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The circulating tumor cell (CTC) test has recently become popular for evaluating prognosis and
treatment efficacy in cancer patients. The accuracy of the test is strongly dependent on the precision
of the cancer cell separation. In this study, we developed a multistage microfluidic device to separate
cancer cells from a red blood cell (RBC) suspension using inertial migration forces. The device

was able to effectively remove RBCs up to the 1% hematocrit (FHct) condition with a throughput of
565 pL. min"’. The collection efficiency of cancer cells from a RBC suspension was about 85%, and
the enrichment of cancer cells was about 120-fold. Further improvements can be easily achieved by
parallelizing the device. These results illustrate that the separation of cancer cells from RBCs is
possible using only inertial migration forces, thus paving the way for the development of a novel

microfluidic device for future CTC tests.

1. Introduction

Cancer remains one of the most deadly diseases in many
developed countries. Because 90% of all cancer-related deaths
oceur due to cancer metastasis,>” it is crucial to accurately detect
the metastasis or recurrence of cancer at an early stage. Recently,
the circulating tumox cell (CTC) test has become popular
for evaluating prognosis and treatment efficacy in cancer
patients,™®® In such tests, the coudition of a patient is evaluated
by counting the number of cancer cells in a peripheral blood
sample; thus, the identification or separation of cancer cells from
other blood cells is necessary. The accuracy of the CTC test is
strongly dependent on the precision of cell identification or
separation. Because conventional methods require several
biochemical techniques for identification, they have serious
drawbacks, such as high costs, long process times, and complex
procedures.

Several techniques have been developed for separating cells,
such as fluorescence-activated cell sorting (FACS), magnetic
sorting, and dielectrophoresis.'* Because these separation
techniques require that the cells be labeled, they have problems
of high cost, a complex preparation procedure, and the need for
a large space to house the separation apparatus.
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With the recent rapid progress of micro-fabricating technol-
ogies, passive microfluidic devices, which use only hydrodynamic
forces for separation, have received much attention becausc of
their favorable properties, such as low cost, simple procedure,
and the small amount of space needed to house the apparatus.
Separation based on the inertial migration of particles is one
of these techniques,” which is typically applied to the separation
of rigid spheres with different sizes.™® Because the throughput of
this separation method is very high, we think it may be suitable
for CTC tests dealing with large numbers of cells.

Recently, some groups have succeeded in detecting or
separating different cell types using an inertial migration cffect.
Kuntaegowdanahalli ez al.' developed a five-loop Archimedean
spiral microchannel and separated SH-SYSY neuroblastoma
cells (<15 um in diameter) from Cé rat plioma cells (~6 pym in
diameter).> They were able to perform the separation using a
combination of inertial migration force and the Dean force
generated by the centrifugal effect. Hur er al. demonstrated
three-dimensional focusing of cells through channels using
inertial migration forces.”* Because this alignment could prevent
overlapping and out-of-focus cells, their device allowed RBCs
and leukocyles to be counted using image analysis, Carlo and
coworkers applied the inertial migration effect to isolate platelets
or bacteria from other blood eclls in a diluted suspension, and
succeeded jn enviching the relative number of platelets and
bacteria. >

Most recently, Bhagat er of. developed a microfluidic device
that utilizes a pinched effect and inertial migration effect for
separating cancer cells from a diluted whole blood sample.’ It
consisted of a cell-focusing region and a rare-cell pinching region.
In the cell-focusing region, all cells migrated and aligned near the
sidewalls due to inertial migration forces. The rare-cell pinching
region had a geometry that contained contraction-expansion
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subunits. Since the width of the contraction chanpel was set at a
smaller size than the cancer cell, cancer cells imderwent syueezing
forces in this section, and the center of inertia of these larger cells
was aligned along the center of the microchannel. Although the
device showed high separation efficiency and separation purity,
limitations in throughput and the risk of clogging at the narrow
contraction region require improvement. To avoid clogging
while maintaining high throughput, we considered developing a
microfluidic device to separate cancer cells from blood using only
an inertial migration effect.

In a previous study,® we investigated the applicability of
inertial migration forces to separate cancer cells from a
concentrated suspension of RBCs. The experimental results
revealed that the inertial migration of cancer cells occurred up 1o
about a 10% lct condition. Although the developed device was
able to collect cancer cells from an RBC suspension, it did not
achieve high enrichment of cancer cells. Thus, in the current
study, we sought to develop a microfluidic device 10 separate
cancer cells from an RBC suspension with high collection
efficiency and enrichment. Although the separation of leukocytes
is also important in considering applications to CTC tests, the
separation of cancer cells from R BCs should be investigated first,
given that RBCs make up most of blood constituents and no
former studies have succeeded using only inertial forces,

2. Materials and methods
2.1 Experimental setup

The experimental apparatus consisted primarily of an inverted
microscope (IX71, Olympus, Tokyo, Japan) and a high-speed
camera (Phantom ¥7.1; Vision Research, Wayoe, NJ). A micro-
channel was placed on the stage, and the sample was injected using
a syringe pump (Fusion 200; Chemyx Inc., Stanford, TX). Images
of rigid spheres and cells were taken with the high-speed camera
and recorded on a desktop PC.

A schematic of the mi 2 1 is shown in Fig. 1(s). The
device had a cascade geometry of stenosed channels and
expansions with multiple bifurcations. The height of the channel
was 160 pm. The [low rate ratio between the channels leading 10
the RBC-outlet and cancer-outlet was set at each bifurcation
point as follows: approximately 1: 1at B, 1 :12m B2, 1: 14
at B3, and 1 : 0.5 at B4. The flow ratios were determined so as to
lead only RBCs to the RBC-outlet and only cancer cells 1o the
cancer-outlet, which was controlled by adding the appropriate
channel resistances.! The total [low rate ratio between RBC-
outlet and cancer-outlet was about 8.1 @ 1.

