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Abstract: Hemofiltration removes water and small molecules from the blood via nanoporous filtering
membranes. This paper discusses a pump-free hemofiltration device driven by the pressure difference
between the artery and the vein. In the design of the filtering device, oncotic pressure needs to be
taken into consideration. Transmembrane pressure (TMP) determines the amount and direction
of hemofiltration, which is calculated by subtracting the oncotic pressure from the blood pressure.
Blood pressure decreases as the channels progress from the inlet to the outlet, while oncotic pressure
increases slightly since no protein is removed from the blood to the filtrate in hemofiltration. When
TMP is negative, the filtrate returns to the blood, i.e., backfiltration takes place. A small region of
the device with negative TMP would thus result in a small amount of or even zero filtrates. First,
we investigated this phenomenon using in vitro experiments. We then designed a hemofiltration
system taking backfiltration into consideration. We divided the device into two parts. In the first
part, the device has channels for the blood and filtrate with a nanoporous membrane. In the second
part, the device does not have channels for filtration. This design ensures TMP is always positive in
the first part and prevents backfiltration. The concept was verified using in vitro experiments and
ex vivo experiments in beagle dogs. Given the simplicity of the device without pumps or electrical
components, the proposed pump-free hemofiltration device may prove useful for either implantable
or wearable hemofiltration.

Keywords: microfluidic; artificial kidney; hemofiltration; backfiltration; oncotic pressure; transmem-

brane pressure; artificial organ; animal test

1. Introduction

Hemofiltration is a blood purification therapy, removing water and low molecular
weight ions from blood using nanoporous filtration membranes [1]. To enhance the effi-
ciency of hemofiltration, an external pump is often used to augment the transmembrane
pressure (TMP) [2]. The amount of filtrate is the product of the filtration coefficient, mem-
brane area, TMP, and time [3,4].

Our group has been developing implantable blood purification systems to free hemodialy-
sis patients from both frequent hospital visits and strict restrictions on water intake [5]. An
implantable system mandates the following considerations in design. First, hemodialysis
using the diffusion-based exchange of substances between the blood and the dialysis fluid
is unsuitable due to difficulties in storage and pumping of the dialysis fluid. Second, the
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blood should preferably be driven by blood pressure rather than by pumps that require a
power supply and electrical and mechanical components. Based on these considerations,
we designed an implantable hemofiltration device (IHFD) (Figure 1). This device consists
of multi-layered channels for blood and filtrate that are separated by nanoporous polymer
membranes of polyethersulfone (PES). The IHFD is connected to the artery and vein and
the pressure difference between the vessels drives the blood flow. No pumps or electrical
components are necessary. The blood pressure and the amount of the filtrate varies with
time, whereas this variation is acceptable as long as the total amount of the filtrate per
day reaches the requirement. The total amount can be controlled by the number of the
layers. The filtrate is brought to the bladder and discarded as urine. We consider that this
as one of the simplest and most compact designs. A similar design was proposed using
nanoporous silicon membranes [6,7]. Of note, a major priority of the IHFD is removing
water from blood. If a water volume of 1.5-2.0 L can be removed from the body, the patient
can be freed from severe restrictions on water intake. Indeed, removing all the waste
material from blood by hemofiltration alone is not feasible; such a task would require the
filtration of 150 L of blood each day. Our idea was to combine the IHFD with conventional
hemodialysis treatment at a reduced frequency. This hybrid approach should drastically
improve quality of life for hemodialysis patients.

Implantable Hemofiltration Device : IHFD

Blood out

2! o
Y 7 7 2 2 2 2 2 2 2 2 2 2 J 7 78
— —
. . . .
— —
- 777777777 77

Blood channel
PES membrabe
Filtrate channel

No pump system — Works with blood pressure
No dialysate — Hemofiltaration phenomena

Waste molecules — Discharge to filtrate

Bladder < Protein — Keep in blood

Figure 1. Concept of implantable hemofiltration device (IHFD). The device is connected to artery and vein and removes

water and wastes from blood by hemofiltration. The filtrate is brought to bladder and discarded as urine. IHFD works with

blood pressure and does not require a pump system. IHFD, which continuously removes water from chronic kidney disease

patients, reduces the frequency of their hospital visits, alleviates the water intake restriction, and thus, drastically improves

their quality of life.

Achieving the ultimate goal of developing the IHFD requires us to overcome plenty
of challenges. Filtration capacity and blood compatibility need to be investigated over a
period of many years. Clinical procedures using an IHFD that include implant surgery,
medications, and monitoring need to be designed. Such challenges will be discussed
elsewhere in the near future.

In this paper, we discuss a channel design that takes backfiltration into consideration.
The pump-free IHFD works using the difference between arterial and venous pressures.
Venous pressure depends on position and posture, and is typically around 20 mmHg [8] in
normal cases, while arterial pressure is around 80 mmHg. Oncotic pressure, produced by
the presence of protein in blood, is around 30 mmHg. Therefore, as shown in Figure 2, TMP
decreases along the filtration channels and becomes negative from a certain point. Where
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TMP is negative, filtrate returns to the blood in a process termed “backfiltration” [9,10].
Backfiltration has been studied in hemodialysis applications in the context of contaminants
in the dialysate being brought back to the blood, which is not the case for the IHFD.

Protein
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Filtration channel ‘ Pe l
Pa Positive filtration Backfiltration
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Figure 2. Pressure inside the blood channel with respect to position. The amount of filtrate is determined by the transmem-
brane pressure TMP, representing the difference between blood pressure P and oncotic pressure P.. When TMP is negative,
backfiltration takes place and the total amount of filtrate decreases or even becomes zero. In humans, pressures in the artery
and vein, P, and P,, are generally 90-130 mmHg and 5-10 mmHg, respectively, and the oncotic pressure P, is 24-33 mmHg
for a total protein concentration of 6.7-8.3 g/dL. Therefore, when only the hemofiltration device is connected to the artery
and vein, TMP is negative and backfiltration takes place in some regions.

