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~—ZABSTRACT ~
This study investigates the safety implications of using glass bottles versus PVC, DEHP-free plastic bags
for autologous blood collection in major autohaemotherapy with oxygen-ozone (0O,-O3-MAHT). Concerns
have arisen regarding increased haemolysis when blood is collected in glass containers, particularly due to
high shear stress, surface irregularities and turbulence associated with vacuum-based collection. Historical
data from transfusion medicine already established that glass induces higher red blood cell (RBC) rupture
rates, a finding confirmed through mathematical modelling and simulations in this study. The release
of haemoglobin and formation of meta-haemoglobin, both pro-inflammatory mediators, pose potential
risks to patient safety. The authors applied ordinary differential equations (ODEs) to model haemolysis,
biochemical stability and inflammatory responses, revealing that plastic bags offer superior preservation of
RBC integrity and reduce inflammation risks. Comparative data on foam formation, albumin adsorption
and oxygenation efficacy further reinforce the advantage of plastic containers. Forecast modelling suggests
that treatment failure and safety risks increase significantly with glass use, particularly at higher ozone
doses. The study concludes that DEHP-free plastic bags provide a more reliable, safe and biocompatible
method for O,-O;-MAHT and recommends phasing out glass bottles to minimize haemolysis and ensure the
therapeutic efficacy of medical ozone procedures.
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king into account a recent discussion methodological performance is a constant of the
in the scientific community (1-3), where  scientific debate regarding medical ozone.

concerns were raised about the role of Some colleagues assert that collecting blood

different devices used in oxygen-ozone treated with ozone in glass containers, rather than

therapy to collect autologous ozonated in certified PVC and DEHP-free bags, does not
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pose a higher risk of haemolysis than what might
occur in sterile, single-use plastic bags (1, 2). Class
bottles were used in transfusion medicine over
50 years ago, and even then, numerous studies
had already confirmed that collecting blood in
such containers, especially when the sample was
subjected to strong turbulence due to inlet pres-
sure, posed a serious risk of significant haemolysis
during collection, particularly when compared to
the emerging single-use, disposable PVC bags (1-6).

The debate over the most appropriate con-
tainer for proper oxygen-ozone therapy has ex-
panded to include the issue of the blood ozona-
tion process. Some authors prefer to ozonize glass
bottles containing saline or glucose solution and
then administer the parenteral solution to the pa-
tient (7-9). In this regard, a highly detailed study
by Sasakawa et al has shown that the transfer of
ozonated blood ensured the formation of bioac-
tive metabolites produced by ozone in contact
with whole blood, whereas the system using sa-
line or 5% glucose solution bottles resulted unable
to achieve the same effect (6). This represents a
bias in the proper practice of oxygen-ozone ther-
apy as a medical treatment.

The release of haemoglobin from collecting
blood in glass containers was investigated in past
reports, and this evidence should be sufficient to
dismiss any doubt about glass materials in indu-
cing red blood cells haemolysis due to cell osmo-
tic fragility (4).

To date, in transfusion medicine, where a
modest comparison can be made with major au-
to-haemoinfusion in oxygen-ozone therapy, as
blood is collected, treated and reinfused, even if
autologous, glass bottles are not used at all for
blood collection. Instead, sterile single-use PVC
and DEHP-free bags are employed. It is therefore
surprising to still see some colleagues using glass
containers for oxygen-ozone therapy.

Is there a safety risk for patients under-
going major oxygen-ozone autohaemotherapy
(O,-O3-MAHT) is glass bottles are used? Notice-
ably, haemolysis from red blood cells (RBCs)
causes the release of lactate dehydrogenase, eli-
citing the production of lactate, and the release of
meta-haemoglobin, both playing a role as pro-in-
flammatory inducers (7).

In this commentary, we will assess the percen-
tage of risk to the patient's health and, conse-
quently, the safety level of the oxygen-ozone the-
rapy procedure in major autohemotherapy,

depending on whether glass containers or sterile,
single-use PVC and DEHP-free bags are used.

Quality and safety evaluations

An evaluation to assess the different performances
held by glass bottles or PVC, DEHP-free dispo-
sable plastic bags and to analyze the safety of au-
tologous blood infusion, considering the storage
conditions in glass bottles versus PVC, DEHP-free
plastic bags, was performed. We included mathe-
matical modelling with ordinary differential equa-
tions (ODEs) and incorporate findings from the
referenced documents.

