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Abstract 

Background A polysulfone dialysis membrane containing both polyvinylpyrrolidone (PVP) and the novel hydrophilic 
polymer (NV polymer) has been developed in an attempt to modify the blood contact surface of the membrane. In 
the present study, we performed an in vitro evaluation of the NV polymer-embedded membrane (NV membrane), 
focusing on the adhesion of blood cells to the membrane and the interferon (IFN)-γ production capacity of peripheral 
blood mononuclear cells coming in contact with the membrane.

Methods Two membranes, the NV membrane and the conventional membrane embedded with PVP alone (CX), 
were evaluated simultaneously by dividing the porcine blood obtained from the same animal into two portions. 
The blood cell adhesion to the membranes was evaluated by measuring the hemoglobin concentrations and lac-
tate dehydrogenase (LDH) activities in the eluates extracted from the membranes. The IFN-γ production capacity 
in response to phytohemagglutinin stimulation of mononuclear cells coming in contact with either membrane 
was evaluated.

Results Both the hemoglobin concentration and LDH activity, corrected by excluding erythrocytes from the eluate, 
were about 25% lower in the eluate from the NV membrane than in the eluate from the CX membrane. The IFN-γ 
production capacity of the mononuclear cells coming in contact with dialysis membrane remained unchanged 
for the case of the NV membrane, while it decreased for the case of the CX membrane.

Conclusions A lower degree of adhesion of blood cells to the membrane and a lower degree of reduction 
in the IFN-γ production capacity of mononuclear cells coming in contact with the membrane were observed 
for the NV membrane, as compared with the PVP membrane, which may suggest improved biocompatibility 
of the NV membrane.
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Introduction
Dialysis membranes with improved permeability and 
biocompatibility have been developed over the past few 
decades. The current trends in membrane development 
are toward modification of the blood contact surface to 
suppress platelet activation and the subsequent biological 
responses [1]. Many materials with improved biocompat-
ibility have been developed in the field of biomaterials, 
but the mechanisms underlying the improved biocom-
patibility of these surfaces is not yet fully understood. 
Recently, mobility of the bound water to the polymer 
in the dialysis membrane was proposed as one possi-
ble mechanism [2, 3]. The development of a polysulfone 
dialysis membrane containing both polyvinylpyrrolidone 
(PVP) and the NV polymer, a hydrophilic polymer that 
has been demonstrated to show high mobility of the 
bound water to the polymer [4]  (Toraylight® NV; Toray 
Medical Co., Ltd., Tokyo, Japan), is one such an attempt 
to modify the blood contact surface of the dialysis mem-
brane. According to a previous small-scale study, this 
membrane induces less platelet activation, less platelet 
adhesion to the membrane [5], and less release of plate-
let-derived microparticles [6].

The clinical immunodeficiency state in patients under-
going hemodialysis, e.g., impaired response to vaccina-
tions such as hepatitis B and tetanus vaccines [7, 8], is 
considered to be attributable to the bioincompatibility 
of dialysis membranes currently in use. Lower secretion 
levels of interferon (INF)-γ and interleukin-2 in response 
to stimulation were observed in leukocytes from patients 
undergoing hemodialysis as compared with those from 
healthy controls, in line with the reported changes in 
the helper T cell profile [9]. Decreased secretion of these 
cytokines in response to stimulation from leukocytes 
derived from patients undergoing hemodialysis can result 
in impaired cellular immune functions and impaired anti-
body production after vaccination. In vitro evaluation of 
the potential of leukocytes to secrete INF-γ in response 
to stimulation could be a useful method to evaluate the 
biocompatibility of a dialysis membrane in relation to the 
impaired immune status of patients undergoing hemodi-
alysis. The biocompatibility of an NV polymer-embedded 
membrane (NV membrane) has not yet been investigated 
from this aspect, either in clinical studies or in in  vitro 
experiments.

Eventually, the biocompatibility of a dialysis mem-
brane should be assessed in clinical settings. However, it 
is often difficult to precisely clarify the biocompatibility 
of dialysis membranes in clinical settings, because both 
patient- and treatment-related factors, such as the path-
ological condition of the patient, treatment conditions, 
and the varying abilities of patients for coagulation or 
platelet activation, could have large effects on the results. 