Based on this discussion, we designed a microfluidic device between the hemofil-
tration device and vein to generate a pressure drop and ensure that TMP inside the
hemofiltration device always remains positive, as illustrated in Figure 3a. We call this
device the fluid-resistive device Dr. In vitro and ex vivo experiments were conducted
to verify the concept and determine the design of the hemofiltration devices. Given the
simplicity of a device lacking pumps or electrical components, the proposed pump-free
hemofiltration device would be usable for either implantable or wearable hemofiltration.
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Figure 3. (a) Serial connection of hemofiltration device Dy and fluid-resistive device Dr. In this figure, the number of
layers for saline (or blood) channels Np,, and Np, are both 3. When Dy and Dy are designed such that the pressure
between devices P; exceeds the oncotic pressure P, no backfiltration takes place. (b) Photograph of the serially connected
hemofiltration device Dy (“hemofiltration”) and fluid-resistive device Df (“pressure control”).
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2. Device Design and Experimental Method
2.1. Device Design

Figure 3a,b shows the design and a photograph of the pump-free filtration device
with the hemofiltration device Dy and fluid-resistive device Dr. Dy and Dr comprise
multilayered microchannels formed by polyurethane sheets [11-13]. They both have
identical channel designs, with channel widths of 2 mm and channel heights of 0.4 mm. The
channels have 9 turns and the length of one layer is 200 mm (membrane area, 400 mm?). Dy
has channels for filtration that are separated by the filtering membrane. Dr does not have
filtration channels and polyurethane sheets are sandwiched by the filtering membranes. In
the experiments, Dy comprised 5 layers for saline solution channels and 5 layers for filtrate.
We tested D with 1 layer, 5 layers, and 10 layers for the saline solution.

2.2. Amount of Filtrate
The filtration coefficient Lyis determined as:

qf
Ly=—7c—r 1

7 TMP x A @
where g is the volumetric amount of filtrate per time, TMP is the transmembrane pressure,
and A is the effective area for filtration. TMP can be described as:

TMP =P —P; —P. @)

where P and Py are the pressures of the blood and filtrate, respectively. I is the colloidal
osmotic pressure, resulting from albumin and other large molecules in the blood [14]. Given
the low flow rate of the filtrate and that the filtrate channel is open to ambient conditions,
Pr was considered negligible in our experiments. P can reportedly be expressed using the
total protein concentration Crp as [15-18]:

P, = 2.1Crp + 0.16Crp? + 0.009C1p° ©)

When TMP is negative, backfiltration takes place. Let us consider a case in which
only Dy is tested. Presuming the total length of the Dy is L and TMP becomes zero at
length ], the total amount of filtrate per time g;.;,; is expressed as:

1 L
Grotal = /0 L, TMP(x)wNdx — /I Ly, TMP(x)wNdx 4)

where x is the position, L,r and L, are the filtration coefficients of filtration and back-
filtration, respectively, w is the channel width, and N is the number of the layers. When
pressures at the inlet and outlet of Dy are P;,, and Py, respectively, and P, > Pe > Poy, |
is expressed as:

Py — P
P n Pout

When Ly¢, Lyyr, and Crp are known, gos, can be calculated as a function of P,
and Pyy;.

I = L %)

2.3. Hemofiltration Device Dy and Fluid-Resistive Device D

When we only connect the hemofiltration device to the artery and vein of the recipient
animal, P;, and P,,; are approximately P, and P,, as the arterial and venous pressures,
respectively. P, Py, and P; depend on the animal. However, in our experiments, many
cases showed P: > P, when backfiltration took place and the amount of filtrate decreased
or no filtrate was obtained (Figure 2). We therefore connected the fluid-resistive device Dr
serially with Dy to prevent backfiltration. P; is the pressure inside the channel between Dy
and Dr. Pressure losses across the devices, P, — P; and P; — P,, are roughly proportional
to the flow velocity vp,, and vp,, as the flow velocity inside Dy and Dr, because the Darcy
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friction factor is inversely proportional to the Reynolds number under our experimental
conditions. Since Dy and Dr are connected serially, volumetric flow rates in Dy and Dr are
conserved and the ratio of flow velocities vp,, and vp, is Np,/Np,,, where Np,, and Np,
are the number of layers of Dy and Dy, respectively. When P,, P, Np,,, and Np, are given,
P; is expressed as:

o NDHPa + NDFPv

Py = ©)
4= "Np, + Np,

When P; > P, no backfiltration takes place inside Dp. In the experiments, Np,, was 5
and Np, values of 1, 5, and 10 were tested.
Without backfiltration, i.e., P; > P, the amount of filtrate can be expressed as:

P, + P
Jrotal = Lpf (mzd - P,;)wLN )

which was transformed from Equation (4).

2.4. Experimental Method
2.4.1. Device Fabrication

The device consists of microchannels, nanoporous filtering membrane, and sealing
plates. The filtering membrane is made of PES, using a liquid inversion method to create
a thickness of 100 um [19,20]. PES with a molecular weight of 4800 (Sumitomo Chemical
Co., Tokyo, Japan), polyethylene glycol with a molecular weight of 400 (FUJIFILM Wako
Chemical Corporation, Osaka, Japan) and dimethylacetamide (DMAc) (FUJIFILM Wako
Chemical Corporation) were mixed in ratios of 17.5 wt%, 14.6 wt%, and 67.9 wt%. The
solution was then spin-coated onto a glass substrate to create a thickness of 100 um, then
immersed into deionized (DI) water to form a membrane. Note that PES membranes are
asymmetric and have nanoporous layers and microporous layers.

