path B decreased in
proportion to the flow velocity. The range of flow velocity
for clear path selection appears to be less than 150 mm/s.
When the flow velocity was more than 200 mm/s, path
selection did not function, which we assume is because the
capsules pass through the acoustic field without receiving
sufficient acoustic radiation force.

From these results, the sound pressure, focal point, and
flow velocity should be considered to realize active path
selection of microcapsules. When the focal point of
ultrasound emission is at the bifurcation point itself, active
path selection of capsules is not realized. In the present
experiment, the inner diameter of the path was 2 mm, so a 1
mm displacement was necessary from the beginning of the
acoustic field to the bifurcation point, as shown in Fig.2.

B. Trapping microcapsules against flow

By referring the above condition, we recorded the
microscope image when the amount of capsules is saturated
under ulfrasound emission. Then we calculated the average
area occupied by trapped microcapsules in the ROI through
the experiment. We attempted the experiment in various
flow velocities and sound pressures. Fig.10 shows the
average area occupied by microcapsules versus flow velocity
with parameter of sound pressure. We confirmed the similar

tendency of the active path selection when the flow velocity
was fixed and the sound pressure was increased, average
area occupied by microcapsules was increased. If the sound
pressure was fixed, the average area was decreased in
proportion to the flow velocity.
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Fig.10. Average area occupied by trapped microcapsules in the ROI of
microscopic image, versus flow velocity with parameters of sound pressure.

V. CONCLUSIONS

In this study, we realized active control of microcapsules
in an artificial blood vessel by acoustic radiation force. We
confirmed that capsules with a diameter between 65 and 73
pm were directed into the desired path and were not
destroyed by ultrasound of a sinusoidal signal of 1 MHz.
Also we confirmed that capsules were trapped against flow
when the flow velocity was less than that the active path
selection was observed. We are going to continue our
research by varying other parameters of this experiment
before applying in vivo experiment. For further analysis, the
precise conditions necessary to realize active control of
capsules in a complicated shape of blood vessel should be

elucidated.
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