It is useful, therefore, to perform complementary evalu-
ations in vitro, for example, using porcine blood [1, 10]. 
Fresh porcine blood can be used for in  vitro compari-
son of the adhesion of blood cells, as well as of the sol-
ute removal performance of two types of membranes, by 
dividing the blood obtained from the same animal into 
two portions [10].

The aim of the present study is to perform in  vitro 
evaluation of the biocompatibility of the NV membrane 
from the aspects of adhesion of the blood cells to the 
membrane and change in the IFN-γ production capac-
ity in response to phytohemagglutinin (PHA) stimulation 
of mononuclear cells coming in contact with the dialysis 
membrane.

Methods
Blood preparation
Fresh porcine blood was obtained from a dealer of ani-
mal blood and organs for research use (Tokyo Shibaura 
Zouki, Tokyo, Japan) on the morning of the experiments. 
After addition of sodium citrate at a final concentration 
of 10 mM, the blood was carefully transferred in a cooling 
box to our laboratory. At our laboratory, heparin (hepa-
rin sodium injection 50,000 units/50 mL, FUSO Pharma-
ceutical Industries Ltd., Tokyo, Japan) was added to the 
blood at a final concentration of 1000 U/L, followed by 
addition of penicillin and streptomycin (GIBCO, NY) at 
a final concentration of 100 units/mL and 100  µg/mL, 
respectively.

Dialyzer
Two types of dialyzers (dialysis membranes) were evalu-
ated by the 4  h in  vitro circulation experiment, which 
mimics the situation of blood circulation in a dialyzer 
during hemodialysis treatment; one was the conventional 
polysulfone dialyzer  (Toraylight® CX-16U, Toray Medi-
cal Co., Ltd., Tokyo, Japan), composed of a polysulfone 
membrane with only PVP embedded as a hydrophilic 
agent (CX membrane), while the other, also a polysulfone 
dialyzer  (Toraylight® NV-16U, Toray Medical, Tokyo, 
Japan), was a polysulfone membrane containing both 
PVP and the NV polymer, a novel hydrophilic polymer, 
which has been demonstrated to show a high mobility of 
the bound water to the polymer (NV membrane) [4]. The 
technical specifications, including the membrane area, 
hollow fiber diameter, and thickness, effective length, 
blood side volume, and water permeability, were nearly 
identical between the two types of dialysis membranes 
(Table 1).

Circulation experiment
Two sets of experiments were carried out using blood 
obtained from the same animal divided into two portions 
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to compare the two membranes, namely, the CX mem-
brane and the NV membrane. After priming the inner 
and outer sides of the dialyzer with saline, the saline was 
replaced with blood, and the blood-side outlet was con-
nected to a soft bag (FCB-3, Asahi Kasei Kuraray Medi-
cal, Tokyo, Japan). The blood was allowed to flow into the 
soft bag until the total volume of blood inside the circuit, 
dialyzer and soft bag reached 1 L. The soft bag was placed 
on a plate shaker, covered with a water jacket contain-
ing circulating water at 42 °C to maintain it at a constant 
temperature (37  °C), and shaken at 30 cycles/min. The 
blood flow rate, QB was set at 200 mL/min (Fig. 1).

During the blood circulation, the blood was collected 
every hour to check the blood cell counts (platelet and 
leukocytes) and hematocrit level. The sampled blood 
was diluted 1:1 with phosphate-buffered saline (0.1  M 
phosphate, pH 7.4) containing 0.5 mM ethylenediamine 
tetraacetic acid disodium salt dehydrate, and the platelets 
and leukocytes were counted with a hematology analyzer 

for animal blood (Celltac α MEK-6450, Nihon Kohden 
Co., Tokyo, Japan).

Evaluation of blood cell adhesion
To compare the adhesions of erythrocytes and the other 
cells, an isolated erythrocyte saline solution was prepared 
by repeated centrifugation (500 rpm) and replacement of 
the platelet-rich plasma with saline 4 times, and relation-
ship between the hemoglobin concentration and LDH 
activity for erythrocytes was determined using 3 different 
blood samples. The LDH activity corrected by excluding 
erythrocytes was also determined by subtracting LDH 
activity of erythrocytes calculated by the relationship 
between hemoglobin concentration and LDH activity of 
erythrocytes from the LDH activity of all cells.

