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Abstract: A study aimed to compare the efficiency of the
ozone transfer of four hydrophilic dialysis filters, and
one hydrophobic gas-exchange device (GED) has been
performed. Obviously, the former should be specifically
used only for dialysis. Unfortunately, some clinicians incau-
tiously use them as GEDs. It has been shown that: (i) dialy-
sis filters present a wide range of gas-exchange yield (from
0 up to 70%), often related to variability according to the
treatment time; (ii) by scanning microscopy, it has been

noticed that hollow fibers are somewhat altered by ozone;
and (iii) because their constitutive materials may be not
ozone-resistant, they may release toxic compounds harmful
for the patients. On the contrary, the appropriate GED
is ozone-transfer efficient, is ozone-resistant, and is suit-
able for blood autotransfusion and ozonation. Key
Words: Ozone—Extracorporeal circulation—Hollow
fibers—Gas-exchange device.

INTRODUCTION

To the best of our knowledge, the first approach
aiming to simultaneously oxygenate and ozonate
human blood was proposed by Wainwright (1). In
such a case, blood withdrawn from a patient runs
inside a tilted glass tube against a gas mixture com-
posed of oxygen-ozone flowing in a countercurrent
direction. The procedure appeared to be effective,
but it presented a risk of viral infections even though
the system had to be sterilized for each treatment. A
similar stainless steel system recently proposed by
Latino and Keyser (2) has the same drawbacks. Since
1992, in cooperation with the Nephrology Unit of
the Polyclinic of Siena (Italy), a dialysis-like system,
where the dialysate was substituted with O2–O3

gaseous mixture similarly directed in a countercur-
rent fashion for ozonating blood, was investigated.
The dialysis filter is referred to as an artificial kidney.
Blood withdrawn from the patient runs inside hollow

fibers of different hydrophilic composition while the
dialysate runs outside in countercurrent fashion.
Dialysis membranes not only need to be efficient at
clearing wastes, but must also be biocompatible with
human blood. Filter permeability is influenced by
pore size, number of pores, and thickness of the
membrane. The surface area of the membrane deter-
mines the available area for diffusion and ultrafiltra-
tion (3). After a few years of research, it was realized
that the system was unsuitable because the dialysis
filters: (i) were poorly effective for gas exchange; (ii)
it may have reacted with ozone, possibly releasing
toxic materials into the blood; and (iii) caused a loss
of solutes and water. Moreover, they allowed some
platelet adhesion, leukocyte activation, and produced
some immune responses (4,5). The conclusion that
dialysis filters were unsuitable for blood ozonation,
chiefly for the hydrophilic nature of the hollow fibers
and the possible release of toxic compounds has been
reached. For this reason, the examination of single-
use and ozone-resistant hydrophobic membranes,
made of polypropylene, hence impermeable to water
but freely permeable to O2–O3, was started. At
first, the gas-exchange devices (GEDs), even using
heparin, were minimally biocompatible (6) until two
years ago, when a suitable phosphorylcholine-coated
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one was used (7). In the latest GED, denominated
D100, in comparison to dialysis filters, blood runs
outside the fibers against the gas mixture inside. This
GED has proved to be quite effective and atoxic
when used for blood ozonation (8,9). Common dialy-
sis filters are usually sterilized with gamma radiation,
even if both ethylene oxide and steam could be used
(10). However, ozone is also occasionally used for the
same purpose (11–16), as well as for polymer grafting
(17–19) or, unfortunately, for performing recircula-
tory hemoperfusion against O2–O3, implying a risk
for the patients (20).

The aim of this report is to show that, during these
unorthodox practices using dialysis filters, their in
vitro gas-exchange efficiency is often minimal and,
even if such is not the case, they might potentially
be hazardous for the patient because they are not
specifically tested and/or approved for such
purposes.