Fig. 1(b) shows the principle of the separation method used.
The microfluidic device uses the inertial migration of cancer cells
in the stenosed channels and the increase in the cell-free Jayer of
RBCs at the multiple bifurcations. First, cell-free layers were
formed after the first stenosed channel [Fig. 1(b)(i)). Cancer cells
then migrated towards their equilibrium positions after the
second stenosed channel [Fig. 1(b)(il)}, where the equilibrivm
positions existed at approximately 0.6W (W' the hall width of
the channel) away from the channel center.® The first bifurcation
(B1) split the main flow into two [Fig. 1(b)(iii)}, and then cancer
cells migrated to their equilibrium position after the third
stenosed channel [Fig. 1(b)(iv)]. In this channel, cancer cells
migrated towards only one side of the channel, because the

equilibrium position existed 0.6 W away from the center, At the
second bifurcation (82), an RBC suspension without cancer cells
was exlracled towards the RBC-outlet and the cell-free layer
thickness in the main channel was increased significantly. These
successive operations resulted in a reduction in the overlap
between cancer cells and RBCs. Finally, cancer cells and RBCs
were completely separated at B4 [Fig. 1(b)(v)]; only cancer cells
flowed into the cancer-outlet.

The microchannel was fabricated by standard soft lithography
with a protocol similar 1o our previous study.'* Briefly, a mold
for the channel was {abricated on a silicon wafer with a negative
photoresist (SU-8 3050; Kayaku MicroChem, Tokyo, Japan).
Polydimethylsiloxane (PDMS) (Silpot 184; Dow Corning,
Midland, MI) was prepared by mixing the base compound and
curing ageni at a weight ratio of 10 : 1. After removing bubbles
created during mixing, the mixture was poured on the master
mold and cured by baking for about 30 min at 90 °C. The PDMS
was peeled from the master, and the fluidic ports used as the inlet
and the outlets were created with a punch. To prevent fluid
leakage from the gap between the PDMS and glass slide, an
oxygen plasma treatment was applied to irreversibly bind the
PDMS and glass,

2.2 Materials

The poorly differentiated human breast cancer cell line MDA~
MB-231 was used for the present study. The average diameter of
the cells was about 15 pm. Cells were cultured in a 25 cm? tissue
culture flask and maintained in RPMI 1640 (Invitrogen Corp.,
Carlsbad, CA) with 10% fetal bovine scrum (FBS; Thermo
Fisher Scientific Inc., Waltham, MA) and 1x antibiotic-
antimycotic (Invitrogen) at 37 °C in a humidified atmosphere
containing 5% viv CO2." In each experiment, cells were grown
to 80-90% confluence, and harvested from the tissue culture
flasks by adding 0.25% trypsin-EDTA (Invitrogen) and dis-
sociated, The cells were then used in the experiments after
washing twice with Dulbecco’s phosphate-bulfered saline [D-
PBS(-)] (Invitrogen).

RBCs were taken [rom healthy 25- and 26-year-old male and
25-year-old female volunteers and centrifuged to separate the
RBCs and other constituents. The RBCs were then preserved
in normal saline at 4 °C and resuspended in 5% Dextran 40
(DEX40). in which DEX40 (low density Dextran L 10% w/v in
lactated Ringer's solution; Otsuka Pharmaccutical Co. Lid.,
Tokyo, Japan) was diluted with the same volume of lactated
Ringer’s solution (Otsuka Pharmaceutical) prior to each experi-
ment. All procedures were carried ool in compliance with the
guidelines of the Clinical Investigation Ethics Commitiee al
Tohoku University.

Five types of fluid samples were used:

{(a) To observe RBC motion, RBCs alone were suspended in
5% DEX40. The Het ranged from 0.1% to 10%. The density and
viscosity of $% DEX40 at 25 “C were 1.01 x 10° kg m™ and
1.99 x 1077 Pa s, respectively.

(b) In rigid sphere collection experiments, only rigid spheres
of 15 ym diameter (15 pm Polymer Microsphere Suspen-
sion; Thermo Fisher Scientific Ine.) were suspended in §%
DEX40. The concentration of rigid spheres was sct at 1 x 10%
particles mL ™",
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an RBC suspension,

() In cancer cell collection experiments, only cancer cells
(MDA-MB-231) were suspended in 5% DEX40. The concentra~
tion of cancer cells was set a1 1 x 10% cells mL™".

(d) Tn cxperiments separating rigid spheres from RBCs, a
suspension of 15 pm rigid spheres and RBCs in 5% DEX40 was
prepared. The Het of RBCs was set at 1%, and the ratio of rigid
spheres to RBCs was set in the range of 0.03 to 0.1.

(e)In experiments separating cancer cells from RBCs, a
suspension of cancer cells and RBCs in 5% DEX40 was
prepared. The Hct of RBCs was again set at 1%, and the ratio
of cancer cclls to RBCs was set in the range of 0.03 to 0.1,

2.3 Experimental procedures

In experiments with fluid (a), a suspension of only RBCs, the
total infusion volume was set at 10 mL. Samples were collected
from each outlet and the concentration of RBCs in each sample
was measured using a cell counter (Vi-CELL XR Cell Viability
Analyzer; Beckman Coulter Inc., Brea, CA). We define the

unsuccessful collecting ratio of RBCs Irom the cancer-outlet, «,
as:

e 100 () M

AlReou +leom

where 1., is the number density of particles in a sample
collected from the RBC-outlet and 2oy is that [rom the cancer-
outlet, 4 is the flow rate ratio between the RBC-outlet and the
cancer-outlet, which was 8.1 in this study.