The blood cell adhesion to the membranes was evalu-
ated by a previously described method [8]. In brief, after 
the circulated blood was washed out from the dialyzer 
using 1.5  L of saline in the single pass mode (flow rate 
of 100–150  mL/min), 200  mL of saline containing 0.5% 
TritonX-100 (polyoxyethylene-p-isooctylphenol, Wako 
Pure Chemical, Tokyo, Japan) was circulated through 
the dialyzer at a QB of 100 mL/min for 2 h, in an attempt 
to break the blood cells adhering to the membrane and 
elute the proteins in the cells. The hemoglobin concen-
tration in the eluate was measured by spectrophotometry 
(absorbance at 580  nm), and the lactate dehydrogenase 
(LDH) activity in the eluate was measured using a LDH 
detection kit [cytotoxicity detection kit (LDH), Roche 
Applied Science, Penzberg, Germany]. The LDH activity 
was calibrated by the LDH activity of human erythrocyte 
origin (Enzyme Calibrator, Wako Pure Chemical, Tokyo, 
Japan).

Evaluation of the IFN‑γ production capacity of mononuclear 
cells
The IFN-γ production capacity in response to PHA 
stimulation was evaluated for mononuclear cells that 
had come in contact with each of the dialysis mem-
branes and for cells that had not come in contact with 
either dialysis membrane (control). The mononuclear 
cells were collected from the blood using lymphoprep™ 
(Axis-Shield PoC AS, Oslo, Norway), by the specific 
gravity centrifugal method. The mononuclear cell sus-
pension was adjusted to a density of 2.5 ×  105 cells/mL 
using RPMI1640 (GIBCO, NY) containing 20 v/v% of the 
plasma separated from blood that had circulated through 
each of the dialyzers. PHA(PHA-L, Calbiochem®, Merck 
KGaA, Darmstadt, Germany) was added to the cell sus-
pension at a final concentration of 20 µg/mL and the cells 
were cultured for 48 h. After 48 h of culture, the concen-
trations of IFN-γ in the supernatants of the cell suspen-
sions obtained by centrifugation were measured using 

Table 1 Technical specification of dialyzer used

CX-16U NV-16U

Membrane material Polysulfone

Membrane areas  (m2) 1.6

Hollow fiber diameter (µm) 200

Hollow fiber thickness (µm) 40

Effective length (cm) 26.3

Blood side volume (mL) 93 100

Water permeability [mL/(h Pa  m2)] 0.068 0.063

Fig. 1 Schematic diagram of the experimental circuit
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the IFN-γ Swine ELISA Kit (KSC4022; Invitrogen, CA), 
in accordance with the manufacturer’s instructions. In 
brief, the wells of microtiter strips coated with a mono-
clonal antibody specific for swine IFN-γ were used. The 
supernatants and standard solutions with known IFN-γ 
concentrations were pipetted into these wells, followed 
by the addition of a biotinylated monoclonal antibody 
as a second antibody and incubation. After removal of 
the excess second antibody, streptavidin–peroxidase 
was added, followed by further incubation. After all the 
unbound enzymes were removed, a substrate solution 
was added. The intensity of the colored product was 
measured using a microplate reader (model 680, Bio-Rad 
Laboratories, Inc., CA) at a wavelength of 460 nm (refer-
ence wavelength 655 nm).

Statistical analysis
The Smirnov–Grubbs test was used to check for outli-
ers of the hemoglobin concentration, LDH activity, and 
IFN-γ concentration. The statistical significance of dif-
ferences in the hemoglobin concentration and LDH 
activity were determined by the Wilcoxon matched-pair 
signed-rank test, and the statistical significance of dif-
ferences in the IFN-γ concentration was determined by 
the Freidman test. The differences with probability values 
(p-value) of less than 0.05 were considered as being sta-
tistically significant.

Results
To confirm the absence of technical errors, such as 
sedimentation of blood cells in the soft bag, platelet 
consumption, and other errors in the experiment, we 
measured the platelet and leukocyte counts and hemato-
crit levels during the 4 h circulation experiment (Fig. 2) 
and confirmed the absence of any changes with time 

during the circulation experiment for either membrane. 
Furthermore, no significant differences in these param-
eters were observed between the CX membrane and NV 
membrane either.