The channels were formed from polyurethane (PU) sheets, 200 um in thickness (Hi-
gress; Sheedom Co., Osaka, Japan) by laser cutting. The sealing plates are made of poly-
methyl methacrylate (PMMA), 2 mm in thickness. Double-sided adhesive sheets for medi-
cal use (1504XL; 3M Japan, Tokyo, Japan) were used for assembly. As shown in Figure 4,
the adhesive sheets were applied to both sides of the PU sheets. PES membranes were
attached, where the channels for blood contact the nanoporous layer. Connectors to connect
the devices to the extension tubes were formed by cutting a 5 mm-thick PMMA sheet, then
bonded with medical-use adhesive (Aron Alpha A; Daiichi Sankyo, Tokyo, Japan).
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1-2. Laser cut (Blood channel:(B) Filtrate chanenl:(F), 2-2. Spincoat the solution on a glass substrate
see the picture below) 2-3. Form a membrane in DI water

Assembly

[ Hemofiltration device DH| [ Fluid-resistive device DF|
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filtrate out ‘ «— PES membrane : 100 “m blomm « PES membrane 100 I»lm
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3-1. Bond the PES membranes and the microfluidic channel layers
3-2. Sandwitch the multi-layered filter with PMMA plates and glue the PMMA tube connecters
3-3. Connect DH and Dr with infusion tubes
(3-4. Sterilize the devices with gamma ray at 10kGy)

A O BT R
}\/Iicroﬂuidic channel

) 5% Biood out
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Figure 4. Fabrication process of the hemofiltration device and the fluid-resistive device. Microfluidic channels with
adhesives are laser cut to have two patterns, as shown in the Step 1. PES membranes are formed by the liquid inversion
method (Step 2). The devices are formed by bonding the channels and PES membranes alternatively, where they are aligned
with a jig. PES membranes are known to be asymmetric and have nanopores on one side and micropores on the other side.
Note that the blood (or sample) channels contact with nanoporous side of the membrane.
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2.4.2. Perfusion System for In Vitro Experiments

Figure 5 shows the in vitro experimental setup: a perfusion circuit was designed
to contain a peristaltic pump (Peri-Star Pro; World Precision Instruments, Sarasota, FL,
USA), extension tubes (SF-ET2022L; Terumo Corporation, Tokyo, Japan), and hemofiltration
devices Dy and Dr. Instead of blood, saline solution (Otsuka Pharmaceutical, Tokyo, Japan)
with albumin (FUJIFILM Wako Pure Chemical Corporation) was used for samples. P,
and P,,; were measured with pressure transducers (DX-100; Nihon Kohden Corporation,
Tokyo, Japan) and a polygraph (RMT-1000MG; Nihon Koden Corporation, Tokyo, Japan)
and controlled by the peristaltic pump. Filtrate was stored in a tube and the amount of
filtrate was calculated from the movement of the front edge of the filtrate in the tube.

Peristaltic pump Sample liquid Peristaltic pump Sample liquid

-«

Filtrate

N Pout T
S-e Se-- _MM_
— ' —wAW—
000000900000 ‘—i 2000000000
Polygraph system Filtrate Polygraph system

(a) (b)

Figure 5. Perfusion system for in vitro experiments with Dy alone (a) and with Dy and Dr (b). Pressures at the inlet and
outlet of the device are measured with pressure transducers and a polygraph system. Pressure and flow rate are controlled
with the peristaltic pump, while the tubes can be clamped or opened to ambient conditions.

2.4.3. Filtration Coefficient

We conducted in vitro experiments to obtain L, and L, ¢ using the perfusion circuit.
Saline solution with albumin was used as the sample liquid. The filtrate was stored inside
a tube. The amounts of filtration and backfiltration were measured from the movement
of the front edge of the filtrate. Oncotic pressure was deduced from Equation (3) and
experimentally; first, the sample channel was clamped before storage. Since there was no
flow in the channel, P;;, = P,,;. When no filtrate is obtained, P. = P;;, = Pyy;.

In obtaining L, P, and Pou+ were substituted into Equations (1) and (2). When
L,y was measured, backfiltration was intentionally induced by setting the saline solu-
tion channel open to ambient conditions after the filtrate channel was filled with filtrate.
TMP = —P,, then Lp;, Y could be calculated from Equation (2). Using the obtained LP Y and
Lyp s, the amount of filtrate could be calculated from Equations (2)—(5) as a function of Crp,
P;,, and P,,;. Albumin concentrations of 0, 1.8, 4.1, and 5.9 were tested.

2.4.4. Effect of Fluid-Resistive Device Dr

The number of saline solution channels in the hemofiltration device Np,, was set as 5,
while that in the fluid-resistive device Np, varied, as 1, 5, or 10. Pressure P;, the pressure
between Dy and Dr, and the pressure at the inlet of Dy and at the outlet of D, which
can be approximated as P, and &#13;P,, respectively, were measured when volumetric
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flow rates were 5, 10, and 15&#13; mL/min. Theoretically, the ratio of the pressure drop,
(P; —Py)/(P; — Py), can be expressed as:

Pi—P, _ Np,
P, —P, Np, + Np,

®)

and 0.83, 0.50, and 0.33 for Np, of 1, 5, and 10, respectively.