Autologous blood infusion in the major oxy-
gen-ozone autohaemotherapy (O,-O;-MAHT)
involves collecting a patient’s own blood for later
reinfusion. The safety of this procedure is influ-
enced by: a) the collection container (glass vs.
plastic); b) the rate of haemolysis and biochemical
changes over time; and c¢) metabolomic altera-
tions, particularly under oxidative conditions. The
primary concern is the degradation of red blood
cells (RBCs), measured by haemolysis rate (H) and
biochemical stability (B). We modelled the hae-
molysis rate (H) and biochemical stability (B) using
differential equations. The rate of RBC lysis in
storage follows first-order decay:

where H(t) is the haemolysis fraction and kH is the
haemolysis rate constant, which is higher for glass
than plastic:

for glass,

for plastic (PVC, DEHP-free)

The solution is given by:

RBCs degrade over time, affecting oxygen
transport and metabolic function (B):

where B(t) is the biochemical stability, kB is the
degradation rate (also dependent on collection
conditions). The experimental results from the li-
terature suggest that:

for glass,

for plastic (PVC, DEHP-free)

The solution is given by:

Figure 1 illustrates an overall comparison of
blood processing respectively in glass bottles and
plastic bags.
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FIGURE 1. Bar chart comparing three key factors in blood
processing when using glass bottles vs. plastic bags: a) haemolysis
risk (%) (red); b) albumin loss (%) (blue); and c) foam formation
(arbitrary scale) (green). The values shown in the chart are likely
derived from biomechanical and fluid dynamics principles. For
the haemolysis risk (%) (red bar) we considered that haemolysis
is the breaking down of red blood cells, releasing haemoglobin
into the plasma and was calculated from Eq. (7), where ky; is the
haemolysis coefficient, 7is the shear stress (which is higher in the
glass container due to turbulence) and n is the shear exponent
(typically between 1.3 and 2.0 for blood). Glass bottles have
higher haemolysis risk due to higher shear stress from stronger
mixing. Plastic bags have lower haemolysis risk because they
allow for gentler blood flow. Albumin is a key protein in blood.
High turbulence and oxidative damage can cause albumin
degradation. Albumin loss (%) (blue bar) is calculated from

Eq. (8), where [Os] is the ozone dose. Albumin loss increases due
to oxidative stress. Glass bottles have higher albumin loss due to
increased oxidative stress from turbulent mixing. Plastic bags
minimize albumin loss by reducing oxidative damage. Foam
formation (green bar), it occurs due the excess of air bubbles and
turbulence and calculated from Eq. (5). Foam is linked to
haemolysis and shear stress. More turbulence (glass bottles) leads
to higher foam formation. Plastic bags reduce foam formation by
promoting gentler flow dynamics. Data plotted using Python,
Matplotlib (for plotting), NumPy (for numerical calculations) and
Python script (for executing the code).

Figure 2 shows the result of the aforemen-
tioned evaluation. It presents two plots comparing
haemolysis progression and biochemical stability
decay over one hour for blood stored in glass (or-
ange dashed line) and plastic (red solid line) con-
tainers. The results indicate that plastic storage is
superior, preserving RBC integrity and biochemi-
cal stability better than glass over time.

Therefore, blood collected in glass containers
exhibits a higher haemolysis rate, meaning more
red blood cells rupture over time, and confirming
previous published experimental data (4-6).
Plastic containers better preserve RBC integrity,
reducing haemolysis. Moreover, blood in glass de-

- /

FIGURE 2. Line graph showing how red blood cell
(RBC) rupture progresses over time under two
different conditions. The x-axis represents time in
minutes, ranging from 0 to 10, while the y-axis shows
the relative RBC count, scaled from 0.0 to 1.0.

Two curves are plotted on the graph. The yellow curve
corresponds to RBCs in a glass bottle subjected to
strong agitation. This curve drops steeply, indicating a
rapid and severe decline in RBC count, with most of
the rupture occurring within the first few minutes.
The orange curve represents RBCs in a plastic
container undergoing slow mixing. This line shows a
more gradual decrease, suggesting that RBCs remain
more intact under gentler mixing conditions.