MATERIALS AND METHODS

Hollow fiber modules
The following four dialysis filters have been used

and codified as follows:

1 heparinized cuprophan, Cobe Centrysystem 550,
Secon GmbH, Germany;

2 cellulose triacetate high efficiency hollow fiber,
CT150G, Baxter S.A., France;

3 polysulfone Rexbrane, Rexeed-18L, Asahi, Japan;
and

4 polymethylmethacrylate, Filtryzer B3-2.0A, Toray,
Japan.

In contraposition, a new and suitable GED, namely
D100, made of phosphorylcholine-coated polypropy-
lene (Sorin, Mirandola, Italy) was used as reference
standard.All the devices and ancillary materials were
sterile and used only once.

Schematic diagram of the circuit and
operative conditions

Figure 1 describes in detail the various operative
conditions and embodiments.

The dialysis filters, the GED, and lines were rou-
tinely rinsed with 2-L saline before starting the per-
fusion simulated by saline phosphate buffer (pH 7.4),
in the presence of KI (0.12 M). The various ozone
concentrations used throughout the experiments
(between 0.5 and 2.5 mg/mL) were generated by
Ozonline ECO3 (Torino, Italy) using only pure,
medical-grade oxygen representing at least the 95%
of the gas mixture at a feed flow of 15 L/h. Ozone
concentration was continuously monitored by a

photometer, periodically checked by iodometric
titration. The overall time of ozone treatment was
60 min.

Transfer and total yield of ozone were evaluated
both during the early phase of treatment and after
60 min of ozone flowing, simulating the time of a
therapeutic session.

When ozone, flowing in a countercurrent fashion
outside the hollow fibers, permeated these same, it
immediately reacted with the KI solution, generating
I2, which was titrated with Na2S2O3 (0.0001–0.1 N)
(21) (see Scheme 1).

Scheme 1. Iodine titration

O I H O I O OH3 2 2 22 2+ + → + +− −

I S O I S O2 2 3
2

2 4
22 2+ → +− −

It indicates the reaction elicited by ozone and the
classical reducing reaction for measuring the ozone.
Furthermore, blank tests under the same conditions
using only oxygen for the same time have been
carried out.

Scanning Electron Microscopy (SEM)
characterization

The morphology of hollow fibers before and after
ozone treatment, or after saline phosphate buffer
(pH 7.4) with and without I2 (0.1 N) perfusion, was
investigated by SEM studies. Both the external and
internal hollow fiber surfaces were examined. The
material was mounted on aluminum stubs by carbon
conductive glue and coated with 20 nm gold in a Balz-
er’s MED 010 sputtering device. The samples were
finally observed with a Philips XL20 scanning electron
microscope operating at an accelerating voltage of
5–20 kV, according to the material sensitivity.

FIG. 1. Schematic diagram of the experimental device: 1 saline
solution or buffer; 2 oxygen supply; 3 ozone generator with pho-
tometer; 4 peristaltic pump; 5 dialysis filter or GED; 6 sample
collector; 7 silica gel trap; 8 ozone destructor. The peristaltic
pump was always kept in “ON” position throughout the
experiments.
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Statistical analysis
Results were expressed as the mean of at least

three independent measurements (CV% < 2). One-
way analyses of variance performing the Bonferroni
posttest (Instat software, version 3.0 GraphPAD
Software Inc., San Diego, CA) were used for the
statistical analysis of the results. Significance was
defined as a P value less than 0.05 (*P < 0.05; **P <
0.01; ***P < 0.001).

RESULTS AND DISCUSSION

Efficiency evaluation
Owing to the fact that ozone is a strong oxidant to

be used with great concern and with proper devices, a
precise knowledge of the ozone effects on the devices
during the overall treatment is essential.When ozone,
flowing in a countercurrent fashion outside the
hollow fibers of the dialysis filters, interacts with the
KI solution flowing inside the fibers, it immediately
generates iodine, and in such a way, the device
acquires an amber color. Transfer and total yield of
ozone were evaluated during the early phase of
treatment. The same evaluation was also repeated
after 60 min of a continuous ozone flowing, simulat-
ing the time of a therapeutic session. Diagrams of
Fig. 2 show the amount of ozone transferred of the
four dialysis filters at the beginning (top) and at the
end (bottom) of the experiment, respectively.

