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INTRODUCTION

1.1. Decompression sickness: Aspects of Pathophysiology

Decompression sickness (DCS) is a systemic pathophysiological process characterized
by a broad spectrum of symptoms, occurring among people exposed to pressure differentials
(e.g., scuba divers, airplane pilots, hyperbaric chamber workers, or astronauts). Symptoms
range from skin rash to severe neurological impairment such as paralysis, and DCS may even
result in death (1). Sudden decrease of ambient pressure, for example, in the case of a diver
ascending too quickly or a rapid drop in cabin pressure in an airplane, leads to increase in size
of extra- and intravascular bubbles when the sum of the dissolved gas tensions (oxygen, carbon
dioxide, nitrogen, helium) and water vapor exceeds the local absolute pressure (1-3). The
evolution of these bubbles in vivo is a subject of research and controversial discussions. It can
be assumed that de novo bubble formation is not relevant because a pressure gradient
(PtissueN2/Pambient pressure) Of several atmospheres would be necessary for this process (4).
Alternatively, hydrophobic spots are a possible starting point with pre-existing micro bubbles
adherent to the endothelium, or phospholipid spots localized on the lumen-vessel wall (5-8).
Thom et al. demonstrated that nitrogen dioxide is a nascent gas nucleation site synthesized in
some microparticles and possibly responsible for initiating postdecompression inflammatory
injuries (9).

Intravascular gas bubbles are coated with proteins which interact with the surroundings
(10). In the further course, arising venous gas emboli are associated with different effects on
blood vessels, including inflammation, clotting and complement activation (11) as central
mechanisms of DCS. However, there are also critics of this pathophysiological theory: Madden
et al. hypothesized that gas bubbles are rather an exacerbating factor in DCS. They postulated
that endothelial dysfunction caused by a temporary loss of homeostasis due to increased total
oxidant status could be the main cause (12).

Sometimes the term decompression illness (DCI) is used to describe the different
manifestations. Beside the described venous gas emboli (VGE), pulmonary barotrauma can be
the triggering factor for arterial gas embolism (AGE). Gas bubbles in the arterial system can
lead to vascular obstruction, endothelial lesions, ischemia, and inflammation. According to a
study by Wang et al.(13), reactive oxygen species (also called oxygen free radicals) and bubbles

generated during diving and/or decompression led to embolic or biochemical stress and DCS.



Obad et al. could demonstrate that long-term antioxidant treatment reduces the endothelial
dysfunction in divers (14). AGE can apparently also result from venous bubbles passing through
a patent foramen ovale or other right to left shunt (15), although, this stands in contrast to the
results of a recent study that found no correlation between patent foramen ovale, the number of
detectable brain white matter lesions on magnetic resonance imaging (“Unidentified Bright
Objects”) and the results of neuro-psychometric tests (16). Figure 1 provides an overview of
the main pathophysiological mechanisms of DCI and its manifestations as DCS and AGE
[modified from (17)].

DCS causes a wide range of symptoms varying from mild complaints (type 1, “the
bends”: musculoskeletal pain) to dangerous consequences including impairment in lung
function (“the chokes”), cardiovascular failure and serious disorders of the central nervous
system associated with lesions in the white matter of the spinal cord (type II) (1,18). In addition
to the direct mechanical effects of expanding bubbles, impaired oxygen transport and
inflammation lead to further indirect cell injury. Of great importance are negative impacts on
the vascular endothelium (19) causing disturbances of platelet aggregation, impairment of
tissue repair mechanisms, dysregulation of vascular tone and homeostasis (20). These impacts
appear to be dependent on the type of vessel since Mazur et al. did not find endothelial
dysfunction in aortas from rats suffering DCS (21).

Since decompression-induced vascular bubbles can be quantitatively determined by
Doppler ultrasound monitoring and visual two-dimensional ultrasound imaging, these
techniques can be used to determine the extent of decompression stress and to improve
decompression safety (22,23). Ljubkovic et al. described the link between detection of VGE by
ultrasound and DCS (24). However, there is no strict correlation between the extent of VGE
and the severity of symptoms (11) or endothelial dysfunction (25). Asymptomatic VGE are a
very frequent phenomenon that can be observed in up to 50% of divers after decompression
from a steady state pressure exposure at an immersion depth of only 3.4 m seawater (2).
Concerning the degree of VGE, inter-personal variability plays an important role (26).
Furthermore, in contrast to VGE, far less is known about bubble formation in fatty tissue,
because detection and quantitative determination in such tissue is much more difficult (27),
also, explaining why there is a paucity in reports on the therapeutic effects on extravascular

bubbles.



Figure 1. Decompression illness: Overview of clinical forms, pathophysiology, symptoms,

treatment.
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1.2. Conventional treatment of DCS

The standard management for DCS patients is the combination of hyperbaric oxygen-
breathing with recompression followed by successive controlled decompression in a hyperbaric
chamber (15). The United States Navy Treatment Table 6 contains a protocol that has proved
most effective for severe cases: Maximal pressure of 284 kPa combined with a 100% oxygen
atmosphere over 4 hours and 45 minutes, then stepwise decompression (28). This therapy leads
to significant nitrogen elimination and improvement of tissue oxygenation enabling reducing
the size and number of gas bubbles (29). The success rate for this decompression therapy varies
from 50 to 98% (30). But there are disadvantages to this procedure. Substantial human and
material resources are necessary. The expensive equipment is frequently not available or only
accessible with difficulties, as, for example, transport of the patients expends valuable time.
Especially in situations, such as a distressed submarine or an airplane accident with many
simultaneously injured persons, the practical feasibility of recompression therapy is limited.
Alternative, additional or bridging treatment methods are required (31).

The principles and issues of pre-hospital management of DCS are addressed in a current

consensus guideline by Mitchell et al.(32).

1.3.  Critical assessment of a rat model for the investigation of DCS

Without a doubt it would be unethical to provoke severe DCS in humans for studying
purposes. Due to the lack of reliable inanimate physiological models only animals can serve as
research objects despite all associated limitations. Several studies have demonstrated a similar
kinetic of DCS between humans and large animals such as sheep, goats, or pigs (33,34), but it
is obvious that experiments with large mammals are extremely expensive and require high
levels of maintenance. Though a rat model is only suitable for the investigation of DCS effects
in humans to a limited degree, it has become established for many reasons.