To quantitatively compare the number of erythrocytes 
adhering to the two membranes, the hemoglobin concen-
tration of the eluate from the dialyzer after blood circu-
lation for 4  h was measured (Fig.  3a). A saline solution 
containing 0.5% TritonX-100 was used to break the blood 
cells adhering to the membrane and elute the proteins, 
such as hemoglobin, LDH, etc., from the membranes. 
The hemoglobin concentration in the eluate from the NV 
membrane was significantly lower than that in the eluate 
from the CX membrane, suggesting that the number of 
erythrocytes in the clots formed on the NV membrane 
was lower than that in the clots formed on the CX mem-
brane. To compare the total number of adherent blood 
cells between the two membranes, the LDH activity in 
the eluate from the dialyzers after blood circulation for 
4 h was measured (Fig. 3b). The LDH activity in the elu-
ate from the NV membrane was significantly lower than 
that in the eluate from the CX membrane, suggesting that 
the number of cells adhering to the NV membrane was 
lower than that adhering to the CX membrane. Both the 
hemoglobin concentration and LDH activity in the elu-
ate from the NV membrane were about 25% lower than 
those in the eluate from the CX membrane.

The relationship between the hemoglobin concentra-
tion and uncorrected LDH activity also revealed a lower 
blood cell adhesion to the NV membrane (Fig.  4a). The 
analysis using washed erythrocytes revealed that about 
0.2 U/L of LDH was contained in erythrocytes with a 
hemoglobin content of 1 g/dL. Based on this determined 
relationship, the corrected LDH activity was calculated 
by excluding the erythrocyte LDH activity (Fig.  4b). In 

Fig. 2 The platelet and leukocyte counts and hematocrit levels were measured during 4 h blood circulation. These parameters did not change 
during the blood circulation for either membrane. Furthermore, no significant differences in these parameters were observed either between the 
NV polymer-embedded polysulfone membrane (NV membrane) and conventional PVP-embedded polysulfone membrane (CX membrane)
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Fig. 3 a Hemoglobin concentration in the eluates from the dialyzers after 4 h circulation. b The lactate dehydrogenase (LDH) activities 
in the eluates from the dialyzers after 4 h blood circulation. The paired data are connected by dotted lines. The hemoglobin concentration and LDH 
activity in the eluate from the NV membrane was significantly lower than that in the eluate from the CX membrane, suggesting that the numbers 
of cells in the clots formed on the NV membrane were lower than those on the CX membrane
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Fig. 4 a Relationship between the hemoglobin concentration and LDH activity for all blood cells showed the low blood cell adhesion of the NV 
membrane compared with the CX membrane. b The hemoglobin concentration and corrected LDH activity, calculated by excluding erythrocytes 
from the eluate, showed that the numbers of both erythrocytes and other cells (platelets and/or leukocytes) adhering to the NV membrane were 
lower than those to the CX membrane in five cases, and only the numbers of erythrocytes adhering to the CX membrane were lower as compared 
with that of the cells adhering to the NV membrane in the other three cases
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five cases, the numbers of both erythrocytes and other 
cells (platelets and/or leukocytes) adhering to the NV 
membrane were lower than those adhering to the CX 
membrane. In the remaining three cases, the number of 
adherent erythrocytes was lower for the CX membrane 
as compared with the NV membrane. In two of these 
latter cases, the numbers of platelets and/or leukocytes 
adhering to the both CX and NV membranes were also 
very low.

Lastly, the IFN-γ production capacity in response to 
PHA stimulation was evaluated for the mononuclear 
cells that had come in contact with each of the dialysis 
membranes and cells that had not come in contact with 
either dialysis membrane (Fig.  5). While there was no 
significant difference in the IFN-γ production capacity in 
response to PHA stimulation between the mononuclear 
cells that had come in contact with the NV membrane 
and the control cells, the IFN-γ production capacity of 
the cells that had come in contact with the conventional 
CX membrane was significantly lower as compared with 
that of the control cells.

Discussion
The main findings of this study are that (1) the adhe-
sion of blood cells was lower for the NV membrane than 
for the conventional CX membrane, and (2) the IFN-γ 
production capacity in response to PHA stimulation of 

mononuclear cells that had come in contact with the dial-
ysis membrane remained unchanged for the case of the 
NV membrane but decreased significantly for the case of 
the conventional CX membrane.