In experiments with fluids (b) and (c), suspensions of only
rigid spheres or cancer cells, respectively, particle motion was
recorded at bifurcation B4 with a high-speed camera. The images
were analyzed and the number of particles flowing into the
cancer-outlet or RBC-outlet was counted. The collection
efficiency of particles from the cancer-outlet was defined by
the ratio of particles flowing into the cancer-outlet to the total
particle number. We counted more than 200 particles to caleulate
the collection efficiency in each experiment.
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Tn experiments with fluids (d) and (e), rigid spheres or cancer
cells in an RBC suspension, respectively, it was difficult 1o
observe individual particles and to count the number of particles
using image analysis. We therefore used a flow eytometer (JSAN;
Bay Bioscience, Hyogo, Japan) to measure the number density of
rigid spheres or cancer cells. The number density of rigid spheres
in an RBC suspension was counted by measuring the side scatter
{8SC) of the particles. To measure the number density of cancer
cells in an RBC suspension, cancer cells were labeled with
nuclear staining. The labeling protocol was similar to that in our
previous study.® Briefly, cells were separated from the 5%
DEX40 solution by centrifugation. Then, 2 pL of 100-fold
diluted DRAQS {1,5-bis[(2-(di-methylamino)ethy]) amino]-4,
8-dihydroxyanthracene-9, 10-dione} (Cell Signaling Technology
Inc., Danvers, MA) solution was added 1o the sample, as was
98 ul. of PBS, before mixing gently and incubating for 20 min at
4 “C. The sample was washed twice with (resh PBS 1o remove
excess dye. The namber density of labeled cancer cells in each
sample was determined by measuring the fluorescence intensity
of cells. A control test was also performed using non-labeled
samples.

‘The collection efliciency and enrichment of rigid spheres {or
cancer cells) were calculated using the following equations:

Collection efficiency

Tewout Reput
R L S
2Rt RReont + Mowout Reput

Reoou
Enrichment = ——<2tt )
Roriginal

where 7o 18 the number density of particles, including rigid
spheres (or cancer cells) and RBCs, collected from the RBC-
outlet, #._oy is that from the cancer-outlet, Ky o is the ratio of
rigid spheres (or cancer cells) to RBCs in a sample collected from
the RBC-outlet, R..oy is that in a sample collected from the
cancer-outlet, and Repigina i that in the original sample.

In all of these experiments, the inlet flow rate was set as
565 pL min~",

3. Results
3.1 Effeet of Het on RBC motion

To achieve high separation purity, it is important to prevent
the unsuceessful collection of RBCs Jrom the cancer-outlet. In
this section, we use a suspension of only RBCs [[luid (a)] to
investigate the cffect of Het on RBC motion. Fig. 2(a) shows the
distribution of RBCs at five observation arcas under the 1% Het
condition. After the first stenosed channel, a clear cell-free layer
developed near the sidewalls. The thickness of the cell-free Jayer
was increased by the repeated bilurcations. Eventually, at the
final biturcation (B4), most of the RBCs were collected from the
RBC-outlet.

Samples were collected from the two outlets and the number
density of RBCs in each sample was measured. The unsuccessiul
collecting ratio of RBCs from the cancer-outlet, o, was then
calculated using eqn (1). Fig. 2(b) shows the effect of Het on «.
We see that « increased as Hct increased. This is primarily
because the thickness of the cell-free layer decreases as Het is

() 10r
18
F of
8 [
4r
2k

0 o]

0.1 1 10
Het [%]

Fig. 2 Effect of hematoctit (Het) on red blood celi (RBC) motion: (1)
distribution of RBCs at {ive observation areas under a 1% Het condition;
(b) the effect of Het on x ; error bars indicate the standard deviation,

increased. A similar tendency was also found in our previous
study," in which a decrense in the cell-free layer thickness was
cexplained by the diffusion of RBCs duc to cell—cll interactions.
The results of Fig. 2(b) indicate that the device was able to
effectively remove RBCs up to the 1% Het condition.

3.2 Trajectories of rigid spheres and eancer cells

Next, we investigated the collection efficiency of rigid spheres
(15 pm diameter) or cancer cells using a suspension of only rigid
spheres or cancer cells [fluid (b) or (c), respectively]. Fig. 3(a)
shows the behavior of cancer cells at the four bifurcation areas,
At each area, cancer cells were aligned along the same line and
most of the cancer cells were collected from the cancer-outlet.
The rigid spheres showed similar tendencies to the cancer cells
(data not shown).
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Fig. 3 Sepuration of rigid spheres and cancer cells: (a) the behavior of
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spheres and cancer cells. Error bars indicate the standard deviation,

The collection efficiency of rigid spheres or cancer cells was
caleulated as explained in section 2.3, and the results are shown
in Fig. 3(b). The collection elficiencies of rigid spheres and
cancer cells were about 88 4 2% and 68 + 6%, respectively. The
collection efficiency of cancer cells was Jower than that of rigid
spheres. This was likely because the cancer cells showed
individual differences in size and shape. The size distribution
of MDA-MB-231 was reported in our previous study;®® the
average cell diameter was approximalely 15 pm, with a standard
deviation of about 4.3 pm. Based on previous studies, 203
equilibrium positions shift towards the channel center as the
patticle size becomes larger. Thus, in the present study, the
equilibrium positions of larger cells shifted towards the channel
center, and some of these cells might have flown into the RBC-
outlet at bifurcation B2, As a result, some cancer cells were not

collected from the cancer-outlet, and the collection efficiency was
decreased as compared with the rigid sphere case. These resuits
indicate that the distribution of cell size is an important factor in
separating cancer cells by inertial migration.

3.3 Separation of rigid spheres and cancer cells from an RBC
suspension

Finally, the separation of rigid spheres or cancer cells from an
RBC suspension was examined using fluids (d) and (o),
respectively. The Het of the RBC suspension was sel at 1%,
hecause the unsuceessful collecting ratio of RBCs, &, was small
[¢f Fig. 2(b)}. Since the ratio of rigid spheres or cancer cells
to RBCs was set in the range of 0.03-0.1%, the two-body
interactions between two rigid spheres or two cancer cells would
be expected to be negligible.

Fig. 4(a) (bottom-left) shows the behavior of rigid spheres and
RBCs at the final bifurcation (B4). Most of the RBCs, shown by
gray dots, were collected from the RBC-outlet, while most of the
rigid spheres, shown by black dots, were collected from the
cancer-outlet. Fig. 4(n) (bottom-right) shows the behavior of
cancer cells and RBCs at B4, We again see that most cancer cells,
shown by white dots, were colleeted from the cancer-outlet.
These results illustrate that the device could separate rigid
spheres and cancer cells from RBCs.