Rattus norvegicus is a convenient research subject, widely available, relatively
inexpensive, easily handled, and with a range of physiological characteristics that are similar to
those found in humans (35). The majority of rat DCS research has used binary outcomes in the
analysis with the classification as dead or alive (36) or DCS versus no DCS (37,38). In some
studies survival time was considered (39,40). The diagnosis of DCS in rats is often based upon
typical symptoms such as walking difficulties (36-38,41), paralysis (36-38,41), rolling in a
rotating cage (37,38,41), convulsions (37,38,42), and respiratory distress (36,37,41,42). Spinal

4



or neurological signs of DCS are classified in a few studies (43, 44). Butler et al. used a score
to describe the severity of the observed symptoms (45). Many different objective criteria have
been measured to compare the severity of DCS: walking assessment in a rotating cylindrical
cage (37,42,46), bubble grades (44,47), platelet counts (44), nitric oxide (45), inflammatory
mediators (thromboxane B2 and leukotriene E4) (45) and more.

Arieli et al. (46) could demonstrate that the resistance of rats to DCS is dependent on
their weight. Using a hyperbaric protocol with an ambient pressure of 1,110 kPa during 30 min
and a decompression rate of 100 kPa/min those animals weighing up to 200 g showed high
resistance to DCS. Sensitivity increased linearly between a weight of 250 and 350 g with a 50%
DCS death rate. Weight-related sensitivity was explained by increased fat content, enabling the
storage of more inert gas, and by a reduction in the specific metabolic rate and tissue perfusion,
leading to slower gas clearing, in heavy rats.

There are only a few descriptions of the time course of DCS in the rat. Spiess et al. (48)
exposed rats to 689 kPa air for 30 min and in case of lethal outcome death occurred within
minutes of decompression. This is in accordance with the findings of Arieli and Lillo et al.(38,
46), who described nearly all cases of DCS appearing within the first 30 min of observation. In

contrast to humans, rats showed no permanent disability.

Obviously, the effects of simulated chamber diving are in many ways not comparable
to those of field scuba diving. Real diving of humans is associated with various environmental
stresses influencing hemodynamics and cardiovascular function. Diving studies found an
immersion-induced increase in preload, cold-induced increase in afterload, reduction of filling
of the left heart due to ventilation of high-density gas mixtures, hyperoxia and formation of
intravascular nitrogen bubbles. Scuba diving cannot be performed without psychological stress
and exercise is considered as a risk factor for DCS (49). Exercise at depth increases nitrogen
uptake consequently to increased blood flow, whereas moderate exercise during decompression
will increase gas elimination and reduce the number of venous bubbles detected after diving.
Dujic et al. found an increased pressure in the pulmonary artery and endothelial dysfunction in
diving test persons (50). In contrast simulated diving in a dry chamber is not associated with a
change of the PAP. Diving in water produces significantly more gas bubble formation than dry
diving (23).

Literature reveals that almost every research group has its own modified dive profile for
rats. Most groups use a maximal absolute pressure within 600 to 700 kPa for a ,,bottom time*

around 60 min. The maximal absolute pressure varies from 500 kPa to 1600 kPa and the
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,bottom time* ranges between 4 to 90 min. For example, Tang et al. 2020 (51) applied 600 kPa
during 60 min, linear decompression at 200 kPa/min, Zhang et al. 2019 (52) 709 kPa during 60
min, linear decompression at 203 kPa/min, Zhang et al. 2017 (53) 700 kPa during 90 min, linear
decompression 200 kPa/min, Cosnard et al. 2017 (54) 900 kPa during 45 min, linear
decompression at 6000 kPa/min, Bao et al. 2015 (55) 1600 kPa during 4 min, linear
decompression at 30 kPa/min, Sheppard et al. 2015 (56) 700 kPa during 60 min, Randsoe et al.
2015 (57) 506 kPa during 60 min, with decompression stops. In this study, we used the same
protocol as de Maistre et al. 2016 (58). Compression started at a rate of 100 kPa/min to a
pressure of 1000 kPa (90 msw) and then remained constant for 45 minutes. Decompressed
down to 200 kPa was performed at a rate of 100 kPa/min with a 5-minute stop at 200 kPa, a 5-
minute stop at 160 kPa and a 10-minute stop at 130 kPa. Decompression procedure between

200 kPa and surface took place at a rate of 10 kPa/min.

Most protocols are based on linear decompression. The French working group around
Francois Guerrero has chosen the described “French” protocol because they have due to closer
proximity stronger relations with the French team in Toulon allowing easier and faster transfer
of knowledge, and also because the protocol resembles more closely ,real dives® with
decompression stops, whereas linear decompression is never used during recreational diving.

The French working group compared the ,,Norwegian® protocol to the “French”
protocol (59). They observed that the “French” protocol led to a supersaturation of the slower
compartments (i.e., with a longer period) but a lower supersaturation of faster compartments
than the ,,Norwegian* protocol. This resulted in a reduction of DCS by an effect size of —1.1 in

favor of the ,,Norwegian* protocol.

1.4.  Perfluorocarbons: Physiochemical properties

In 1966, Leland C. Clark and Frank Gollan published an experiment of fundamental
importance for the further clinical application of fluorinated hydrocarbons (perfluorocarbons,
PFC). They demonstrated mice equilibrated with 100% O could dive submersed in
fluorobutyltetrahydrofuran (FX- 80). The animals were able to “breathe” the fluid maintaining
respiration for 4 hours. PFCs proved to function as ideal gas transporters with the potential to
store O and to release enough of this respiratory gas to keep mammalians alive (60). The

following physicochemical properties are the basis for these experiments:



The hydrogen atoms of PFCs are substituted either completely by fluorine atoms or
additional other halogens. An important characteristic of PFC is the high carbon-fluorine bond
energy (484 kJ mol-1). This bond is extremely polar, nearly ionic: the probability of the

presence of the electron is on the fluorine side (Figure 2, used by permission (61)).

6* O

Figure 2. Carbon-fluorine-bond.

However, the molecule as a whole is intrinsically symmetrical annuling the polarity of
each C-F bond. As a result, the PFC molecule is nonpolar and insoluble in water. On the other
hand, the extreme polarity of the C—F bonds allows no formation of induced dipoles, a
precondition for van der Waals forces, necessary for lipid solubility. For these reasons, PFCs
belong to the few compounds that are neither hydro- nor lipophile.

What makes PFCs so extraordinary is their extremely high gas-dissolving capacity,
depending on the molecular volume of the dissolving gas. It decreases in the order CO2 >> N>
07 (62). In contrast to the active binding of oxygen to heme, the solubility of respiratory gases
in liquid PFC is directly proportional to their partial pressure according to Henry’s law (63).
The two most used PFCs are perfluoroctylbromide (PFOB) and perfluorodecalin (PFD, Figure
3, used by permission (61)).