In the present study, the values of one of the CX mem-
brane data for the Hb concentration and LDH activity 
in the eluate were much higher as compared with the 
other data and were determined to be outliers (p < 0.001) 
(Fig.  3). However, there was no justification to exclude 
the outlier data, because there were no unusual manip-
ulations in the experiment. All measurements had been 
performed simultaneously, and the outlier values were 
actually found for the dialyzer that had more residual 
blood. Therefore, all data, including the results of statisti-
cal analysis using all the data, are presented in Fig. 3. On 
the other hand, the Wilcoxon matched-pair signed-rank 
test was also performed after excluding the outliers; the 
conclusion was the same, as the Hb and LDH activity val-
ues in the eluate were significantly lower (p < 0.05) for the 
NV membrane as compared with the CX membrane.

The number of erythrocytes in the clots formed on the 
NV membrane was lower than that in the clots formed 
on the CX membrane. Erythrocytes cannot adhere to the 
membrane surface alone; therefore, it is considered that 
erythrocytes adhere via fibrin to the membrane, forming 
red cell thrombi. This result indicates that the NV poly-
mer may suppress fibrin formation due to activation of 
the coagulation system or suppress fibrin adhesion to the 
membrane. In more than half cases, not only the number 
of erythrocytes but also the number of other cells (plate-
lets and/or leukocytes) adhering to the membrane were 
lower for the case of the NV membrane than for the case 
of the CX membrane. NV polymer is also reported to 
adsorb less fibrinogen [10], which might prevent the for-
mation of fibrin to incorporate erythrocytes, leukocytes, 
and platelets.

In regard to the platelet adhesion, three different types 
of experiments to confirm the effects of the NV mem-
brane on platelets have been carried out, including the 
experiment in the present study. In the experiment in 
the basic research field of material sciences, the NV 
membrane showed reduced platelet adhesion as com-
pared with a conventional PVP-embedded polysulfone 
dialyzer [4], although it was carried out under nonflow 
conditions. The experiment carried out in a clinical set-
ting [5] revealed a lower degree of platelet adhesion on 
the NV membrane as compared with the CX membrane, 
although this was only a small-scale study, and many 
patient- and treatment-related factors could have poten-
tially affected the data. The present in vitro study, which 
was carried out under flow conditions very similar to 
the clinical setting, also demonstrated lower adhesion of 
blood cells, including platelets, to the NV membrane as 

Fig. 5 IFN-γ production capacity in response to phytohemagglutinin 
(PHA) stimulation of peripheral blood mononuclear cells that had 
come in contact with each of the dialysis membranes. The paired 
data are connected by dotted lines. The IFN-γ production capacity 
in response to PHA stimulation of mononuclear cells that had 
come or not come (control) in contact with the membranes 
was evaluated for each of the dialysis membranes. While the IFN-γ 
productivity of the mononuclear cells that came in contact 
with the membrane did not differ significantly from that of 
the control cells for the case of the NV membrane, it was significantly 
lower than that of the control cells for the case of the CX membrane
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compared with the CX membrane. Although, the study 
had the limitation of the porcine blood used having been 
purchased from a commercial vendor [11]. On the basis 
of the aforementioned evidence, it would be rational to 
conclude that the NV polymer can inhibit platelet adhe-
sion to the NV membrane.

A lower production capacity of INF-γ in response 
to PHA stimulation has been observed in peripheral 
blood mononuclear cells obtained from hemodialysis 
patients as compared with those obtained from healthy 
controls, which has been attributed to the reduced acti-
vation of T cells overall and a skewed differentiation pat-
tern of helper T cells (Th) toward the Th1 direction [9]. 
In the present study, cell contact with the CX dialysis 
membrane, through blood circulation for 4  h, reduced 
the INF-γ production capacity of mononuclear cells in 
response to PHA stimulation, probably due to a lower 
degree of activation of mononuclear cells during circula-
tion. The INF-γ production capacity of mononuclear cells 
in response to PHA stimulation following blood circula-
tion for 4 h remained unchanged for the case of the NV 
membrane. These results also indicate that in vitro evalu-
ation of INF-γ production capacity of mononuclear cells 
in response to PHA stimulation might be a useful method 
to evaluate the cellular immune functions.