The fl i itics of collected from the
RBC-outlet and the cancer-outlet were assessed by flow
cytometry and the results of a suspension of cancer cells and
RBCs [uid ()] are shown in Fig. 4(b). The graph is divided into
four regions; the lower left region indicates non-labeled cells {i.c.,
RBCs) and the upper right region indicates labeled cells (i.e.,
cancer cells). We see that the sample taken from the cancer-outlet
had a considerably larger number of cancer cells than that taken
from the RBC-outlet.

The channel length required for focusing to equilibrium
positions is given by:’

Anu?
- é)
" pUdfL ®

where jt is the viscosity, p is the density, U/ is the average velocity,
d is the particle diameter, and /), s the geometric coefficient. In
the first stenosed channel before bilurcation B, for example, W
is 40 pm and /i, is 0.05.7 By assuming that the diameter of cancer
cells is 15 pum, Ly, can be calculated as 4.6mm, which is shorter
than the channel length of 7.7 mm. Thus, most of the cancer cells
can migrate to the equilibrium positions. RBCs, on the other
hand, have diamefers of about § pm. L,, for RBCs is about
16.2 mm, which is longer than the channel length. Thus, most of
RBCs may not have enough time to migrate to the equilibrium
positions. Eqn (4) can nicely explain the present experimental
resulfs.

As explained in section 2.3, the collection efficiency fegn (2)]
can be calculated by the ratio of cancer cells {or rigid spheres) to
RBCs as well as the number density of all particles. Fig, 4(c) and
(d) show the collection efficiency of rigid spheres and cancer
cells, respectively. The collection efficiency of rigid spheres with
1% Hct was about 86 4: 9%, which was not different from that
without RBCs (0% Het). In the case of cancer cells, on the other
hand, the collection efficiency with 1% Hct was about 85 - 7%,
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which was higher than the collection efficiency without RBCs,
This result may seem counterintuitive. When a suspension of
RBCs flows in a microchannel, the fMuid is strongly mixed by the
hydrodynamic interactions between RBCs, as reported in out
previous studies.'* Thus, the presence of RBCs likely prevents
the inertial migration of cancer cells. On the other hand, cancer
cells require a much longer travel distance to show inertial
migration as compared with rigid spheres.”® That is, cancer cells
around the center of the channel hardly migrate towards the
equilibrium positions. We think that these cells were mixed by
the interactions with RBCs and sometimes pushed away from
the center. Inertial migration {orces acted on these cells, and
eventually the cells drifted towards the equilibrium positions.
The tendency of increasing collection efficiency with increasing
Het s preferable in achieving high collection efficiency of cancer
cells from a RBC suspension.

We should note that the effeet of cell-cell interactions cannot
be neglected even with a 1% Het sample, when the microchannet
is sufficiently long compared to the widtb of the channel. This
fact can he explained as follows. Let us consider a sphere of
diameter d placed in simple shear [low with the shear rate 7. The
sphere may interact (or collide) with another sphere, when the
center-center distance between the two spheres comes close to
about d. The relative velocity of two spheres with the offset of ¢
in the velocity gradient direction is df. Thus, the volume ¥ swept
out by the sphere in the time period of Ar may be roughly
estimated by the product of the cross section, the relative velocity
and the time period as J7 = nd'7Az The volume fraction of
spheres ¢ and the number density of spheres » can be correlated
as ¢ = nd'n/6. By assuming one collision within Az, n¥ has to be
unity, which leads to n}" = 6cyAt = 1. When ¢ = 0.01, i.e. 1% Het,
the sphere interacts with another sphere in the time scale of Ar =
1(0.067). Let a sphere flow with a velocity U in a channel with
half-width W and length L. The travel time I° of the sphere
flowing through the channel is 7 = L/{/. The number of
collisions N can be given by N = I7At, By assuming ¢ =~ 2U/W,
N can be estimated as ¥ = 0.]2L/W. In the present study, the
stenosed channel before bifurcation B has the dimensions: W=
40 um and L = 7.7mm [¢f. Fig. 2(2)]. By substituting these values,
we can estimate that N is about 23. It means that a sphere
experiences near-field collisions about 23 times while flowing
through the stenosed channel. We thus think that the effect of
cell-cell interactions appears considerably even with a 1% Het
sample in our experimental setup.

Lastly, we compare our results with former studies. In the
present study, the collection efficiency of cancer cells with 1%
Het was about 85% [¢f egn (2)). This value is close to former
study done by Bhagat et al,® in which MCF-7 cells were
separated by utilizing pinched and inertial migration effects. The
enrichment. of cancer cells was also calculated by comparing the
ratio of cancer cells to RBCs in the original sample and that in a
sample collected from the cancer-outlet [¢of eqn (3)). The
enrichment of cancer cells in this study was about 120 + 40-
fold. From Fig. 4(a) (top-left) and (top-right), we also confirm
qualitatively that the ratio of cancer cells to RBCs is significantly
increased after {lowing through the device. By connecting the
present device in series, the enrichment can be improved as 120,
where A1 is the number of connections. Other popular size-based
and immune-mediated CTC sorting techniques typically achieve

10%-10° fold ensichment,2**#%23% which corresponds to 2-3
connections of the present device.

The throughput of the device was 565 pL min™', which is
again a similar value to 400 pL min”! reported by Bhagat et al.?
We think that it is easy to parallelize the present device both two
and three dimensionally, given that the device size is small and
the channel height is constant throughout the device. By
connecting the device in parallel, in series and in Iamination
layers, we can process a much larger sample volume with much
less operation time. These results illustrate that the microfluidic
device developed in the present study has the potential to achieve
high separation efficiency and significant enrichment of cancer
cells.