F F F
F— LF
F—y) —F

F g F

Figure 3. Structure of Perfluorodecalin.



The solubility of Oz in PFD is 403 mLo2/ Lerp at 1 atm (1 bar, 760 mmHg), compared
to 6,3 mLo2/ Lo and 200 mLo2 / Lyieod. Carbon dioxide can be dissolved in PFD up to 4 times
the amount of O> (62). When making this comparison, it must be considered that 1 L of water
contains 55 mol under standard conditions, but 1 L of PFD contains no more than 4.2 mol.

The molecular ratio of dissolved oxygen in water compared to dissolved oxygen in PFD
is 102 : 200m20, but 502 :1prp. This means a 1000x increased molecular Oz solubility for PFD

compared to water (Figure 4, used by permission (61)).

Perfluorcarbone

Figure 4. Comparison of the Oz capacity of water and PFC at the same pO:.

Because of their chemical and metabolic inertness, PFCs produce no toxic degradation
products (64). There are two more characteristics that make PFCs ideal candidates for DCI
prevention and treatment: their ability to enhance oxygen delivery combined with the
facilitation of nitrogen bubble elimination (65). Nitrogen solubility at 25°C in Oxycyte®, a
third-generation 60% PFC emulsion, reaches 22 ml N2 / 100 ml PFC (66). Yoshitani et al. could
show that size and quantity of nitrogen bubbles were reduced by PFC in a cardiopulmonary
bypass model (67). Another effect of PFC is their ability to act as a surfactant: the adhesion of
bubbles to the endothelium is hampered and thrombin production reduced (10,68).

A basic problem is the creation of PFC preparations that allow intravenous
administration. Important parameters in this context are their retention time in the vascular
system, their organ retention time and emulsifiability. Particularly suitable are, for example,
perfluorodecalin (C10F18), perfluoroctylbromide (CF3(CF2)7Br), and perfluorotert-
butylcyclohexan (C10F20).



1.5. Perfluorocarbons for intravenous use

Intravenous application of unprocessed PFC results in life-threatening intrapulmonary
foam formation (69). Emulsification is necessary because PFCs are neither hydro- nor lipophile
and therefore immiscible with aqueous fluids like blood. Only small amounts of PFC molecules
are tolerated in the blood stream without serious consequences: Emulsion droplets are
phagocytized and attached to lipoproteins, PFC molecules are then transported to the lung,
where they can be exhaled, if they are characterized by high vapor pressure such as
perfluorodecalin (60,64,70). A PFC with exceptional characteristics is dodecafluoropentane
(DDFPe). Its boiling point of 29°C leads to volatilization at biological temperatures. The half-
life of DDFPe in systemic circulation is extremely short and it is nearly completely exhaled by
the lungs (71).

The formulation of a homogenous, sterile emulsion, which is stable at room temperature
and characterized by a droplet size of 0.1 to 0.2 pum, is technically complex. Ostwald ripening,
caused by molecular diffusion, results in enlargement of the droplets. This process can be
counteracted by either adding a small amount of PFC with a higher molecular weight
(unfortunately associated with longer organ retention time) or emulsifiers to reduce surface
tension (72). Highly effective synthetically produced emulsifiers can lead to severe side-effects
(73,74). PFC emulsions of the last generation are based on the combination of different
emulsifiers such as more tolerable but less stabilizing phospholipids (e.g. egg yolk) with PFCs
like perfluorotributylamine (N(CF2CF2CF2CF3)3) or perfluoromethylcyclo-hexylpiperidin
(C12F22N) (73,74). High molecular weight PFCs, as the latter, are characterized by long
persistence in organs resulting in negative decisions from regulatory authorities.

Thus, there is a clear need for the development of non-toxic PFC-formulations which
can be stored easily and administered intravenously. An alternative option to guarantee a stable
formulation without Ostwald ripening and the disadvantage of prolonged elimination time is
the encapsulation of PFC with polymers, for example poly(lactide-co-glycolide) (75,76) or
poly(n-butyl-cyanoacrylate) (77,78). Such nanocapsules with a polymer-based shell can be
used for controlled drug delivery (79-82) and artificial oxygen -carriers (77,78,83).
Compatibility with aqueous medium blood and the exchange of respiratory gases is enabled
through the thin capsule wall (77). However, not every kind of shell material is suitable. Poly(n-
butyl-cyanoacrylate), for example, is associated with insufficient biocompatibility (78).

The intensive search led to a combination of the amphiphilic biopolymer albumin, which is

characterized by lacking toxicity and antigenicity (84), with PFD comprising a PFC particularly
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suitable for medical purposes. The resulting albumin-derived artificial oxygen carriers (A-
AOCs) revealed a higher oxygen transport capacity than Perftoran® with tolerable side-effects

(85). Figure 5 shows a schematic illustration of an albumin-derived perfluorocarbon-based

artificial oxygen carrier with an albumin shell containing the structure of perfluorodecalin

(PFD).

79.3 +/-9.3 nm

Figure 5. Albumin-derived perfluorocarbon-based artificial oxygen carrier.

1.6.  Perfluorocarbon-based preparations in the treatment of DCS
Table 1 provides an overview of at least temporarily commercially available PFC-
preparations, their main reasons for rejection by official authorities, preclinical and clinical

studies (modified from (86)).
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Table 1. PFC-preparations and main reasons for rejection by official authorities.

Product name Company PFC-composition | Emulsifier Mean Storage | Reasons for (pre-) clinical
droplet missing approval | studies
size
Fluosol-DA® Fluosol-DA, 14% perfluoro- Pluronic F-68, frozen  Insufficient (64, 87-89)*,
(FG) Green Cross decalin, 0.12 um stability, (90-92)**
Corp., 6% perfluoro- egg yolk-phospho- long organ
Osaka, Japan; tripropylamine lipids, retention time of
Alpha potassium oleate 65 days
Therapeutic,
Los Angeles, CA,
USA
Oxypherol® / Fluosol-DA, 20% perfluoro- not Extremely long (48, 93-96)*
Fluosol-43T®* /  Green Cross tributylamine known  organ retention
FC 43® (FG) Corp., time, half-life in
Osaka, Japan; the rat about 2.5
Alpha years
Therapeutic,
Los Angeles, CA,
USA
Perftoran® / FluorO2 1% perfluoro- Proxanol 268, 0.03-0.15 pum 3 years Long organ (97, 98)*, (99)**
Vidaphor® (FG)  Therapeutics, decalin, egg yolk-phospho- frozen  retention time of
Boca Raton, 3% perfluoro- lipids (-4 to- 90 days (approval
Florida. methylcyclohexyl- 18°C)  only in Russia,
Ftorosan, OJCS piperidin Ukraine,
SPF Kazakhstan
Perftoran Kyrgyzstan,
Russian, Moscow, Mexico)
Russia
Oxygent” (SG)  AF0144, Alliance  58% perfluor-. egg yolk-phospho- 1-2 Severe side effects (65, 100-102)*
Pharmaceutical octylbromide, lipids 0.16 um  years, such as ileus (103-105)**
Corporation, San 2% perfluoro- 5-10°C  and increased
Diego, CA, USA; decylbromide frequency of
Double Crane strokes
Pharm. Co.,
Beijing, China
Oxycyte® (SG)  Tenax 60% perfluoro- egg yolk-phospho- not Sponsor withdrew (67, 106)*,
Therapeutics, Tertbutylcyclo- lipids 02um  known support (107)**
Inc., Morrisville,  hexan
NC (Synthetic
Blood Int. Inc.)
Oxyfluor® (SG)  HemaGen Inc, St.  78% perfluoro- egg yolk-phospho- 1 year, Phase III clinical (108, 109)*
Louis, MO dichlorooctane lipids, room trials suspended (107)**
safflower oil temp.