Overall, the graph highlights that, stronger mechanical
forces, such as those from agitation in a glass bottle,
cause significantly faster and more extensive RBC
rupture compared to slower mixing in a plastic
container.

grades faster than in plasticc meaning oxy-
gen-carrying capacity diminishes more quickly.
Therefore, plastic bags offer superior preservation,
keeping the biochemical profile more intact (6).

Therefore, on the basis of these estimations,
Figure 2 shows the haemolysis progression over
one hour, with minutes on the X-axis, showing a
statistical difference p = 0.03433.

Lactate, from the activity of RBCs released
LDH and methaemoglobin (MetHb), are triggers
of the infllmmation  process.  Actually,
O,-O5-MAHT is widely used in medical applica-
tions, yet concerns may arise due to haemolysis if
using some controversial devices, leading to
MetHb formation and inflammatory responses.
Given that MetHb is linked to neutrophil activa-
tion and inflammation (7), an accurate forecast
analysis is necessary to determine patient safety.

To evaluate patient safety, we define three key
variables:

H() is the haemolysis rate, influenced by storage
conditions and ozone therapy;
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M) is the meta-haemoglobin concentration, pro-
duced from haemolyzed RBCs;
I(t) represents the inflammation response, trig-
gered by excess MetHb.

By using ODEs we have:

where ki, is the intrinsic haemolysis rate, ¢, is the
ozone-induced haemolysis coefficientand O is the
ozone therapy intensity.

For MetHb formation we have:

where S is the conversion factor from haemoglo-
bin to meta-haemoglobin and y, is the natural
degradation rate of MetHb.

Finally, the inflammation response is given by:

where p,, is the inflammatory activation rate by
MetHb and ¢ is the immune system clearance
rate.

The evidence. Haemolysis risk
Taking into account a previously published me-
thod, where the authors performed the ozone au-
tohaemotherapy collecting 225 mL of autologous
patient’s blood in a dedicated 500 mL glass va-
cuum bottle and mixed for 10 minutes (10), we
calculated the risk to cause haemolysis compared
with the same risk in a phthalate-free plastic bag
for blood collection.

A first consideration is the degree of shear
stress on erythrocytes (red blood cells or RBCs)

during the collection process, which should fore-
cast the risk of haemolysis, given by:

du
()= =%

where 1 is the shear stress (Pa), 1 is the blood vis-
cosity (Pa's) and = is the velocity gradient in the
blood flow. Higher vacuum (glass bottles) increa-
u . . . .
ses o leading to higher 7, which raises haemoly-
sis risk. In contrast, phthalate-free plastic bags
have lower shear forces, reducing RBC damage.
As concerning foam formation (2, 3), we
should calculate the surface tension and bubble
stability given by:

_F
{Z]U—E

where o is the surface tension (N/m), F is the force
applied to the blood-air interface and L is the
length of the interface. The increased turbulence
in glass bottles lead to higher F, promoting more
foam. Plastic bags allow gentle collection, redu-
cing bubble formation.

Furthermore, as concerning albumin (2), we
can calculate the albumin adsorption on surfaces
following the Langmuir adsorption model:

(38 =177

where @is the fraction of the surface covered by
albumin, K the adsorption coefficient (higher for
glass), P is the albumin concentration. Class has a
higher K meaning more albumin is lost via ad-
sorption, whereas smooth plastic has a lower K
preserving albumin concentration.

Table 1 shows some forecast data taking into
account the use of phthalate-free plastic bags (3)
respect to glass bottles (9).

TABLE 1. Hallmarks of different devices to
collect autologous venipuncture peripheral
blood for oxygen-ozone major
autohaemotherapy (O-O;-MAHT)

TABLE 2. Haemolysis risk during
the peripheral blood withdrawal for
OXygen-ozone major
autohaemotherapy (O-O-MAHT)
in different devices
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Data from 25 experiments (12 DEHP-free PVC
bags SANO; Haemopharm, Milan, Italy + 13 bot-
tles Ozonosan, Hansler Medical, Germany) per-
formed in our laboratories associated with data
from current literature, were analyzed evaluating
that haemolysis occurs when RBCs rupture, relea-
sing haemoglobin into plasma. The key factors in-
fluencing haemolysis in glass bottles vs. plastic bags
are: a) shear stress (t) due to vacuum suction and
turbulence; b) osmotic fragility (usually affected
by anticoagulants like ACD-A); and c) surface in-
teractions with the container (glass vs. plastic).