Apart from filter 4, the ozone transfer increased in
a linear fashion with respect to the ozone dose.
Device 1 appears to be rather efficient and reproduc-
ible with time, followed by an almost analogous
behavior of both devices 2 and 3, at least for what the
initial treatment is concerned. In fact, the presence of
ozone inside the system 3 for about 60 min led to a
significant variation in the ozone efficiency, especially
for the doses up to 0.4 mg/min. On the contrary,

device 4 seemed gas-transfer inefficient, even if a
diffuse browning of the hollow fibers in proximity of
the gas inlet and outlet was observed. Table 1 shows
the ozone yield % at the beginning and at the end of
the perfusion in relation to the ozone concentrations.
In details it can be noted that while filter 4 is ineffi-
cient, filter 1 has yielded more constant and higher
values. Moreover, filters 2 and 3 show a variable yield
during the ozone treatment.

TABLE 1. Ozone yield of the four dialysis filters both at the start and at the end of experiments in relation to different
ozone concentrations

Hollow Fiber Modules

Ozone yield [%]

0.5 mg/mL 1.0 mg/mL 1.5 mg/mL 2.0 mg/mL 2.5 mg/mL

Start End Start End Start End Start End Start End

1 ** ** ** ns *
61 66 62 69 65 71 69 70 65 68

2 ns ** *** *** ***
11 10 19 24 27 42 32 44 34 45

3 *** *** *** *** ***
0 60 19 65 25 54 30 49 31 49

4 ns *** *** *** *
0 0 0 6 0 7 0 10 8 10

* P < 0.05; ** P < 0.01; *** P < 0.001.

FIG. 2. Ozone transfer (mg/min) at the start (top) and at the end
(bottom) of the ozone treatment. Numbers 1–4 refer to dialysis
filters as described in “Materials and Methods.”
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The efficiency and ozone yield achieved using the
GED D100, where the KI solution flows outside the
fibers, are shown in Fig. 3, in relation to the data at
the start of the evaluation. The ozone transfer is
almost quantitative and significantly higher than in
dialysis filters (P < 0.001). No differences of values at
the end of the ozone treatment were observed,
meaning a constant gas exchange (data not shown).

Owing to the fact that the gas mixture is composed
of al least 95% medical oxygen, it must be pointed
out that no appreciable oxidation of KI occurred
during control experiments using only oxygen.

The morphology and structure of hollow fibers
become the focus of the concern of the fiber integrity

and how ozone significantly affects their stability
during treatment.

SEM characterization
In order to examine whether ozone may damage

the fiber membrane of the various filters, the hollow
fiber surfaces by SEM were examined.

Hollow fiber specimens from filters 1, 2, and 4 were
very sensitive to high-energy electrons and they were
preferentially observed at 5 kV. Both the outer and
the inner surface of the fibers above these three
filters are smooth and continuous. Fibers from filters
1 and 4 are instead morphologically unaffected by the
ozone flow (data not shown). In fibers from filter 2,
the outer (Fig. 4A) and inner sides are unaltered by
the ozone flow with respect to control (saline and KI
solution), even though several little dips are always
present in the inner side of the same fibers (Fig. 5A),
and for this reason, no further ozone treatment evalu-
ation is possible.

Specimens from filter 3 and from GED were
observed at 10–20 kV.The outer surface of the filter 3
fibers (Fig. 4B) appears discontinuous as being made
up of several stacked layers of a holey film. The inner
side of this fiber, instead, has a barely wrinkled but
continuous surface (Fig. 5B). In this side of the fibers
and for the whole filter length, several structural
alterations are observable as little dark spots, pre-
sumably due to the ozone flow (Fig. 6). This phenom-
enon suggests the reactivity of the fiber materials at
the experimental conditions adopted. Both the outer

FIG. 3. Ozone transfer (�) and Ozone yield ( ) for the GED.