2.4.5. Ex Vivo Experiments

We conducted ex vivo experiments using beagle dogs to confirm the effectiveness
of the pressure control device and changes in filtrate volume over time. Blood pressure
and oncotic pressure depend on the individual animal [21-23]. In the case of beagle dogs,
blood pressure in the artery and vein are 50-90 mmHg and 5-10 mmHg, respectively.
Oncotic pressure P, ranges from 10-30 mmHg. We used Dy with 5 blood layers and Dr
with 5 layers, when the pressure between devices P; is considered to be larger than P..

Dogs were caged indoors, with room lights on from 08:00 to 20:00, the was tempera-
ture controlled to 22-26 °C, and relative humidity at 50-60%. The dogs were fed 250 g/day
of dog chow (CD-5M; Clea Japan Inc., Tokyo, Japan). Water was provided ad libitum.
Anesthesia was preceded by overnight food deprivation. Dogs received subcutaneous
administration of a mixture of 0.05 mg/kg of atropine (Mitsubishi Tanabe Pharma Corpo-
ration, Osaka, Japan) and 0.5 mg/kg of droperidol (Droleptan Injection; Alfresa Pharma
Corporation, Tokyo, Japan), followed by the intravenous administration of thiopental
sodium (Ravonal; Mitsubishi Tanabe Pharma Corporation, Osaka, Japan) until effect. Anes-
thesia and analgesia were maintained via the inhalation of 2.0-3.5% sevoflurane (Mylan
Seiyaku, Tokyo, Japan) with the aid of an artificial respirator and the intravenous infusion
of remifentanil (0.01 mg/kg/h, Ultiva Intravenous; Janssen Pharma K.K., Tokyo, Japan),
respectively. Subjects were placed on an operating table in lateral recumbency, and vital
signs including non-invasive blood pressure were monitored with a monitoring system
(BSM-3592; Nihon Kohden). All animal experiments were approved by the President and
by the Institutional Animal Care and Use Committee (IACUC) of Tokyo Medical Uni-
versity and performed in accordance with institutional, science community, and national
guidelines for animal experimentation.

The processes for preparing Dy and Dr are detailed below. Saline was circulated using
a peristaltic pump to remove air bubbles from the blood and filtrate layers. The devices
were then placed in a container filled with saline to prevent drying and sterilized with
gamma rays at 10 kGy [24]. Before starting the experiment, the hemodiafiltration device
was connected to a pressure control device, a blood pressure monitor, and a 3.1 mm diam-
eter extension tube, then a three-way stopcock (Terumo Corporation, Tokyo, Japan) was
attached to both ends. The inside of the device was filled with a solution of 5000 units/5 mL
of Na-heparin injection (Mochida Pharmaceutical Co. Ltd., Tokyo, Japan) mixed with saline
in a ratio of 1:9. Beagle dogs were anesthetized by suction anesthesia, and the device was
connected by puncturing the radial cutaneous vein of the foreleg and the femoral artery
using an indwelling needle. The experimental setup is depicted in Figure 6. At the same
time, 2 mL of blood was drawn from the arterial three-way stopcock using a syringe and
heparin was administered from the venous three-way stopcock. The collected blood was
transferred to a Venoject II vacuum blood collection tube (Terumo Corporation, Tokyo,
Japan) for storage. After confirming that the device was filled with blood, filtrate collection
and blood pressure monitoring were started. After completion of the experiment, 2 mL of
blood was collected from the three-way stopcock on the arterial side using a syringe. The
collected blood and filtrate were subsequently analyzed for albumin, total protein, urea
nitrogen, and creatinine using a dry clinical chemistry analyzer (Spot-Chem EZ SP-4430;
Arkray, Kyoto, Japan) and for electrolyte concentration using an electrode electrolyte ana-
lyzer (Spot-Chem EL SE-1520; Arkray, Kyoto, Japan). Total protein concentration was used
to calculate the oncotic pressure.
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Figure 6. Setup for ex vivo experiments with beagle dogs. The inlet of the hemofiltration device was connected to the radial

cutaneous vein of the foreleg and the outlet of the fluid-resistive device was connected to the femoral artery. Pressures at

the inlets and outlets of devices were measured with transducers. Blood was collected to deduce the oncotic pressure after

the experiments.

3. Results
3.1. In Vitro Experiment
3.1.1. Filtration Coefficient

The relationship between filtration coefficient and albumin concentration obtained
is shown in Figure 7 (for date, see the supplemental material). The calculated P and
experimentally deduced P, showed discrepancies, which were found to particularly affect
Lyps- Lppy is larger than L, ¢, which indicates that even small regions of negative TMP lead
to reductions in filtrate. Both L, r and L,y decreased with albumin concentration, which
was considered to reflect fouling of albumin, as albumin molecules blocked some of the
nanopores in the PES membrane. This was observed in our previous work [5,25]. Fouling
only takes place on the saline channel side, since the albumin molecules are larger than
the nanopores of the PES membrane and thus are not present in the filtrate. In the case
of backfiltration, the filtrate returns from the filtrate channel to the saline channel, which
can lead to alleviation of the fouling. This explains why L, s was larger than L, and the
discrepancy increased with albumin concentration.

Since Lyyr was several times larger than Lys, when P, > P, > P,y, the resulting
filtrate amount was small, as expected from Equation (4). The fluid-resistive device Dr
therefore plays a crucial role in increasing pressure at the outlet of the hemofiltration device
Dy to prevent backfiltration, even though the volumetric flow rate decreases given the
blood pressure.
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Figure 7. Filtration coefficients L, ¢ and L, s with respect to albumin concentration. The calculated
P, and experimentally deduced P had discrepancy, which led to the discrepancy particularly for
L,pf. Both coefficients decreased with albumin concentration due to fouling. L,, s was found to be
larger than L, ¢ and the discrepancy increased with increasing concentration.