FG = First generation PFC, SG=Second generation PFC,
*preclinical studies, **clinical studies, or summary

1.6.1.

Preclinical studies

Lutz et al. and Lynch et al. reported for the first time a life-prolonging effect of PFC in

simulated air dives (89,96). In 1988 Spiess et al. demonstrated that after diving rats treated with

Fluosol-43® in combination with 100% oxygen survived longer and showed less neurologic

deficits compared with a control group treated with 6% hydroxyethyl starch (48). The same
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working group found a significant survival benefit for rabbits in the PFC pre-treated group after
triggering venous gas embolism, indicating gas absorptive properties of this substance (93). It
took until the 90s before experiments using Oxygent® (at that time developed by Alliance
Pharmaceuticals Inc, San Diego, California, presently marketed by Beijing-DoubleCrane
Pharmaceuticals, China) delivered new findings in a swine-model confirming a dramatic
reduction in DCl-lethality. Dromsky et al. examined for the first time the treatment potential of
perflubron emulsion combined with 100% inspired Oz in a large-animal model. Surgical
catheterization of a peripheral vein before the dry chamber dive allowed i.v. application of
Oxygent® immediately after decompression. PFC decreased and delayed the onset of
cardiopulmonary DCI and prevented neurological symptoms (100). A protective effect of PFC
in a dog model of AGE was associated with a lower risk of cerebral strokes and improved
cerebral blood flow (110). Several studies in animal models with VGE and AGE consistently
showed the resorptive capabilities of PFC (67,109,111). In a dog model, an infusion of a
perfluorodecalin-glycerol emulsion was able to enhance the off-gassing of xenon from muscle
tissue (112). Using a Russian preparation (Perftoran®), Eckmann et al. demonstrated a
protective effect of PFC against air bubble damage in cultured endothelial cells (97). Further
studies in rabbits showed that PFC promotes the pulmonary elimination of nitrogen and, thus,
increases the elimination of the bubbles (65).

The second main effect of DCS-therapy was described in sheep-experiments entailing
application of perfluorotertbutylcyclohexan showing an increase in oxygen-delivery to and -
utilization in ischemic tissues (106). For the optimization of DCS therapy, the correct time
frame of PFC application appears important. In a study of Dainer et al. in a swine-model,
preventive administration of PFC at depth before decompression did not lead to better results;
best efficacy was achieved by administering PFC after diving with 100% oxygen breathing
content (102). Mahon et al. tested the efficacy of Oxygent® in combination with oxygen with
an application time lag following the onset of DCS demonstrating that even delayed
administration of PFC is effective in decreasing mortality in a swine model (101).

But not every PFC preparation improves DCS mortality. Sheppard et al. showed in a rat
model with DCS that the use of dodecafluoropentane (DDFPe) is associated with high mortality
and lack of beneficial effects (56). According to Randsoe et al. under normobaric conditions,
the combination of breathing oxygen and PFC leads to accelerated reduction of bubbles and
both therapies complement each other (113). The initial bubble growth caused by increased
oxygen tension is only transient and compensated by the passive transport capacity of PFC.

However, the additional use of a hyperbaric chamber to further boost the positive effect of PFCs
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was of no further benefit. Furthermore, the combination of breathing highly concentrated
oxygen with PFC as a substance with high oxygen capacity appears to be dangerous at depth.
Mahon et al. showed in a swine-model at 507 kPa a significant increase of seizures versus the
control group with saline infusion (114). Further studies are necessary to assess if a combined
PFC-oxygen-therapy at lower pressures can avoid toxic oxygen-effects with higher efficacy
than PFC alone (see 1.6.2. risk of seizures).

Keipert et al. described a febrile reaction up to 1-1.5 °C of 6 to 8-hour duration in rats
after intravenous application of a concentrated emulsion of Oxygent®. Intensity and duration
of the fever attacks showed inverse dependency on particle size. The authors concluded that
emulsion particles < 0.2 pm are associated with a longer half-life persistence in blood, less
activity of macrophages and thus reduced temperature response (115).

Intravenous infusion of nanocapsules with a polymer-based shell, for example
poly(lactide-co-glycolide) or poly(n-butyl-cyanoacrylate) are in general well tolerated by
animals, but side-effects can occur, e.g., transient decrease in mean arterial blood pressure,
impairment of hepatic microcirculation, organ/tissue damage of liver, spleen and small
intestine, elevation of plasma enzyme activities such as lactate dehydrogenase, creatine kinase
and aspartate aminotransferase. Although the organ most affected depends on the shell material
used, accumulation of polymer-based shell nanocapsules can be assumed in the spleen, kidneys
and small intestine (78). The development of more suitable shell materials should combine the
favorable gas exchange properties of PFC-nanocapsules with a low risk of potential long-term

toxicity.

1.6.2. Perfluorocarbon-based preparations in clinical trials

Although the physico-chemical properties of PFC-based preparations appear to make
them ideal candidates for DCI therapy and many preclinical studies apparently confirm this
concept, until today, no broad success in clinical practice has been achieved.