The equation for shear-induced haemolysis, as
haemolysis follows a power-law function based
on shear stress, is given by:

where H is the haemolysis percentage, H, is the
baseline haemolysis, k is an experimental coeffi-
cient depending on blood properties, 7 is the
shear stress (in Pa), n is the shear sensitivity expo-
nent, typically ~1.2-1.5 for RBCs.

Moreover, foam calculation is given by:

=c. =
S)Vp=C-=

where Vfc is the foam volume, C is an experi-
mental constant (it depends on blood viscosity),
AP is the pressure difference (vacuum strength),
o is the surface tension of plasma (~0.07 N/m
for blood). Obviously, where AP is higher
(~400 mm Hg), there is more turbulence, so
more foam (~30%), whereas where AP is lower
(~100 mm Hg), there is less turbulence, so less
foam (~5%).

The evaluation performed so far should pro-
vide us with forecast insights about the reliability
of the two separate methods used in O,-O;-MAHT.

Phtalate-free (DEHP-free) plastic bags for hu-
man blood collection SANO; (Haemopharms.r.l.,
Milan, Italy), used for O,-O3;-MAHT were assessed
and certified from the Italian National Institute of
Health (ISS, n. QCT-008-18 on May 14" 2018,
mod. 341-01-01 n.112/18). To compute both the
safety pattern of the different approaches for the
patient and the reliability of the technique, using
the bioinformatic high skilled personnel and tech-
nical endowment of the Department of Engine-
ering for Innovation Medicine (DIMI) at the local
University and relying on softwares Python 3.12.0,
NumPy 2.2.3, Matplotlib 3.10.1, we considered:

The linear function for oxygenation benefit B, :

This equation models the increase in oxygenation
benefit as ozone doses increase.

Power law for haemolysis risk (Ry).

which models the power-law relationship where
shear stress (7) and shear exponent (n) determine
the risk of RBCs rupture (haemolysis),

Power law for oxidative stress risk Ry, (then
promoting pro-inflammatory responses):

which models the effect of ozone-induced oxida-
tive stress, increasingly non linearly with ozone
dose.

Safety index (SI):

that is a benefit-to-risk ratio representing the over-
all patient’s safety.

Failure index (F)):
which is the inverse of the SI, showing the likeli-
hood of the treatment failure.

Figure 3 shows that the safety index of the
0O,-O3-MAHT rapidly decreases with ozone in-
creasing doses for plastic bags, whereas this trend
is dampened in glass bottles, a possible explana-

4 N
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FIGURE 3. Patients’ safety index (SI) vs ozone (O3)
doses. Y axis: SI (higher values indicate a safer
therapy). X axis: Os; dose (ug/mL) (increasing levels of
O; exposure). The two lines: green (plastic bags) —
higher SI (safer), red (glass bottles) (dashed line) —
lower SI (high risk). Calculation made on Eq. (9) where
B, is the oxygenation benefit (increases with ozone
dose). Ry = haemolysis risk (damage to red blood cells
due to mechanical shear stress). Ro = oxidative stress
risk (damage caused by reactive oxygen species in
ozone therapy). Data plotted using Python, Matplotlib
(for plotting), NumPy (for numerical calculations) and
Python script (for executing the code).
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FIGURE 4. Relationship between ozone (Os) dose
(ug/mL) and patient safety index (SI), comparing
different storage methods for some substance or
medication. X axis shows the amount of O; exposure
(ug/mL), as ozone dose increases, the SI changes. Y axis
indicates a measurement of safety for patients, with
higher values meaning a safer condition. The red
dashed line (glass bottles — original) represents the
patient SI when stored in glass bottles without strong
mixing, the orange dashed line (glass bottles — strong
mixing) represents the SI with an additional process
(strong mixing), the green solid line (plastic bags)
represents the SI when stored in plastic bags. The
plastic bag storage method consistently results in a
higher SI than glass bottles. Strong mixing improves
safety slightly for glass bottles but remains lower than
plastic bags. As O; dose increases, all Sls rise but at
different rates. Data plotted using Python, Matplotlib
(for plotting), NumPy (for numerical calculations) and
Python script (for executing the code).