FIG. 4. Outer surface of the fibers from the devices after ozone treatment. (A) filter 2. (B) filter 3. (C) GED. Bar = 10 mm.
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(Fig. 4C) and the inner (Fig. 5C) surface of the fibers
from GED show the same morphological appear-
ance, and they seem like to each other. SEM obser-
vation at higher magnification of GED fibers reveals
a very close reticular structure (Fig. 7), with longitu-
dinal thread crossed with irregular and circularly
arranged matter. The fibers from this filter appear
morphologically unaltered by ozone treatment.

CONCLUSIONS

Dialysis filters, to a different extent, allow a non-
constant transfer with time of the gas mixture O2–O3

into the saline–KI solution, variable in a proportional

manner to the ozone amount for filters 2–4. Filter 1
allows an ozone exchange ranging from 61 to 69% at
the initial stage of the experiment, until a 71% ozone
exchange at the end is reached. Clearly, these filters
are suitable for dialysis but cannot be used as gas
exchangers, even if a quantitative passage of ozone is
reached. In fact, dialysis filters are made of hydro-
philic materials that are not ozone-resistant and
therefore they may react with ozone, and they may
release unwanted chemicals potentially harmful for
the patient. Moreover, the GED is made of hydro-
phobic, ozone-resistant polypropylene-based fibers.
On the basis of the present findings, it is hoped that
anyone incautiously using dialysis filter for blood

FIG. 5. Inner surface of the fibers from the devices after ozone treatment. (A) filter 2. (B) filter 3. (C) GED. Bar = 10 mm.

FIG. 6. Inner surface of fibers from filter 3. Many little dark spot
are observable after ozone treatment. Bar = 5 mm.

FIG. 7. The inner surface of the fibers from GED filter shows a
very close reticular structure. Bar = 2 mm.
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extravascular ozonation should correctly adopt the
appropriate device. Eventually, by considering the
strong reactivity of ozone, its occasional use for ster-
ilizing dialysis filters could be carefully evaluated
because it may impair their function.

Acknowledgments: The authors are grateful to
Department of Nephrology, University of Siena, for
providing the dialysis devices. The linguistic revision
by Mrs. H. Carter is also gratefully acknowledged.

REFERENCES

1. Wainwright BA. Apparatus and method for inactivation of
human immunodeficiency virus. US Patent 6,027,688, May 2,
1994.

2. Latino JS, Keyser SA. Viral inactivation using ozone. US
Patent Application 20050189302 A1, October 11, 2004.

3. Pierratos A. New approaches to hemodialysis. Ann Rev Med
2004;55:179–89.

4. Bocci V, Di Paolo N, Garosi G, et al. Ozonation of blood
during extracorporeal circulation. I: rationale, methodology
and preliminary studies. Int J Artif Organs 1999;22:645–51.

5. Bocci V, Di Paolo N, Borrelli E, Larini A, Cappelletti F. Ozo-
nation of blood during extracorporeal circulation II. Compara-
tive analysis of several oxigenators-ozonators and selection of
one type. Int J Artif Organs 2001;24:890–7.

6. Bocci V, Di Paolo N. Oxygenation-ozonation of blood during
extracorporeal circulation (EBOO). Part III: a new medical
approach. Ozone Sci Eng 2004;26:195–205.

7. Bocci V, Zanardi I, Travagli V, DiPaolo N. Oxygenation–
ozonation of blood during extracorporeal circulation: in vitro
efficiency of a new gas exchange device. Artif Organs 2007;31:
743–8.

8. Di Paolo N, Bocci V, Gaggiotti E. Ozone therapy. Int J Artif
Organs 2004;27:168–75.

9. Bocci V, Travagli V, Zanardi I, Di Paolo N, Tongs C. Treatment
of human blood during extracorporeal circulation using a gas
exchange device (GED) in patients. US Patent Pending n°
60/977,149, October 13, 2007.