One fundamental and recurrent problem of PFC emulsions is their long organ retention
time which can be associated with an incalculable long-term effect. Further development of
Oxypherol®, a stable emulsion based on a combination of perfluorotributylamin with Pluronic
F-68 was discontinued for this reason (116). Perftoran® is the only PFC preparation with
limited approval by official authorities in Russia, Ukraine, Kazakhstan, Kyrgyzstan, and
Mexico (86). Main indications are acute blood loss, improvement of oxygenation of specific

tissues for example in coronary heart disease, ischemic disorders of extremities and brain, acute
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or chronic anemia and wound healing (99,117). Perftoran® is generally well tolerated; rarely
occurring side-effects are dizziness, kidney pain, hypotension, hyperemia, lung symptoms and
temporary itching (99). Its long organ retention time (90 days) caused by the additive of
perfluoromethylcyclohexylpiperidine (86) a and non-conform production process, resulted in
refused approval of Perftoran® in Europe and USA. Currently, there are efforts to produce
Perftoran® under good clinical practice conditions and thus to gain U.S. Food and Drug
Administration approval under the brand name Vidaphor® (118).

Other problems are instability and cumbersome handling of the PFC emulsions. In the
early 1990s, Fluosol-DA® was officially accepted for improving oxygenation during coronary
angioplasty in USA, Europe, and Japan (63,70,86,119). Mainly because of its instability and
long organ half-life the approval was withdrawn a few years later. The substance is difficult to
handle, it requires storage at -20 degree Celsius and a long defrosting period (64). In 1994, the
production of Fluosol-DA® was suspended (63).

A new generation of PFC-products allowed storage without freezing and 2 to 4 times
higher PFC contents by using natural phospholipids as emulsifiers (86). In phase-II-studies
Oxygent® showed positive effects in patients with cardiac surgery and orthopedic interventions
combined with hemodilution (86, 120). Two phase-Ill-studies in Europe, USA and Canada
reported less transfusions but also severe side-effects such as post-surgical ileus and an
increased frequency of strokes. A post-hoc-analysis could not confirm this association, but the
sponsor stopped the study (105). In 2005, another study with Oxygent® in cardiac surgery
patients investigating brain circulation found increased neurological complications such as
cerebral emboli. However, the detection technique was based on ultrasound Doppler, which
could be a limitation in this setting and responsible for the negative outcome in the Oxygent®-
treated patients (121). Since 2017, Oxygent® is approved in China for clinical studies in
humans, financed by Double Crane Pharm. Co. (Beijing, China) (122,123).

In 2009, another PFC preparation Oxycyte® was tested in a phase-II-study including
patients with severe traumatic brain injury. The study had to be terminated by the sponsor in
2014, due to problems with patient recruitment. The support of the product was withdrawn by
the sponsor (107) and since then no other study with this PFC emulsion has been published.

The extremely high gas-dissolving capacity of PFCs could be associated with an
increased risk of seizures due to toxic oxygen effects, especially if PFCs are combined with
hyperbaric oxygen. In a recent study, Cronin et al. found no increased rate of seizures in swine

treated with PFC followed by recompression with hyperbaric oxygen (124).
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Several study groups have described increasing pulmonary arterial pressure (PAP) after
application of PFC in various species (106,125,126). This effect could be highly relevant,
because severe DCS itself can cause high PAP due to mechanical obstruction by nitrogen
bubbles or indirectly by endothelial effects leading to vasoconstriction (56,127). Mahon et al.
found a prolonged PAP increase in a mixed-sex swine study using the emulsified
perfluorocarbon Oxycyte® (128). An adverse pulmonary reaction has been described after the
application of the PFC preparation Fluoso/® in humans (90). This dangerous effect could be
caused by the retention of lipid particles > 0.35 um in the lung with consecutive activation of
the complement system called complement activation pseudoallergy (CARPA) (56, 129). PFC-
emulsions like Oxycyte® with a particle size up to 0.6 pm (median size 0.2-0.25 um) could
trigger CARPA. It has to be considered that nanocapsules-based PFC preparations like A-
AOCs, characterized by a mean diameter of 0.4 up to 0.7 pm (85), could also lead to an increase

of PAP in association with CARPA.

Figure 6 (used by permission (61)) gives an overview of possible interaction of PFCs
with tissue and blood. In spite of the fact that PFCs are inert, there are relevant interactions,
e.g., with the lipid bilayer of cell and different organelle membranes (A) (130). The deposition
of PFCs inside the Kupffer cells is associated with a foamy appearance (A) (131). CYP450
monooxygenase is inactive due to lack of reduced coenzyme NADPH. Reduced coenzyme
NADH+H" is also decreased. Therefore, oxaloacetate cannot leave mitochondrion and
glucogenesis is not possible. Inactivation of CYP450 monooxygenases reduces the hepatic
detoxification ability. (B) (132-135). Phospholipid-wrapped PFCs and natural lipid vesicles
may fuse and form hybrid vesicles (C) (136,137). PFC droplets are opsonized by complement
factors or antibodies to be recognized and phagocytized by macrophages (D) (138).
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Figure 6. Interaction of PFCs with tissue and blood.

1.7.  Albumin-derived artificial oxygen carriers as a new concept

Originally, albumin-derived artificial oxygen carriers (A-AOCs) were developed as
artificial oxygen carriers based on nanocapsule technology with properties in terms of
biocompatibility and gas exchange comparable to emulsions (85, 139). The synthetic procedure
entails using ultrasound in the presence of albumin. Amphiphilic albumin as shell material
encloses a core of PFD, thus avoiding the requirement of an additional emulsifier. In vitro tests
have shown effective oxygen transport capacity of A-AOCs (85), further supported by the proof
of functionality in the Langendorff-heart-model (139) and also in vivo studies of the rat
regarding toxicity and pharmacokinetics (140). Intravenous application of A-AOCs was well
tolerated in rats with stabile vascular perfusion and without change in systemic parameters.
There was no indication of relevant tissue injury and the half-life of A-AOCs (158 min) was
sufficient (85). An in vivo proof-of-concept-study then demonstrated survival of rats after

progressive exchange of 95% of blood with A-AOCs (140).
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The underlying concept of the study described here is the elimination of nitrogen
bubbles based on the permeability of the nanocapsules’ shell-material and the gas exchange
capacity of PFC. The ability of fluorinated hydrocarbons to increase oxygen delivery to tissues
combined with rapid dissolvement and transport of N> from tissues to the lungs offers the
possibility to prevent the formation of N2 gas emboli. Furthermore, there is some evidence for
stabilization of nitrogen bubbles by nanoparticles based on the Pickering effect (Figure 7)
(141,142). It is assumed that nanocapsules cover the surface of small nitrogen bubbles in the
nascent state and stabilize them in aqueous dispersion. Hereby, they can prevent further
agglomeration and subsequent growth of the bubbles and enable their effective transport in the
blood plasma. In this way, the Pickering effect adds to the beneficial capability of the A-AOCs
to carry nitrogen in the dissolved state and explains the reduced expression of decompression

illness observed also after application of PFC-free oil-filled nanocapsules (143).

water or blood plasma

nilrogen
bubhle

Figure 7. Pickering effect.