/

tion is the glass adsorption of ozone gas, which
reduces both the power of ozonate blood and the
effect of ozone on the patient, placing at the low-
est safety index region of the plot. Figure 4 shows
that at the lowest doses of ozone, usually consi-
dered in the hormetic mechanisms, safety rapidly
increases only if using plastic bags, whereas failure
(Figure 5) in associating ozone with its own thera-
peutic power (therefore, a failure in the clinical
impact of ozone therapy) can be particularly rele-
vant if using glass bottles (Figure 5).

Some comments at the end

Class bottles may have several critical issues, e.g.,
handling bottles plastic plugs might introduce en-
dotoxin contamination to the specimen collection
by carryover cross-contamination. Furthermore,
the inner wall of glass bottles is generally much
more irregular compared to the smooth surface of
plastic bags used for blood collection. Class bot-
tles are manufactured through melding and co-
oling processes, which can introduce microscopic

N /

FIGURE 5. Forecast of ozone (Os) therapy failure as a
function of ozone dose (ug/mL), comparing different
storage methods. X axis shows that the amount of O;
dose administered (ug/mL) ranges from 5 to 40 ug/mL.
Y axis shows the failure index of ozone therapy. Higher
values indicate worse outcomes. Three curves
represent different storage methods: a) red dashed line
(glass bottles — original) indicates therapy failure when
stored in original glass bottles; b) orange dashed line
(glass bottles — strong mixing) represents therapy
failure when stored in glass bottles with strong mixing;
c) green solid line (plastic bags) shows therapy failure
when stored in plastic bags. Plastic bags (green line)
consistently show lower failure rates, meaning they
perform better in ozone therapy. Glass bottles (original
and strong mixing) have higher failure rates. The
failure index for glass bottles decreases slightly at first,
but then starts increasing again as the O; dose
increases. Strong mixing (lasting 10 minutes) (9),
slightly increases failure rates compared to the original
glass bottle storage method. Plastic bags remain the
best choice, showing the lowest failure rate across all
ozone doses. Data plotted using Python, Matplotlib (for
plotting), NumPy (for numerical calculations) and
Python script (for executing the code).

irregularities on the inner surface. These irregu-
larities may not always be visible to the naked eye
but can be significant at a microscopic level. In
contrast, plastic blood collection bags are de-
signed to have ultra-smooth surfaces to minimize
cell adhesion and clotting. Furthermore, the sur-
face of glass can interact with blood components
due to its hydrophilic nature and potential surface
charges, leading to protein adsorption and platelet
activation. Disposable sterile plastic bags often
made from polyvinyl chloride (PVC) or other bio-
medical-grade polymers, are treated to reduce
interactions with blood cells, preventing clotting
and haemolysis. Blood tends to clot more easily
on rough surfaces due to increased activation of
coagulation factors and platelets. The irregularities
in glass may act as nucleation sites for clot forma-
tion. Smooth plastic surfaces significantly reduce
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clotting risks, making them preferable for blood
storage and transfusions (11, 12). The inner wall
of glass bottles is indeed much more irregular than
the smooth surface of plastic blood collection
bags. This makes glass less suitable for blood sto-
rage as it promotes coagulation, while plastic bags
are optimized for biocompatibility and long-term
preservation.

CONCLUSIONS AND FUTURE REMARKS

he findings of this study strongly reaffirm the

critical importance of using certified PVC,
DEHP-free blood collection bags over glass bot-
tles in oxygen-ozone therapy. This issue expands
also the animated debate about how treat hu-
man blood with ozone, if either challenging
ozone directly with peripheral autologous blood
of via ozonated physiological saline or glucose-
endowed solutions, for which the evidence
about their ability in forming bioactive mediators
from ozone has been recently thoroughly dis-
cussed (8, 9, 13). The higher haemolysis rate as-
sociated with glass containers, as demonstrated
through bio-informatic modelling and biochemi-
cal stability assessments, presents a clear risk to
patient safety, due to the release of potentially

inflammatory mediators (7, 14, 15). Increased
red blood cell rupture leads to the release of lac-
tate dehydrogenase and meta-haemoglobin,
both of which contribute to inflammatory re-
sponses, potentially compromising the intended
therapeutic effects of major autohaemotherapy
(10-15).