3.1.2. Effect of Fluid-Resistive Device Dg

Figure 8 shows the ratio of pressure loss across the hemofiltration device Dy to that
across the fluid-resistive device Dr (for date, see the supplemental material). The theoretical
value was deduced from Equation (6). Np,, was 5 and Np, varied between 1, 5, and 10.
Volumetric flow rates of 5, 10, 15 mL/min were tested. Discrepancies between experimental
and theoretical values were considered to originate from pressure losses at the inlets and
outlets. Saline solution was introduced to the device with a tube, then divided into the
channels. This causes a pressure loss and depends on the geometry and the number
of channels.

1.0
I Experiment
0.8 [ Theory
=
QT 0.6
S
&
~
F 04
m .
L)
&
0.2
0

1 5 10
Np 7o Number of channels of fluid-resistive device Dr[-]

Figure 8. Ratio of the pressure drop in the hemofiltration device Dy and the fluid-resistive device
Dr as a function of the number of the channels of Dy. The theoretical value was deduced from
Equation (8).
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The results proved the effectiveness of the fluid-resistive device. The fluid-resistive
device needs to be designed such that the pressure inside the hemofiltration device is always
larger than the oncotic pressure given the blood pressure and total protein concentration.

3.2. Ex Vivo Experiment

The photo of the experimental setup is shown in Figure 9 (for the schematic diagram,
see Figure 6). We conducted three experiments for 90 min. We measured the amount of
filtrate every 15 min. The detailed results are summarized in Tables 1-3.

Table 1. Basic information on the 3 beagle dogs (A, B, C).

Subject A Subject B Subject C
Date of experiment 10 November 2020 22 December 2020 12 January 2021
Sex Male Female Male
Age (years) 4.0 16.8 43
Body weight (kg) 13.2 5.6 11.2
Blood pressure sBP 125 81 121
(mrlr’lH \ dBP 51 57 55
& MAP 86 67 82
sBP: systolic blood pressure, dBP: diastolic blood pressure, MAP: mean arterial pressure.
Table 2. Pressure and amount of filtrate during the experiments.
Subject A
Time (min) Filtrate (mL) P;,(mmHg) P; (mmHg) Pour (mmHg)
0-15 1.89 58.04 54.08 46.85
15-30 1.70 51.66 47.60 40.50
30-45 1.63 51.35 47.20 40.01
45-60 1.56 51.71 47.49 40.16
60-75 1.59 48.62 44.63 37.78
75-90 1.34 43.46 39.81 33.75
Subject B
Time (min) Filtrate (mL) P;, (mmHg) P; (mmHg) Pyyt(mmHg)
0-15 1.53 36.38 33.33 25.35
15-30 1.41 35.32 32.49 24.47
30-45 1.39 36.93 34.00 25.62
45-60 1.43 36.92 33.94 25.66
60-75 1.35 37.37 34.39 26.04
75-90 1.44 37.20 34.21 26.11
Subject C
Time (min) Filtrate (mL) P;,, (mmHg) P; (mmHg) Pyyi(mmHg)
0-15 1.29 33.28 27.55 19.59
15-30 1.32 34.35 28.44 20.12
30-45 1.32 36.67 30.21 21.18
45-60 1.27 38.86 31.95 22.16
60-75 1.40 38.87 31.94 22.07

75-90 1.23 37.75 31.13 21.49
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Table 3. Composition of blood and filtrate.

Subject A
Sample Alb (g/dL) BUN (mg/dL) Cre (mg/dL) Na (mmol/L) K (mmol/L) Cl (mmol/L)
Blood 14 13 0.6 149 3.6 109
(before experiment)
Blood 15 13 0.4 148 3.6 109
(after experiment)

Filtrate (0-15) -* 15 0.5 146 3.5 110
15-30 - 16 0.6 147 3.7 110
3045 - 16 0.6 147 3.7 108
45-60 - 16 0.6 145 3.6 109
60-75 - 16 0.5 146 3.6 108
75-90 - 15 0.5 145 3.6 108

Subject B
Sample Alb (g/dL) BUN (mg/dL) Cre (mg/dL) Na (mmol/L) K (mmol/L) Cl (mmol/L)
Blood x
(before experiment) 12 1 ) 133 35 112
Blood - 13 - 138 3.4 112
(after experiment)

Filtrate (0-15) - 14 - 143 35 104
15-30 - 14 - 141 3.8 104
3045 - 15 - 142 3.7 103
45-60 - 15 - 142 3.7 103
60-75 - 16 - 141 3.6 103
75-90 - 16 - 143 3.6 104

Subject C
Sample Alb (g/dL) BUN (mg/dL) Cre (mg/dL)  Na (mmol/L) K (mmol/L) Cl (mmol/L)
Blood 22 17 0.4 148 4.4 102
(before experiment)
Blood 22 19 0.4 147 5.2 102
(after experiment)

Filtrate (0-15) - 13 - 144 39 106
15-30 - 24 0.5 146 3.9 106
3045 - 23 0.5 144 4.2 107
45-60 - 25 0.5 145 44 107
60-75 - 24 0.5 146 4.5 106
75-90 - 25 0.5 144 4.6 103

Alb: albumin, BUN: blood urea nitrogen, Cre: creatine, Na: sodium, K: potassium, Cl: chloride. *, ** The detection limits of Alb and Cre are
1.0 g/dL and 0.2 mg/dL, respectively.

As shown in Table 2, filtrate was continuously collected, and the amount decreased
with time. Pj,, was found to be lower than the mean arterial pressure by approximately
20 mmHg, due to pressure loss at the connection to the artery. P,,; was also larger than the
venous pressure (typically 5-10 mmHg), originating from the pressure loss after the device.
The pressure loss partially depends on the connection between the tubes and the blood
vessels by puncturing. P; was successfully ramped up from Pyt by Dp.