Figure 8 demonstrates the ability of PFC containing nanocapsules to capture nitrogen
from bubbles adherent to the endothelial wall and to transport it to the lungs, where it is exhaled.
Oxygen is transported from the lung to putatively hypoxic regions like small vessels and

capillaries.
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2. AIM OF THE STUDY

In a rodent in-vivo model we investigated the effect of a nanocapsules-based PFC
preparation on DCS expression. The aim of the present study was to examine different
parameters (clinical presentation, serological, macroscopic, and histologic alterations) after a
simulated dive with an increase in the surrounding pressure, followed by decompression back
to normal atmosphere according to a defined diving protocol.

We hypothesize that intravenous administration of A-AOCs before decompression will
improve the survival rate and reduce decompression related symptoms in rats compared to a
group of animals receiving nanocapsules containing a neutral oil and a third group treated only
with an albumin injection. An additional control group received A-AOCs without following

hyperbaric exposure.
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3. METHODS

3.1. Materials

Albunorm®, a plasma-like solution containing 5% human serum albumin, 0.75% NacCl,
0.11% sodium-N-acetyltryptophanoate, and 0.07% sodium caprylate was purchased from
Octapharma (Langenfeld, Germany). Perfluorodecalin (PFD) was obtained from Fluorochem
Chemicals (Derbyshire, UK). Miglyol 812® was purchased from Caelo (Hilden, Germany),

Glycerin was purchased from Carl Roth (Karlsruhe, Germany).

3.2.  Synthesis of nanocapsules

The synthesis of nanocapsules was performed as described previously (85) with slight
modifications. The production took place 3-6 days prior to use in the animal experiments. In
detail, 10 ml Albunorm® and 2 ml PFD (for A-AOCs) or 2 ml of neutral oil (Miglyol®) mixed
with glycerin 1:1 (for albumin-derived neutral oil-based nanocapsules, A-O-N) were combined
in a reaction tube with a total capacity of 50 ml. The reaction tube was cooled in an ice bath (-
20°C) while sonicating the mixture. Using a sonotrode with a tip diameter of 14 mm associated
with a UP 400St ultrasonic processor (Hielscher, Teltow, Germany) the mixture was treated
with an energy input of 8100 Ws and an amplitude of 40%. For sonication, the tip of the
sonotrode was placed at the PFD—water interface. After synthesis, capsules were adjusted to 17
vol% (for A-O-N) or 55-64 vol% (for A-AOCs) using microhematocrit glass capillary tubes (d
=1.15 mm, Brand, Wertheim, Germany) and a centrifuge (Universal 320R, Hettich, Tuttlingen,
Germany) with a hematocrit rotor.

To achieve 55-64 vol% (for A-AOCs), capsules were centrifuged in 50 ml reaction tubes
twice for 20 minutes at 1500 rpm respectively 3000 rpm (Biofuge primo R, Heraeus, Hanau,
Germany). After removing the supernatant, the pellets were resuspended to reach the desired
concentration of A-AOCs. Concentration of A-O-N was technically not possible because of the

minimal difference in density.
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3.3.  Determination of size of nanocapsules

To ensure comparable particles for injection in every animal, the radii of A-O-Ns and
A-AOCs were monitored during and beyond the experimental period using dark field
microscopy: Brownian motion of the nanocapsules was tracked online and used for calculation
of particle size as described previously (144) using ANT2013 software. Samples were diluted
with water (1:50) and observed using an Orthoplan microscope (Leitz, Wetzlar, Germany)
equipped with a PL-40 objective and a charge-coupled device (CCD) camera. Measurements
(n=10 per group) were performed 1, 4 and 8 days after synthesis at room temperature with a
film thickness of 3 um. Due to different optical properties, parameters for A-AOC
measurements / A-O-N measurement, respectively, for ARNT-2013 software were set as
follows: brightness threshold 130/140, minimal radius expected 50/50, minimal number of
pixels 30/30, number of images per sequence 100/300.

Mean hydrodynamic radii of A-AOCs and A-O-Ns remained constant around 80 nm
and 200 nm, respectively, throughout the experimental period that was 3-6 days after synthesis.
In detail, radii for A-AOCs were 79.30 nm +/- 9.30 nm (day 1), 80.80 nm +/- 12.96 nm (day 4),
79.50 nm +/- 7.63 nm (day 8) while A-O-Ns were larger with 211.50 nm +/- 36.13 nm (day 1),
203.20 nm +/- 29.83 nm (day 4) and 201.50 nm +/- 17.48 nm (day 8), respectively.

3.4. Animal experiments

All experiments were approved by local French ethical comity (CEFEA, n°74), and
authorized by the French “Ministére de I’Education Nationale, de I’Enseignement Supérieur et
de la Recherche et de I’'Innovation” under the number APAFIS#16520-18082715001698v4.
Sixty male Wistar rats (weight: 318 — 430 g, 11 weeks old on the day of the experiment) were
obtained from Janvier SAS (Le Genest St Isle, France). The rats were housed in the university
vivarium for at least 7 days after arrival, two per cage under controlled temperature (21 + 1°C)
and lighting (12 h of light per day, 8.00-20.00). Animals were fed standard rat chow (K/iba
Nafag, M/R Maintenance, 3.152 kcal/g). Water and food were supplied ad libitum.

The animals were randomly assigned into 4 groups. In each group, 15 rats were
included. Figure 9 shows the time chart of the experimental set-up. At the beginning (time
point 0 min) the tails of the rats were anesthetized with xylocaine (4nesderm® Gé¢, 5%) and
the animals were immediately put under a heat lamp for at least 20 minutes to achieve

increased blood flow of the tail vein. Then they received gaseous anesthesia with isoflurane
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(4.0% in 100% medical O3 at 2.0 I/min) through face masks for 5 minutes before injection of

1 ml of the test substance via the tail vein using a 25 G cannula (time point +25 min) (Figure
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Figure 9. Time chart of the experimental set-up.
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Figure 10. Injection of the test substance via the tail vein.

A total of 12 animals had to be excluded from the study because of failed or incomplete
injection of the test substance in the tail vein (group 1: n=3, group 2: n=3, group 3: n=2, group
4: n=4). Successful injection was verified at the end of the experiment by a white pellet (=

nanocapsules) in the blood sample collected for plasma analysis (Figure 11).