4. Conclusions

In this study, we developed a multistage microfluidic device to
separate canver cells from an RBC suspension using incrtial
migration forces. The device was able to effectively remove
RBCs up to the 1% Het condition. It also showed high
performance in separating rigid spheres and cancer cells
from an RBC suspension with 1% Het with a throughput of
565 uL min~!. The collection efficiency of cancer cells from an
RBC suspension was about 85%, and the enrichment of cancer
cells was about 120-fold. Further improvements can be easily
achieved by parallelizing the device. These results illustrate that
the separation of cancer cells [rom RBCs is possible using only
inertial migration forces, thus paving the way for the develop-
ment of a novel microfluidic device for future CTC tests.
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EXPERIMENTAL APPLICATION OF PULSED LASER-INDUCED WATER JET

FOR ENDOSCOPIC SUBMUCOSAL DISSECTION: MECHANICAL
INVESTIGATION AND PRELIMINARY EXPERIMENT IN SWINE

CuiAkI SaT0,' ToRU NAKANO,! ATSUHIRO NAKAGAWA,® MASATO YaMADA,! HIROAKI YAMAMOTO,?
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of Medicine, *Interdisciplinary Shock Wave Application Research Division, Institute of Fluid Science, *Department of
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School of Medicine, Sendai, Japan

Background and Aim: A current drawback of endoscopic submucosal dissection (ESD) for carly-stage gastrointestinal
tumors is the lack of instruments that can safely assist with this procedure. We have developed a pulsed jet device that can
be incorporated into a gastrojntestinal endoscope. Here, we investigated the mechanical profile of the pulsed jet device and
demonstrated the usefulness of this instrument in esophageal ESD in swine.

Methods: The device comprises a 5-Fr catheter, a 14-mm long stainless steel tube for generating the pulsed water jet, a
nozzle and an optical quartz, fiber. The pulsed water jet was generated at pulse rates of 3 Hz by irradiating the physiological
salinc (4°C) within the stainless stecl tube with an holmium-doped yttriu parnct (110:YAG) lascr at 1.1 J/pulse.
Mechanical characteristics were evaluated using a force meter. ‘The device was used only [or the part of submucosal
dissection in the swine ESD model. Tissues removed using the pulsed jet device and a conventional electrocautery device,
and the esophagus, were histologically examined to assess thermal damage.

Results: The peak impact force was ohserved at a stand-off distance of 40 mm (1.1 J/pulse). ESD using the pulsed jet device
was successful, as the tissue specimens showed precise dissection of the submucosal layer. The extent of thermal injury was
significantly Jower in the dissected bed using the pulsed jet device.

Conclusion: The results showed that the present endoscopic pulsed jet system is a useful alternative for a safe ESD with
minimum Llissue injury.

Keywords: early I tumor, end ic sub I dic
neering, minimally invasive surgery, ‘heraptuhc endoscopy.

ion (ESD), holmium-YAG laser, medical engi-

enables tissue dissection without thermal damage while pre-
serving small vessels.”* Therefore, we have developed the
endoscopic pulsed jet system for ESD. The purposes of the
present study are 1o develop a device that can be incorpo-
rated into a gastrointestinal endoscope, to clarily the
mechanical profile of the pulsed jet from this device, and to
demonstrate its usefulness in ESD carried out in a swine
modcl.

METHODS
Pulsed jet device for gastrointestinal endoscopes

Figure 1A i a schematic diagram of the pulsed laser~induced
jetsystem, Figure 1B is a photograph of the pulsed jet device
and tip ol the nozule. The device consists of & 5-br catheter
(RH-5AP4561; Terumo Corporation, Tokyo, Japan) incorpo-
rating a jel generator made of a stainless steel tube (19-G
stainless steel tube, 0.9 mm internal g, 1.26 mm external ¢,
length 14 mm, SUS304; Techno Scicnce, Sendai, Japan) and
an optical quartz fiber (400 pm core ¢, NO.QL-400-850-5;
Sparkling Photon, Tokyo, Japan), leading into a polytet-
rafluoroethylene (PTFE) tapered nozzle (exit 0.5 mm inter-
nal g, inlet 1 mm internal ¢). Two PTEF tubes (7-306-01 and
7-306-02; AZ One Corp., Osaka, Japan) (Fig. 1B Ieft, bottom)
were combined. This device was assembled {rom the distal
end in the following order: the PTFE tubes, stainless steel
tube, and 5-Fr catheter. The inner capillary structure was
placed in the proximal end of the metal tube to prevent
reverse water jet flow and thereby improve the impact force
ol the pulsed jet (Fig. 1A). The internal diameter of the tube
was tapered from 1 mm at the entry to 0.5 mm at the exit.
Because this system is intended 1o be incorporated into a
gastrointestinal endoscope, the length of the metal tube was
14 mm to preserve the flexibility of the gastrointestinal endo-
scope. The proximal end ol the catheler was sealed with a Y
connector (AP-YC25S; Terumo Corporation) to prevent air
from entering the system. Cold physiological saline (4°C) was
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supplied at 100 mL/h through an inner capillary by a syringe
pump (TE-331S; Terumo Corporation) (Fig. 1B). Physiologi-
cal saline was kept at 4°C to prevent thermal damage.'

‘the jet energy source was a pulsed holmium-doped
yttrium-aluminum-garnet (Ho:'YAG) laser system (model
SLS-HO; Sparkling Photon, Tokyo, Japan) with a wavelength
of 2.1 pm, pulse duration of 350 ps.

M t of hanical profiles

The dynamics of the jet was initially confirmed using a
high-speed camera (HPV-1; Shimadzu Corporation, Kyoto,
Japan). The mechanical profile of the pulsed liquid jet gener-
ated by the endoscopic pulsed jet system was evaluated vsing
a force meter (PFDT-200GF; Sparkling Photon). The nozzle
of the endoscapic pulsed jet device was placed perpendicular
1o the lorce meter using a holder and the tip of the nozzle was
placed 10 mm away. The impact force of the jet was calcu-
lated with software that analyzed the time sequence obser-
vation of the impact of a single shot detected by the force
meter and demonstrated on the oscilloscope (TDS3014B;
‘Iektronix, Tokyo, Japan). ‘The relationship between the
stand-off distance (the distance between the tip of the nozzle
and the optical fiber), laser energy and impact force of the
liquid jet was evaluated. The stand-oll distance was changed
from 20 to 150 mm by 20 mm increments according to previ-
ous experiments.’