Table 3 shows the components of blood and filtrate. As designed, no albumin was
found in the filtrate, while components of plasma were maintained in the filtrate. From the
albumin concentration, oncotic pressure P, was 17.2, 13.9, and 16.1 mmHg for Subjects A,
B, and C, respectively.

The filtration coefficient was deduced from the results over time, as shown in Figure 10.
They ranged from 50 to 90, comparable with the results obtained in in vitro experiments
(see Figure 7 when albumin concentration is around 2 g /dL). No severe effect of sterilization
with gamma rays was found. A decrease in the filtration coefficient was observed for Subject
C, which we attributed to fouling. For these three cases, no effect of blood coagulation was
observed for 90 min. Longer experiments need to be conducted to further investigate the
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impacts of blood coagulation. However, since beagle dogs in ex vivo experiments needed to
be anesthetized, the experiments were limited to several hours to prevent overdose. Since
ex vivo experiments with awake animals are extremely challenging, in vivo experiments
with implanted IHFDs are mandatory to study blood coagulation, and we will present
these investigations in the near future.

Hemofiltration device Dy ;
- Fluid-resistive

Pressure sensor : Py~

P

Figure 9. Photograph of an ex vivo experiment with a beagle dog. The animal is under anesthesia.
The devices are connected to the femoral artery and cephalic vein. Filtrate is collected while pressures
Piy, Pout, and Py are continuously measured. Vital signals including P, and P, are also recorded.
Blood is collected to measure Cyp and deduce P,.

80

= Subject A Nov 10,2020

70 b w Subject B Dec 22,2020

m Subject C Jan 12,2021
60 |
50 F
40
30F
20
10 F
0

0—15 15—30 30—45 45—060 60—75 75—90
Experiment time[min]

Lpf: Filtration coefficient
[mL/(h * m? * mmHg)]

Figure 10. Filtration coefficients in the ex vivo experiments with respect to experiment time. Filtrate
was collected every 15 min. No significant decreases or fluctuations were observed. Filtration
coefficients are comparable to those from in vitro experiments with an albumin concentration of
around 2 g/dL.
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4. Discussion

Backfiltration has been studied in hemodialysis applications, since backfiltration
brings the waste material removed from the blood back to the blood and deteriorates the
dialysis performance. In hemofiltration, the components of the filtrate are theoretically
identical to those of blood plasma, but backfiltration decreases the amount of filtrate
and, worse (as shown in Figure 7), the filtrate coefficient of backfiltration, Lypr, was
experimentally found to be several times larger than that of filtration, L, . Therefore, the
region in which backfiltration takes place needs to be designed to be as small as possible.

The fluid-resistive device Dr was designed to include only blood channels. The chan-
nel design was identical to that of the hemofiltration device Dy for the ease of fabrication.
By serially connecting Dr after Dy, the pressure drop across the two devices was divided as
designed in both in vitro and ex vivo experiments. In the ex vivo experiments, pressure at
the outlet of Dr may be larger than the oncotic pressure P.. If this is the case, even without
Dr, TMP inside Dy is always positive and no backfiltration will take place. However, note
that large pressure drops between P, and P, and between Py, and P, were generated. This
was caused by the extension tubes and indwelling needles that bridge the femoral artery
and Dy and the radial cutaneous vein of the forearm and Dr [26]. Within vivo experiments,
the IHFD will be placed in the vicinity of the artery and vein (in the case of humans, the
internal iliac artery and external iliac vein will most likely be used [27,28]) and connected
to vessels with minimum pressure loss. P;,, and Py, will be close to P, and P, resulting in
Py, > P > Pyy. Therefore, the fluid-resistive device Dr is necessary.

In the three experiments, for 90 min, no severe blood coagulation was observed. In
the applications for IHFDs, the filtration capacity needs to be maintained over a period of
years, so the long-term effects on blood coagulation need to be investigated. Since ex vivo
experiments involve devices and tubes outside the animals, only animals under anesthesia
can be tested and the period of experiments is limited to several hours due to the risk of
overdose on anesthetic agents [29]. For in vivo experiments, device implantation in awake
animals needs to be conducted to extend the experiment time.

5. Conclusions

In this paper, we described the design and testing of a hemofiltration device that
works under blood pressure. Backfiltration caused by oncotic osmotic pressure was found
to decrease the amount of filtrate and deteriorate the filtration capacity, which was even
promoted by the larger filtration coefficient for backfiltration rather than that for positive
filtration. The fluid-resistive device that is serially connected to the hemofiltration device
was designed such that the output pressure of the hemofiltration device was larger than
the oncotic pressure. Ex vivo experiments in beagle dogs for 90 min were successfully
conducted. The findings from this study are now ready to be used to design devices for
long-term in vivo experiments.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/mi12080992/s1.

Author Contributions: Conceptualization, T.I,, T.O., RK,, YK. and N.M.; methodology, T.I., YM.,
HI, MK, AY, YK and N.M,; validation, T.O. and N.M.; formal analysis, T.I., T.O., RK. and N.M.;
investigation, T.O., YK. and N.M,; resources, Y.M., H.I. and Y.K,; writing—original draft preparation,
T.I; writing—review and editing, N.M.; visualization, T.O. and N.M.; supervision, YK. and N.M.;
funding acquisition, Y.K. and N.M. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by Japan Agency for Medical Research and Development, grant
number 20lm0203130h0001.