Figure 11. Two glass containers on left show precipitation of nanocapsules.
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3.5. Test groups

Group 1 (A-AOCs-dive, n=12): Experimental group. Rats subjected to a simulated dive

to 90 meters, with preceding injection of A-AOCs (1 ml, dispersed in Albunorm®).
Group 2 (A-O-N-dive, n=12): Experimental group. Rats subjected to a simulated dive

to 90 meters, with preceding injection of Albumin-derived neutral oil-based nanocapsules (A-
O-N) (1 ml, dispersed in Albunorm®).
Group 3 (A-0-0-dive, n=13): Experimental group. Rats subjected to a simulated dive to

90 meters, with preceding injection of only Albunorm® (A-0-0) (1 ml) without nanocapsules.
Group 4 (A-AOCs-surface, n=11): Control group. Non-diving rats with preceding
injection of A-AOCs (1 ml, dispersed in Albunorm®).

3.6.  Hyperbaric protocol

At time point +40 min, the animals of the experimental groups 1-3 were exposed to the
simulated dive, each rat housed in single cages. At that time point, all animals were awake again
and showed normal behavior. Each rat was positioned in a 130L steel hyperbaric chamber in
Francois Guerrero’s laboratory at the University of Brest (Figure 12). Air was used as a
breathing mixture. Compression took place with air at a rate of 100 kPa/min up to 1,000 kPa
absolute pressure (90 meters of sea water, msw) and remained at maximum pressure for 35 min.
Thereafter, decompression was performed at a rate of 100 kPa/min before pausing for three
decompression stops: 5 min at 200 kPa (10 msw), 5 min at 160 kPa (6 msw), and 10 min at 130
kPa (3 msw). Total hyperbaric exposure duration was 82 min. All dive depths were monitored
using a modified personal dive computer (Puk; Mares, Rapallo, Italy). Animals were brought
out of the chamber at time point +122 min. Figure 13 shows the time chart of the simulated

diving profile.
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Figure 12. Opened 130-1 steel decompression chamber.

B Time (min)

200 \ / /_/_/
400 \ /
500 \ /
600 \ /
700 \ /
800 \ /
900 \ /
1000 \ /

1100

Absolute pressure (kPa)

Figure 13. Time chart of the simulated diving profile.
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3.7.  Clinical observation following decompression

Following decompression, the rats of the groups 1-3 were observed for 30 minutes
regarding the appearance of DCS. Animals were scored as having DCS only when displaying
one or more symptoms of respiratory distress, difficulty walking, paralysis, or convulsions
(145). The classification of DCS and the analytical method were decided a priori to the
experiment. To minimize the potential for animal suffering, a pain/distress scale was approved
by the Animal Research Ethics Committee and no rats displayed signs of distress at or above
the level where early euthanasia was required. In this study, the ternary classification of “No
DCS” (no symptoms), mild “DCS” (with at least one symptom excluding death within the
observation period) or severe DCS (“Death” within the observation period) was applied to
maximize statistical power, as described by Buzzacott et al. [29]. Animals which did not present
symptoms of DCS were euthanized at the end of the 30 minutes observation period (time point
+162) for tissue sampling.

The non-diving rats of group 4 were similarly confined but without exposure to pressure
and were observed for 112 minutes before physiological investigation.

Additionally, the survival time of each animal was measured. Survival time was defined
as the time period of surviving after opening the chamber at the end of the hyperbaric procedure.
If the animal was dead when the chamber was opened (time point + 122 minutes) survival time
was defined as 0 minutes. If the animal died during the 30 minutes observation time, the time
period until its death was measured in minutes. If the animal survived for at least 30 minutes
the survival time was defined as 30 minutes or 100 %. Therefore, a mean survival time of 30
minutes for a group means that all animals survived all the observation period. Conversely, if
only one animal died before the end of the observation period, the mean survival time of the

group was different (less) than 30 minutes or <100%.

3.8.  Blood sampling

After diving simulation and subsequent observation, the animals were anesthetized with
Ketamine (Ketamine 100, Virbac, 80 mg/kg) and Xylazine (Rompun 2%, Bayer, 12 mg/kg)
injected via intraperitoneal injection. Intracardiac blood collection was performed immediately
following anesthesia in several 2 ml Eppendorf tubes with 30 pul of 5% EDTA as an
anticoagulant. Blood was centrifuged at 1,400 G and 20°C for 15 min. Collected plasma was
aliquoted and stored at —80°C until further analysis.
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3.9. Determination of plasma parameters

The plasma activity of lactate dehydrogenase (LDH, U/L) as a general marker of cell
injury, creatine kinase (CK, U/L) as a marker for muscle cell injury, aspartate aminotransferase
(ASAT, U/L) and alanine aminotransferase (ALAT, U/L) as markers for hepatocyte injury as
well as the plasma creatinine concentration (creatinine, mg/dL) as a marker of renal function
were determined using a fully automated clinical chemistry analyzer (Vitalab Selectra E, VWR
International, Darmstadt, Germany) and commercially available reagent kits (DiaSys,
Holzheim, Germany) as previously described [27]. In addition, the following parameters were
determined using the same analyzer: Complement 3¢ (mg/dL) as a major plasma protein of the
immune system complement pathways, increased in response to inflammation; urea (mg/dL) as
a marker for kidney function; Immunoglobulin M (IgM, mg/dL), an isotype that binds and
activates complement; D-dimer (pug/mL), reflecting ongoing activation of the hemostatic
system; P-Amylase (U/L) as a marker for pancreatic disorder. Myoglobin (ng/mL) is rapidly
released after muscle damage and can be used as a biomarker in the early phases of injury.
Because myoglobin has a short half-life of 2-3 hours and undergoes rapid renal clearance,
changes in serum concentrations usually occur over a shorter time-course than do changes in
serum levels of CK. Serum lactate levels (mg/dL) in circulation were measured as a quickly

reacting marker for systemic tissue hypoperfusion and circulatory shock.

3.10. Tissue sampling

After completing blood sampling, rats were euthanized via intracardial punction. The
thorax and abdomen were incised, and liver, spleen, intestine, kidneys, heart, and lungs were
assessed macroscopically. Particular attention was given to oedema and gas content in vessels
and intestine. Then organs were resected and weighed (total wet weight). Additionally, parts of
lung and liver were weighed before and after drying to determine the dry/wet ratio. Brain, parts
of lung, liver, kidney, heart, spleen were stored in 4% paraformaldehyde solution until further

processing.
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3.11. Histological evaluation of organs

Paraffin-embedded sections were stained with hematoxylin-eosin and evaluated in a
blinded manner (5 image sections per tissue section). Spleen sections were assessed for integrity
of red and white pulp. Kidney sections were assessed by scanning the renal tubules for vacuoles
and the integrity of cell membranes and epithelium as well as by examining the glomeruli for
swelling or shrinkage. Liver sections were assessed for integrity and vacuolization. All organ
sections were investigated by light microscopy with a 200x magnification.