Esophageal ESD in swine

Three domestic pigs (Sus scrofa domesticus IWD, 12-14
weeks old, 30-40 kg) were used in this study. All animal pro-
cedures and protocols were approved by the institutional
review board of the Center [or Laboratory Animal Research
of Tohoku University.

The endoscopic pulsed jet was applied at a frequency
of 3 Hz and at a laser energy of 1.1 J/pulse. The stand-off

INTRODUCTION

Endoscopic submucosal dissection (ESD)! is an emerging,
minimally invasive therapeutic technique for en bloc resec-
tion of gastrointestinal tract lesions, including early-stage
esophageal cancer. In spite of the advantages of ESD over
conventional lechniques, such as endoscopic mucosal resec-
tion (EMR), it requires highly advanced techniques and a
learning curve exists for the performance of ESD; it has been
estimated that endoscopists need to operate on 30 patients
under the supervision of an expert to overcome this learning
curve.?* In addition, lack of instruments that can assist in
this procedure without the risk of potential complications
(thermal injury and vascular damage) is one of the draw-
backs of the current ESD technique. Therefore, new equip-
ment that will facilitate the accomplishment of ESD without
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¢ and 'lechnology, Tohoku University Graduate School of Medi-
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requiring special training and minimizing the risk of compli-
cations is highly desirable.

Water jet technology, based on conventional pressure-
driven continuous jet™ or laser/electrically induced pulsed
pressure,”” provides an alternative method for dissecting soft
tisspes without damaging small vessels or causing mechanical
and thermal damage. Moreover, precise tissue dissection
together with preservation of vessels and nerves can be
achieved. ! Conventional pressure-driven continuous water
jet technology has already been applied for endoscopic treat-
ment.? 1Jowever, its usc was limited to transmucosal injec-
tion of waler inlo the submucosal layer to elevate the mucosa
in preparation for EMR rather than for tissue dissection,”
probably due to the continuous nature of the water jet. The
use of continuous water flow also carries the potential risk of
obscuring the narrow endoscopic operative view.

Pulsed laser-induced water jet is a novel alternative 1o
achieve tissue dissection with a significantly lower amount of
water. We have already achieved significant reduction of
intraoperative blood loss and procedure time in the field
of neurosurgery, despite a significant increase in the tumor
removal rate” The pulsed laser-induced water jet device

Digestive Endoscopy © 2012 Japan Gastroenterological lindoscopy Society
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Flg. 1. (A) Schematic diagram of the laser-induced pulsed jet system. N, nozzle (exit; 0.5 mm inner @, 1.0 mm outer @, inlet; 1.0 mm
inner @,2.0 mm outer ); G, pulsed jet generator made of stainless steel tube; C, Flexible catheter (0.9 mm inner @), O optical quartz,
fiber (0.4 mm core ¢¥); Y, Y-connector; S, syringe pump; SD, stand-oll distance; L, pu]su] holmium-doped yitriu garnel
(Ho:YAG) laser system. Inset: lateral sectional view (upper) and cross-sectional view (lower) of the pulsed jet gencrator
(B) Photograph of the laser-induced pulsed water jet device. Inset: Photograph of the nozzle. Two peolytetrafiuorocthylence tubes
were combined. Tip of nozzle was tapered (exit: 0.5 mm inner ¢, inlet: 1.0 mm outer ¢).

© 2012 ‘The Authors
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distance was fixed at 100 mm. Cold physiological saline (4°C)
was supplied at a rate of 100 mI/h using a syringe pump.
Parameter settings were derived in preliminary cxperiments
in which various stand-oll distances and laser energy were
examined at the fime of dissection of resected swine esopha-
gus (data not shown).

The pulsed jet device was incorporated into a gastrointes-
tinal cndoscope (GI-0260; Olympus Medical Systems,
‘Tokyo, Japan) and esophageal HSD was carsied out in
healthy domestic pigs under general anesthesia with con-
trolled ventilation. They were anesthetized with 0.04 mg/kg
medetomidine chloride. 0.4 mg/ke midazolam and 0.2 mg
buprenorphine hydrochloride, Isofluranc gas was uscd for
maintenance of anesthesia during the procedure (model
PH-31 Acoma Co., Tokyo, Japan) under mechanical ventila-
tion (ARF-900; Acoma Co.). Vital signs including blood
pressure and oxygen saturation were monitored. Tissue
specimens were extirpated by conventional methods |elee-
trocautery device (KD-620LR; Olympus Medical Science
Corporation, Tokyo, Japan)] (control group) and by the
pulsed jet device (pulsed jet group). First, each targel area
(simulated lesion) was similarly marked with electrocautery
in hoth groups. In the pulsed jet group, targets were marked
at 40cm from the dental arch, and in the control group,
targets were marked at 30 cm. Then, after submucosal injec-
tion of physiological saline combined with 0.4% indigocar-
mine to separate the target tissue from the muscularis
propria, initial cuts (so-called pre-cuts) were carried out into
the submucosal layer with an electrocautery system (Sur-
giStat™ 1I; Covidien Co., Mansfield, MA, USA) in cutling
mode at 100 W. In both groups, a circumferential incision into
the submucosa around the lesion was made outside the initial
marking using the electrocautery device in coagulation mode
at 60 W. The submucosal dissection was carried out with an
clectrocautery device in the control group, and with the
pulsed jet device in the pulsed jet group. Otherwise, proce-
dures were all the same in both groups. In the present study,
the pulsed jet device was used only for dissecting the submu-
cosa. The operative endoscopic view of submucosal dissec-
tion with the endoscopic pulsed jet device is shown in
Figure 2. The pulsed jet device has no hemostatic ability; to
control bleeding, a hemostatic device (FD-410LR; Olympus
Medical Science Corporation) was used in coagulation mode
at 60 W in both procedures. The swine were killed after ESD
by both methods; each resection bed was cut into picces
3mm wide and the fixed specimens were embedded in
paraffin blocks, then cut parallel to the longitudinal side
into sections 3 pm thick. Each section was stained with
hematoxylin-eosin and elastica-Masson stain before exami-
nation by optical microscopy to evaluaie the morphological
characteristics of the dissection (general dissection structure
and quality of the dissection margins). Degeneration of
muscle fibers (alteration of architecture, non-homogeneous
coloration, disruption of muscle fibers) indicated thermal
injury.” The length of degeneration of muscle fibers due o
thermal injury was measured in cach section.