Institutional Review Board Statement: This study was conducted according to the guidelines of
the Declaration of Helsinki, and all animal experiments were approved by the President and by the
Institutional Animal Care and Use Committee (IACUC) of Tokyo Medical University and performed in
accordance with institutional, science community, and national guidelines for animal experimentation.


https://www.mdpi.com/article/10.3390/mi12080992/s1
https://www.mdpi.com/article/10.3390/mi12080992/s1

Micromachines 2021, 12, 992 16 of 17

Informed Consent Statement: Not applicable.

Data Availability Statement: Data are contained within the Supplementary Material. Supplementary
material is available online at https:/ /www.mdpi.com/article/10.3390/mi12080992/s1.

Acknowledgments: We would like to acknowledge the technical staffs at the Pre-clinical Research
Center of Tokyo Medical University for their support with the animal experiments.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Jaber, B.L.; Zimmerman, D.L.; Teehan, G.S.; Swedko, P; Burns, K.; Meyer, K.B.; Leypoldt, ].K. Daily Hemofiltration for End-Stage
Renal Disease: A Feasibility and Efficacy Trial. Blood Purif. 2004, 22, 481-489. [CrossRef]

2. Clark, WR.; Hamburger, R.].; Lysaght, M.]. Effect of membrane composition and structure on solute removal and biocompatibility
in hemodialysis. Kidney Int. 1999, 56, 2005-2015. [CrossRef]

3.  Hiifler, M.; von Herrath, D.; Asmus, G.; Schaefer, K. The Hemofiltration System: Variations of the Negative Pressure. Ren. Fail.
1977, 1, 567-574. [CrossRef] [PubMed]

4. Morikami, Y.; Fujimori, A.; Kumei, M.; Haibara, H.; Okada, S.; Mizobuchi, N.; Sakai, M.; Nakanishi, T. Influence of blood flow
rate on transmembrane pressure in hemodialysis and pre-dilution on-line hemodiafiltration. Nihon Toseki Igakkai Zasshi 2016, 49,
187-190. [CrossRef]

5. To,N.; Sanada, I; Ito, H.; Prihandana, G.S.; Morita, S.; Kanno, Y.; Miki, N. Water-Permeable Dialysis Membranes for Multi-Layered
Microdialysis System. Front. Bioeng. Biotechnol. 2015, 3, 70. [CrossRef]

6.  Fissell, WH.; Dubnisheva, A.; Eldridge, A.N.; Fleischman, A.].; Zydney, A.L.; Roy, S. High-performance silicon nanopore
hemofiltration membranes. |. Membr. Sci. 2009, 326, 58-63. [CrossRef] [PubMed]

7. Chui, BW.; Wright, N.J.; Ly, ].; Maginnis, D.A.; Haniff, T.M.; Blaha, C.; Fissell, W.H.; Roy, S. A Scalable, Hierarchical Rib Design
for Larger-Area, Higher-Porosity Nanoporous Membranes for the Implantable Bio-Artificial Kidney. . Microelectromech. Syst.
2020, 29, 762-768. [CrossRef]

8. Nicolaides, A.N.; Hussein, M.K.; Szendro, G.; Christopoulos, D.; Vasdekis, S.; Clarke, H. The relation of venous ulceration with
ambulatory venous pressure measurements. J. Vasc. Surg. 1993, 17, 414—419. [CrossRef]

9. Yamamoto, K.I.; Hiwatari, M.; Kohori, F; Sakai, K.; Fukuda, M.; Hiyoshi, T. Membrane fouling and dialysate flow pattern in an
internal filtration-enhancing dialyzer. J. Artif. Organs Off. |. Jpn. Soc. Artif. Organs 2005, 8, 198-205. [CrossRef]

10. Ronco, C. Backfiltration in Clinical Dialysis: Nature of the Phenomenon, Mechanisms and Possible Solutions. Int. J. Artif. Organs
2018, 13, 11-21. [CrossRef]

11. Nakagawa, Y.; Nakamura, R.; Matsuda, K.; Yasumura, Y. A new vascular graft technique for hemodialysis Composite graft using
polyurethane and expanded-polytetrafluoroethylene. Nihon Toseki Igakkai Zasshi 2000, 33, 1087-1092. [CrossRef]

12. Ikeda, Y.; Kohjiya, S.; Yamashita, S.; Hayashi, H.; Okuno, T. Separated microphase structure and mechanical properties of
blood—-compatible polyurethaneureas. |. Rheol. 1998, 35, 692. [CrossRef]

13. Grasel, T.G.; Cooper, S.L. Surface properties and blood compatibility of polyurethaneureas. Biomaterials 1986, 7, 315-328.
[CrossRef]

14. Canaan-Kuhl, S.; Venkatraman, E.S.; Ernst, S..B.; Olshen, R.A.; Myers, B.D. Relationships among protein and albumin concentra-
tions and oncotic pressure in nephrotic plasma. Am. J. Physiol. Ren. Fluid Electrolyte Physiol. 1993, 264, F1052-F1059. [CrossRef]
[PubMed]

15. Weisberg, H.F. Osmotic pressure of the serum proteins. Ann. Clin. Lab. Sci. 1987, 8, 155-164.

16. Feher, J. Osmosis and Osmotic Pressure. Quant. Hum. Physiol. 2017, 182-198. [CrossRef]

17. Nitta, S.; Ohnuki, T.; Ohkuda, K.; Nakada, T.; Staub, N.C. The corrected protein equation to estimate plasma colloid osmotic
pressure and its development on a nomogram. Tohoku J. Exp. Med. 1981, 135, 43—49. [CrossRef]

18.  Ahlqvist, J.; Staub, N.C. Plasma protein osmotic pressure equations for humans. J. Appl. Physiol. 2003, 94, 1288-1289. [CrossRef]