10. Aucella F, Vigilante M, Gatta G, et al. Effects of ethylene
oxide and steam sterilization on dialysis-induced cytokine
release by cuprophan membrane. Artif Organs 2002;26:543–5.

11. Gal G, Kiss E, Foldes J, Dombi A. Disinfection of regenerated
dialyzer with ozone. Int J Artif Organs 1992;15:461–4.

12. Amato RL. Disinfection of an RO system: clearing the issues.
Dial Transplant 1995;24:244–2466+248.

13. Masuda T, Masuda Y. Method for cleaning a dialyzer hemo-
dialysis system. US Patent 6,800,248, March 21, 2001.

14. Amato RL, Curtis J. The practical application of ozone in
dialysis. Nephrol News Issues 2002;16:27–30.

15. Shintani H, Suzuki E, Sakurai M. Determination of com-
pounds inhibiting bacterial growth in sterilized medical
devices. Chromatographia 2003;58:193–9.

16. Heng S, Yeung KL, Djafer M, Schrotter J-C. A novel mem-
brane reactor for ozone water treatment. J Membr Sci
2007;289:67–75.

17. Yang M-C, Lin W-C. The grafting of chitosan oligomer to
polysulfone membrane via ozone-treatment and its effect on
anti-bacterial activity. J Polym Res 2002;9:135–40.

18. Xu J, Yuan Y, Shan B, Shen J, Lin S. Ozone-induced grafting
phosphorylcholine polymer onto silicone film grafting 2-
methacryloyloxyethyl phosphorylcholine onto silicone film to
improve hemocompatibility. Colloids Surf B Biointerfaces
2003;30:215–23.

19. Kung F-C, Yang M-C. The effect of covalently bonded conju-
gated linoleic acid on the reduction of oxidative stress and
blood coagulation for polysulfone hemodialyzer membrane.
Int J Biol Macromol 2006;38:157–64.

20. Diang L-K. Ozone hemodiafiltration device. US Patent Appli-
cation 20030073945 A1, October 17, 2001.

21. Masschelein W. Jodometric method for the determination of
ozone in a process gas. In: Viebahn-Hänsler R, Knoch HG, eds.
Ozon-Handbuch. Grundlagen.Prävention.Therapie, vol. IX-8.
Landsberg: Ecomed, 2001;1–3.

V. TRAVAGLI ET AL.6

Artif Organs, Vol. ••, No. ••, 2009

8 8

9 9

1010

1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36

37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75



SNP Best-set Typesetter Ltd.
Journal Code: AOR Proofreader: Emily
Article No: 767 Delivery date: 26 February 2009
Page Extent: 6 Copyeditor: Amy

AUTHOR QUERY FORM

Dear Author,
During the preparation of your manuscript for publication, the questions listed below have arisen. Please

attend to these matters and return this form with your proof.
Many thanks for your assistance.

Query
References

Query Remark

1 WILEY-BLACKWELL: Please provide the received date.

2 AUTHOR: Please provide full first name for all authors.

3 AUTHOR: Please check if a comma (or commas) should be inserted some-
where in “. . . chiefly for the hydrophilic nature of the hollow fibers and the
possible release of toxic compounds has been reached.”

4 AUTHOR: The presentation of items in the numbered list has been reordered
such that the product comes first, followed by product name, company name,
and manufacturer location. Please check.

5 AUTHORS: Bold characters (numbers) in paragraphs have been styled as italic
instead, deemed so for emphasis. Is this correct?

6 AUTHOR: Do you mean “were examined by SEM”?

7 AUTHORS: Please note that “stacken layers” has been changed to “stacked
layers.” Is this correct?

8 AUTHOR: Do you mean “use” instead of “adopt”?

9 AUTHOR: For all references with et al., please list all authors if there are less
than seven authors. For seven authors or more, list the first three authors plus
et al.

10 AUTHOR: Please confirm the page range for Ref. 12.