Presence of thermal damage was compared by y*-test. The
extent of thermal damage and dissection was measured in
each specimen. The extent of thermal damage in the muscu-
lar layer and the length of the dissected mucosal layer in each
specimen were caleulated and compared by Mann-Whitney
U-test. The level of statistical significance was set at P <0.05.

Fip. 2. Operative cndoscopic view of submucosal dissection
with endoscopic pulsed jet device.
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Fig, 3. Relationship between stand-off distance and maximum
jet impact force at a laser energy of L1 Jpulse. The peak of
impact force at a laser encrgy of 1.1 J/pulse was observed at a
stand-off distance of 40 mm.

All calculations were carried out using StatView J-5.0 (SAS
Institute, Cary, NC, USA).

RESULTS

M t of mechanical profiles

Figure 3 shows the relationship between stand-off distance
and impact force of the jet at 1.1J/pulse. In the present
experiment, the peak impact force was 3.13 = 1.22 N al the

© 2012 'Ihe Authors
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stand-off distance of 40 mm. However, an appropriate setting
for dissection of swine esophagus was 1.3 = 09N at the
stand-off distance of 100 mm. This sciting was derived from
preliminary experiments in which various stand-olf distances
and laser energy were examined at the time of dissection of
resected swine esophagus (data not shown), The impact force
of the jet increased in proportion to the increase of the laser
cnergy (data not shown). Capillary structure increased the
impact force of the jet approximately by 200% (data not
shown).

Lisophageal ESD in swine

Endoscopic submucosal dissection using the pulsed jet device
was successful. The impact force of the pulsed jet was strong
enough (o dissect the submucosal layer (1.1 J/pulse und
stand-off distance 100 mm, impact force 1.3 = 0.9 N), while
preserving small vessels and causing no harmful bleeding.
Electrocautery device was only used to coagulate these iso-
lated small vessels in the pulsed jet group. The endoscopic
view of the surgical ficld was acceptable, as it was kept clean
and showed that the pulsed jet device could dissect the sub-
mucosa while in contact with it or 2 to 3 mm apart from it.
A total of six ESD procedures were carried out {three by
electrocautery device, three by pulsed jet device). The mean
diameter ol the resected mucosa did not dilfer signilicantly
between the pulsed jet group and the control group
(20.0 = 8.7 mm, 21.0 = 121 mm, £=0J9). In both groups,
specimens were dissected just on the surface of the muscle
layer as shown in Figure 4. Macroscopic thermal damage in
the pulsed jet grovp was less than that in the control group in
the submueosal side of the resected specimens (Fig. 5). The
en bloc resection rate was 100% in both groups. The duration
of the procedure in the pulsed jet group was 50.7 + 29.9 min,
and in the control group it was 31.3 = 16.4 min (£ =0.38).
There was no uncontrollable bleeding or perforation in any
ESD procedure, Thermal damage of the resection bed dif-
fered depending on the tissue surface (Fig. 4), Figure 4da—d
shows degencration of the inner muscularis propria (alter-
ation of architecture of muscle fibers, non-homogeneous col-
oration). ESD using the pulsed jet device resulted in almost
no thermal damage to the fascia of the muscularis propria
(Tig. 4e~h). Twenty-two specimens were examined in each
group, The incidence of thermal damage was significantly
small in 9.1% of the specimens (2/22) resected by pulsed jet
compared to 59.1% (13/22) in the control group (P = 0.004).
The extent of thermal damage of the muscle layer in relation
to that of the dissected submucosal layer was significantly
smaller in the pulsed jet group (1.01 £ 4.29%), compared to
the vontrol group (15.09 = 20.60%) (P =0.0009) (Lig. 6).

PDISCUSSION

We have successlully shown that a pulsed jet device can be
incorporated into a gastrointestinal endoscope. Mechanical
investigation revealed that the impact force generated by the
device depended on the stand-off distance. We also showed
that the pulsed jet device was safely only used [or the part of
submucosal dissection in the swine BSD model. There was no
obvious disturbance of the surgical licld by splashing, misting,
or aerosol.

CSATO ETAL.

Water jet instrumentation, both by pressure-driven con-
tinuous jet and the present pulsed method, delivers energy as
kinctic encrgy of the water flow, which is cjected through a
small nozzle at the tip of the delivery device. The jet transmits
the kinetic energy to the tissue surface and cjects particles of
tissue, creating a corridor through the organ; thus, the jet can
also be used for mass reduction.™ The water jet instrument
posscsses scveral gualitics concerning dissection that arc
superior 1o those of conventional instruments, such as selec-
tive tissuc removal with vessel preservation, based on the
different tensile strengths of tissues. Pressure-driven continu-
ous water jet technology was initially used in the liver in the
1980s* and thereafter it has been used in neurosurgery,”
stomach,” colon,* cardiovascular,® and ophthalmological®
surgery. The use of this system in liver surgery results in
reduced blood loss and less parenchymal (rauma than ultra-
sonic aspiration or blunt dissection. The high quality of
dissections carried out with water jet and its efficacy in micro-
surgical procedures have been demonstrated in the field of
neurosurgery.® Another notable advantage is the avoidance
of thermal damage to the surrounding parenchyma, which is
incvitable with clectrocautery, clectromagnetic ficld, ultra-
sonic, and laser instruments.®?* Despile these advantages, the
size of the pressure-driven continuous water jet device and
the amount of water required have prevented its incorpora-
tion into minimally invasive instroments (endoscope and
catheters),