19. Zhao, C.; Zhou, X.; Yue, Y. Determination of pore size and pore size distribution on the surface of hollow-fiber filtration
membranes: A review of methods. Desalination 2000, 129, 107-123. [CrossRef]

20. Vilakati, G.D.; Hoek, E.M.V.; Mamba, B.B. Investigating the structure and water permeation of membranes modified with natural
and synthetic additives using tensile, porosity, and glass transition temperature studies. J. Appl. Polym. Sci. 2014, 131, 40616.
[CrossRef]

21. Navar, P.D.; Navar, L.G. Relationship between colloid osmotic pressure and plasma protein concentration in the dog. Am. .
Physiol. 1977, 233, 2241-2244. [CrossRef]

22. Yamada, S.; Grady, M.K;; Licko, V.; Staub, N.C. Plasma protein osmotic pressure equations and nomogram for sheep. J. Appl.
Physiol. 1991, 71, 481-487. [CrossRef]

23. Thomas, L.A.; Brown, S.A. Relationship between colloid osmotic pressure and plasma protein concentration in cattle, horses,
dogs, and cats. Am. J. Vet. Res. 1992, 53, 2241-2244.

24. Stoquart, C.; Vazquez-Rodriguez, G.A.; Servais, P.; Barbeau, B. Gamma irradiation: A method to produce an abiotic control for

biological activated carbon. Environ. Technol. 2013, 34, 3079-3085. [CrossRef] [PubMed]


https://www.mdpi.com/article/10.3390/mi12080992/s1
http://doi.org/10.1159/000081722
http://doi.org/10.1046/j.1523-1755.1999.00784.x
http://doi.org/10.3109/08860227709037652
http://www.ncbi.nlm.nih.gov/pubmed/608868
http://doi.org/10.4009/jsdt.49.187
http://doi.org/10.3389/fbioe.2015.00070
http://doi.org/10.1016/j.memsci.2008.09.039
http://www.ncbi.nlm.nih.gov/pubmed/20054402
http://doi.org/10.1109/JMEMS.2020.3013606
http://doi.org/10.1016/0741-5214(93)90426-M
http://doi.org/10.1007/s10047-005-0303-2
http://doi.org/10.1177/039139889001300103
http://doi.org/10.4009/jsdt.33.1087
http://doi.org/10.1122/1.550258
http://doi.org/10.1016/0142-9612(86)90002-5
http://doi.org/10.1152/ajprenal.1993.264.6.F1052
http://www.ncbi.nlm.nih.gov/pubmed/8322891
http://doi.org/10.1016/B978-0-12-800883-6.00017-3
http://doi.org/10.1620/tjem.135.43
http://doi.org/10.1152/japplphysiol.00694.2002
http://doi.org/10.1016/S0011-9164(00)00054-0
http://doi.org/10.1002/app.40616
http://doi.org/10.1152/ajpheart.1977.233.2.H295
http://doi.org/10.1152/jappl.1991.71.2.481
http://doi.org/10.1080/09593330.2013.803132
http://www.ncbi.nlm.nih.gov/pubmed/24617066

Micromachines 2021, 12, 992 17 of 17

25.

26.

27.

28.

29.

Prihandana, G.S.; Sanada, I.; Ito, H.; Noborisaka, M.; Kanno, Y.; Suzuki, T.; Miki, N. Antithrombogenicity of Fluorinated
Diamond-Like Carbon Films Coated Nano Porous Polyethersulfone (PES) Membrane. Materials 2013, 6, 4309-4323. [CrossRef]
Nakamura, M.; Ukita, T. Steady Separation Flow of a Non-Newtonian Fluid through an Axisymmetric Conical Diffuser. NAGARE
1992, 11, 245-253. [CrossRef]

Tomizawa, M.; Hori, S.; Nishimura, N.; Omori, C.; Nakai, Y.; Miyake, M.; Yoneda, T.; Fujimoto, K. Arterial reconstruction using
the donor’s gonadal vein in living renal transplantation with multiple renal arteries: A case report and a literature review. BMC
Nephrol. 2020, 21, 1-5. [CrossRef] [PubMed]

Mohamed, L.H.; Bagul, A.; Doughman, T.; Nicholson, M.L. Use of internal iliac artery as a side-to-end anastomosis in renal
transplantation. Ann. R. Coll. Surg. Engl. 2015, 94, e36—e37. [CrossRef]

Grimm, K.A.; Lamont, L.A.; Tranquilli, W.J.; Greene, S.A.; Robertson, S.A. Veterinary Anesthesia and Analgesia. In The Fifth
Edition of Lumb and Jones; John Wiley & Sons: Hoboken, NJ, USA, 2017; pp. 130-146. ISBN 978-1-119-42137-5.


http://doi.org/10.3390/ma6104309
http://doi.org/10.11426/nagare1982.11.245
http://doi.org/10.1186/s12882-020-01848-z
http://www.ncbi.nlm.nih.gov/pubmed/32434562
http://doi.org/10.1308/003588412X13171221499540

	Introduction 
	Device Design and Experimental Method 
	Device Design 
	Amount of Filtrate 
	Hemofiltration Device DH and Fluid-Resistive Device DF 
	Experimental Method 
	Device Fabrication 
	Perfusion System for In Vitro Experiments 
	Filtration Coefficient 
	Effect of Fluid-Resistive Device DF 
	Ex Vivo Experiments 


	Results 
	In Vitro Experiment 
	Filtration Coefficient 
	Effect of Fluid-Resistive Device DF 

	Ex Vivo Experiment 

	Discussion 
	Conclusions 
	References