Previous studies have demonstrated mutual interac-
tions between platelets and leukocytes [12, 13]. It is also 
known that activated platelets bound to neutrophils pro-
mote the generation of superoxide anions by the neutro-
phils [14–16]. In turn, leukocytes and leukocyte-released 
superoxide anions enhance platelet adhesion [17, 18]. 
Therefore, both platelet and leukocyte activations that 
could be triggered by contact with the dialysis mem-
brane surface should be reduced to improve the bio-
compatibility of a membrane. In the present study, only 
two aspects of blood cell activation (blood cell adhesion 
and INF-γ production capacity of mononuclear cell in 
response to PHA stimulation) were investigated under 
the condition where mutual interactions existed. In vitro 
experiments have shown reduced platelet activation and 
neutrophil activation following direct interaction of the 
cells [10] and reduced formation of platelet-neutrophil 
complexes induced by membrane contact [19] for the NV 
membrane as compared with the conventional CX mem-
brane. Thus, the NV membrane surface appears to have 
few direct effects on the platelets and neutrophils. Since 
IFN-γ production by mononuclear cells coming in con-
tact with the NV membrane remained unchanged in the 
present study, the NV membrane surface may appear to 
have few direct effects on mononuclear cells, including T 
cells, as well.

The relative lack of influence of the blood cell type 
on the direct effects of contact with the dialyzer on the 

cells for the case of the NV membrane suggests that in 
addition to the chemical composition of the membrane, 
physical properties, such as smoothness and softness of 
the membrane surface, also possibly influence the inter-
action of blood cells with the dialysis membrane. The NV 
membrane, which contains NV polymer in addition to 
PVP, has been shown by atomic force microscopy to have 
a relatively smooth membrane surface and a thicker soft 
layer on the inner surface (CX membrane (PVP) 5  nm, 
NV membrane (PVP + NV polymer) 13 nm) [4]. Previous 
studies have reported that NV polymers exhibit higher 
bound-water mobility [4] and lower protein adsorption, 
particularly of fibrinogen [4, 10]. This could explain the 
lower occurrence of red cell thrombi on NV membranes 
observed in this study. The relatively smooth surface of 
the membrane and the thicker soft layer on the inner sur-
face of the NV membrane could explain the suppressed 
biological responses of the platelets and mononuclear 
cells and also why the production of IFN-γ triggered by 
membrane-blood contact was maintained. A further 
detailed investigation is required to clarify the effects 
of the chemical and physical properties of the dialysis 
membrane on the blood cells coming in contact with 
the membrane, which could pave the way for the even-
tual development of a novel membrane with improved 
biocompatibility.

We demonstrate in the present study that the NV mem-
brane showed improved biocompatibility, with reduced 
platelet adhesion/activation and maintained IFN-γ pro-
duction capacity of mononuclear cells in response to 
PHA stimulation. Although it remains unclear whether 
these improvements are due to the chemical structure 
of the NV polymer or to the physical properties of the 
modified membrane, these in  vitro results indicate that 
the NV polymer-embedded polysulfone membrane-
blood interaction was associated with less stimulation of 
the blood cells. It is not clear at this time if these results 
will translate into clinical benefits, as a variety of biologi-
cal responses interacting with each other occur in the 
clinical setting. We propose to clarify the effect of NV 
polymer-embedded membranes in clinical practice in the 
future by confirming the biological responses caused by 
platelet activation, in particular, and the effect of reduced 
stimulation of mononuclear cells.

In the present study, we circulated only blood through 
the blood circuit and dialyzer, without using dialysate 
or performing ultrafiltration. The aim is to examine the 
interaction between the membrane and blood cells. Fur-
ther experiments using dialysate and ultrafiltration will 
provide clearer information on factors influencing the 
membrane biocompatibility in clinical practice. This, in 
turn, will lead to the development of better membranes 
and feedback for clinical practice.
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Conclusions
Our in  vitro evaluations revealed a lower adhesion of 
blood cells to the NV membrane and also that the IFN-γ 
production capacity in response to PHA stimulation of 
mononuclear cells coming in contact with the dialysis 
membrane remained unchanged for the case of the NV 
membrane but decreased significantly for the case of the 
CX membrane.

Abbreviations
INF  Interferon
LDH  Lactate dehydrogenase
PHA  Phytohemagglutinin
PVP  Polyvinylpyrrolidone
QB  Blood flow rate
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