QOur endoscopic pulsed jet system differs [rom the
pressure-driven continuous water jet in its application for
removal of a target lesion while preserving small vessels and
using a significantly small amount of water; it allows access
to deep, narrow operative ficlds, under cither an operating
microscope or a neuroendoscope.’ The Ho:YAG laser is a
solid-state laser with a mid-infrared wavelength (2.1 pm) that
is close to one of the light-absorption peaks of water at
1.9 um.*” Therefore, the laser pulse forms a transient vapor
bubble in the water flow, and the three-dimensional expan-
sion of the confined vapor bubble is used to drive a one-
dimensional liquid jet through a finc nozzle, thus generating
a high-velocity pulsed jet of microliter order.®” We have
already reported that tissue penetration depth depends on
initial velocity and pressure, which can be controlled by the
laser energy, stand-off distance, and nozzle (aspect) ratio.
In the present experiment, we found that when using the
endoscopic  pulsed jet device, tissue penetration also
depended on those samc factors, despite differences in
structure.

It was reported that the performance of the pulsed jet was
far superior 1o that of a continuous jet operating under the
same parameiers.” Seto ef al. also reported that the degree of
dissection of the pulse jet was Jess sensitive o exposure time,
which means the pulsed jet is sale and reliable when applicd
for clinical treatment.* These findings might explain why the
pulsed waler jet can elficiently dissect the submucosa with
less water and energy compared 1o the continuous water jet.

In the pulsed laser-induced water jet, the photothermal
energy ol the laser is transformed into kinelic energy, thus no
photothermal effect occurs, and the temperature of the water
jet remains below 41°C,* which is the reported temperature
during use ol the ultrasound aspirator, and is also lower than
43°C, the reported functional threshold of neuronal dam-
age Bleeding, perforation and postoperative stricture are

© 2012 The Authors
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Fig. 4. Microscopic (a, b, ¢) and macroscopic imaging (d) showing thermal damage in a specimen treated by conventional electro-
cautery {control proup). Thermal damage was recognized at the inner circular muscle layer of the esophagus. *, Extent of thermal
Ldi .

damage ol the inner circular muscle fayer. #, Extent of submucoss

issection. Elastica-Masson staining. Scale bar a: S mm, b: original

magnification x 2, ¢; x 5). Microscopic (e, [, g) and macroscopic imaging (h) showing no obvious thermal damage in Lthe specimen
treated using the pulsed jet device (pulsed jet group). No obvious thermal damage was recognized in the muscle layer. Elastica-
Masson staining, Scale bar e: S mm, [: original magnilication x 2, g: x 5).

considered the major complications after ESD.® 'The perfo-
ration risk is even higher in the stomach,! esophagus™ and
colon.* Severe inflammation can occur after thermal damage
resulting {from the use of an electrocautery device. The pro-
gression of atrophy and fibrosis in the muscularis propria
after inflammation could be a direct effect of damage not

only of myofibers, but also of the myenteric nerve plexus®
The most effective and simple way to prevent perforation
would be to dissect the submucosa without an electrocautery
device.® In case of electrocoagulation hemostasis during
both ESD procedures, surrounding tissues suffered not cven
minimal thermal damage. In previous studies, we found that a

© 2012 '1he Authors
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Fig, 6. Extent of thermal damage of the muscle layer in rela-
tion to that of the dissected submucosal layer in both groups.
‘The ratio of damage was 1.01% (pulsed jet group) and 15.09%
(contro} group). *=0.0009.

puised laser-induced water jet enabled the surgeon to dissect
and debulk a brain tumor while preserving the small vessels
down 10 100 to 200 um, which is the minimum diameter of
blood vessels preserved using continuous water jet instru-
mentation.®” Compared to conventional ESD procedures,
1ESD using the endoscopic pulsed jet system enables expo-
sure of small vessels and coagulation with the electrocautery
device; therefore, the number of times the clectrocoagulation
device is required is potentially decreased, thereby reducing
thermal injury of surrounding tissues. While the pulsed jet
was injected to the submucosa between 0 and 90 degrees, the
muscle layer was not injured at the seltings used in this study.
The appropriate angle to disscet the submucosa with the
pulsed jet device must be investigated in [uture studies. 'The
present experiment showed that the endoscopic pulsed jet
device may become an alternative to removing a target
lesion, as thermal damage and the risk of perforation is sig-
nificantly smaller. Conscguently, the endoscopic pulsed jet
system olfers a new strategy lor ESD.

The simplicity of the system is advantageous compared to
other competing instruments. Custom-made and personal
modification of the applicator with minimal costs broadens
the potential future applications of this technology.’ In the
present experiments, the operative view was broader in

CSATO ET AL.

Fig, 5, Photograph of resected
specimens  (submucosal layer
side). (a) Puised jet group; (b)
control group. Macroscopically,
the submucosa of the resected
specimen with the pulsed jet
device hay less thermal damage
than that of the control group
(a), whercas the submucosa of
the resected specimen with the
electrocantery  device  has
thermal damage (b).

the pulsed jet device. This was partly attributed not only 1o
the small size of the device, but also to the use of a semi-
transparent nozzle. A direct punch with the tip of the device
is one of the causes of perforation. The tip of the nozzle is
more flexible than the electrocautery device, reducing the
risk of perforation due to direct injury,

In the present experiment, we selected the esophagus as
the first organ for using the pulsed jet device, because com-
plications ol esophageal ESD could become much more
serious compared to ESD of other organs in the pastrointes-
tinal tract, such as stomach or colon. We investigated the
usefulness and salety of the device in a swine esophageal
ESD model. Pulsed jet device can be used in other organs
(kidney, liver, stomach and colon), provided the appropriate
settings for other organs are clarified in future studies.

Lack of examination of the pathological tissues (i.c. malig-
nancy and fibrosis) and lack of long-term evaluation as well
as the small number of animals used are limitations of the
present study. Before this device is used in humans, additional
short- and long-term animal experiments, including patho-
logical examination, should be carried out.
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