Moreover, the historical abandonment of glass
bottles in transfusion medicine serves as a com-
pelling precedent. The evidence underscores that
glass storage not only accelerates red blood cell
degradation but also affects the metabolomic pro-
file of stored blood, raising concerns about its
suitability for medical applications (13).

Ultimately, ensuring patient safety and treat-
ment efficacy should take precedence over sub-
jective preferences or debates within the medical
community. The use of standardized, regulated,
and scientifically validated blood collection me-
thods, such as sterile single-use PVC, DEHP-free
bags, remains the best practice for oxygen-ozone
therapy. Further research should continue refining
the methodology, but current evidence suggests
that glass bottles should be unequivocally phased
out to minimize haemolysis-related risks. 1

Conflicts of interest: none declared.
Financial support: none declared.

-
+-

REF ERENCES

1. Monte A. Compliance with technical 7. Bastarache JA, Wynn JL, Ware LB. Adv Healthc Mater 2023;12:e2300039.
device procedures in systemic ozone Fanning the Fire: Can Methemoglobin 12. Sperling C, Maitz MF, Grasso S, et al.
therapy avoids haemolysis. Enhance Neutrophil Activation? A Positively Charged Surface Triggers
Int Immunopharmacol 2025;149:114154. EBioMedicine 2015;2:184-185. Coagulation Activation Through Factor

2. Martinelli M, Maggiorotti M, 8. Martinelli M, Romanello D. Systemic VII Activating Protease (FSAP).
Costanzo CR, Businaro R. Concerns about Ozone Therapy May Improve the ACS Appl Mater Interfaces
haemolysis after oxygen-ozone therapy. Perception of Quality of Life: Ozonized 2017;9:40107-40116.

Int Immunopharmacol 2025;149:114191. Glucose Solution 5% Extends Reach to 13. Ciborowski M, Lipska A, Godzien J,

3. Franzini M, Valdenassi L, Tirelli U, et al. Patients Ineligible for Blood Infusion. et al. Combination of LC-MS- and
Haemolysis is a concerning bias in some Cureus 2024;16:64629. GC-MS-based metabolomics to study the
ozone therapy approaches. 9. Martinelli M, Romanello D. Chemical effect of ozonated autohemotherapy on
Int Immunopharmacol 2024;143:113512. Variations Induced by Ozonization of 5% human blood.

4. Loiselle JM, Hudon F. The presevation of Glucose Solution and Evaluation of ] Proteome Res 2012;11:6231-6241.
human blood in glass and plastic Generated Compounds. 14. Kato GJ, McGowan V, Machado REF, et al.
containers: an in vitro evaluation. Cureus 2024;16:€52946. Lactate dehydrogenase as a biomarker of
Can Anaesth Soc ] 1960;7:60-63. 10. Borrelli E, De Monte A, Bocci V. hemolysis-associated nitric oxide

5. Barreto DM. The early stages of Oxygen-ozone therapy in the integrated resistance, priapism, leg ulceration,
glass-contact haemolysis. treatment of chronic ulcer: a case series pulmonary hypertension, and death in
Acta Haematol 1971;45:50-54. report. patients with sickle cell disease.

6. Sasakawa S, Tokunaga E. Physical and Int | Recent Sci Res 2015;6:4132-4136. Blood 2006;107:2279-2285.
chemical changes of ACD-preserved 11. Liu C, Cui X, Du Y, et al. Unusual Surface 15. Fang Y, Li Z, Yang L, et al. Emerging roles

blood: a comparison of blood in glass
bottles and plastic bags.
Vox Sang 1976,31:199-210.

Coagulation Activation Patterns of
Crystalline and Amorphous Silicate-Based
Biominerals.

-~

+

of lactate in acute and chronic
inflammation.
Cell Commun Signal 2024;22:276.

Mhaedica | AJournal of Clinical Medicine, Volume 20, No. 2, 2025 263