The severity of histological changes was assessed with modified Suzuki's criteria (146).
In this modification, all histologic parameters were graded from 0 to 3 according to the degree
of severity of the histopathological changes (0=no/minimal, 1=mild, 2=moderate, 3=severe

changes of vacuolization, circulatory disorder, hepatocyte damage and width of sinusoids).

3.12. Statistical analysis

Statistical analysis was performed using MedCalc Statistical Software version 20.014
(MedCalc Software bvba, Ostend, Belgium; 2021).

Sample size calculation was based on a proportion for severe DCS of 64% according to
Lautridou et al. 2017 (147) and personal communication with Prof. F. Guerrero. Setting
significance threshold for a type I error at 0.05, and for a type II error at 0.20, a minimum of 12
animals had to be included into each group.

Results of clinical observation were evaluated with Chi square test, Kruskal-Wallis test,
Mann-Whitney test, and logrank test (5% significance level).

For plasma marker analysis, upon identifying significant differences in the Kruskal-
Wallis test, a Dunn's post hoc test was used to investigate the relevant parameters. For the
nonparametrically distributed results, we ran Kruskal-Wallis and Mann-Whitney tests.
Significance was accepted at p < 0.05. Results are expressed as means with 95% confidence
interval (CI), and medians with 95% CI or interquartile range (IQR); n indicates the number of

rats.
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4. RESULTS

4.1.  Occurrence and severity of DCS

The symptoms after animals’ exposure to hyperbaric environment and following
decompression were categorized according to a trinary classification (DCS-free, mild DCS with
at least one symptom excluding death and severe DCS resulting in death within the observation
period). The animals that died inside the chamber could not be observed before their death. The
registration of typical DCS symptoms was only possible after the opening of the chamber. So
there is no statement concerning symptoms for 8 animals of the A-0-0 group and 3 animals of

the A-O-N group that were found dead in the chamber after decompression.

Table 2: Description of DCS symptom:s.

n no respiratory | difficulty | paralysis* | convulsions* | deathin | death
symptoms | distress* walking* chamber | total
A-AOCs-dive | 12 9 2 1 0 1 0 1
A-O-N-dive 12 7 1 1 1 1 3 4
A-0-0-dive 13 2 1 1 1 0 8 9

*combination of different symptoms for one animal is possible

A-AOCs showed significant efficacy in reducing the symptoms of DCS. The occurrence
and severity of DCS depended on the treatment group (p=0.001). DCS ratio was significantly
lower in the A-AOCs group than in the A-0-0-dive group: nine A-AOCs-animals (75%) showed
no DCS at all compared to 2 (15%) animals of the A-0-0-dive group (p=0.002). The DCS
outcome was not significantly different in the A-O-N-dive group compared to the A-AOCs-
dive group or the A-0-0-dive group. A-AOCs-dive animals were not significant different in
DCS symptoms compared to non-diving controls (A-AOCs-surface), whereas A-O-N-dive
animals differed significantly from A-AOCs-surface animals (p=0.039). A-0-0-dive animals
also showed a significant difference to the A-AOCs-surface group (p<0.001) (Figure 14).
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p=0.283

Figure 14. Occurrence of 3 levels of DCS.
Results of Kruskal-Wallis and Mann-Whitney test. Mild DCS at least one DCS symptom
excluding death; Severe DCS death within the observation period

4.2.  Survival in DCS
Pre-dive treatment with A-AOCs significantly prolonged the survival time of the

animals after decompression (p=0.001). The difference between A-AOCs-dive and A-0-0-dive
was statistically significant (p=0.001), marked with * (Figure 15).

30



n.s,

100 4

75 -

50 A

survival time [%]

25 4

A-AOCs-dive A-O-N-dive A-0-0-dive

Figure 15. Survival time.
Arithmetic means and 95% confidence intervals of the arithmetic means, presented as

proportions of the 30 minutes observation period beginning at the opening of the compression
chamber.

Results of Mann-Whitney test. * Significant difference between A-AOCs-dive and A-0-0-dive

(p=0.001). n.s. No significant difference between A-O-N-dive and A-AOCs-dive (p=0.103),
and A-0-0-dive (p=0.069), respectively.

Survival probability was significantly higher in the A-AOCs-dive compared to A-0-0-
dive animals (p=0.002), but not significantly different in the A-AOCs-dive group compared to
the A-O-N-dive group (p=0.122) and even compared to the non-diving A-AOCs-surface group
(p=0.338). There was a significant reduction of survival in the A-O-N-group compared to the
A-AOCs-surface-group (p=0.039) (Figure 16). The character | indicates the timepoint of
leaving the decompression chamber. Animals in the control group, treated with A-AOCs
without simulated diving (A-AOCs-surface), failed to exhibit any toxic side effects like change
in behavior, respiratory distress, neurological deficits, or central reactions of the cardio-vascular

system during an observation time period of 115 minutes.
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Figure 16. Survival probability.

Results of logrank test. No significant differences between A-AOCs-dive and A-O-N-dive
(p=0.122), A-AOCs-dive and A-AOCs-surface (p=0.338), and A-O-N-dive and A-0-0-dive
(p=0.078).

| indicates the timepoint of opening the compression chamber.

4.3.  Results of autopsy

Autopsy was performed in all animals with special regard to signs of decompression
associated organ damage. A-0-0-dive animals showed a significantly higher occurrence of
foamy blood in the right heart and in the portal and/or mesenteric veins as compared with A-
AOCs-dive animals (17). Foamy blood and/or gas bubbles in tissues were found in 4 of 12
animals (33%) of the A-O-N-dive group, in 9 of 13 animals (69%) of the A-0-0-dive group but

in none of the animals of the A-AOCs-dive group.
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Figure 17. Foamy blood in the portal and mesenteric veins (animal of the control group).

4.4. Histological assessment

4.4.1. Liver

Pre-dive treatment with A-AOCs was associated with significantly less histological
changes in the liver, higher macrophages accumulation and less blood congestion in the spleen
compared to A-0-0 treated animals.

A-AOCs-dive animals showed no significant differences of histological gradings for
vacuolization (Figure 18 A-C), circulatory disorder (Figure 19 A-C), hepatocyte damage
(Figure 20 A,B) and sinusoid congestion (Figure 21 A-C) as compared to non-diving A-
AOCs-surface animals. In contrast A-O-N-dive- and A-0-0-dive- animals showed a
significantly higher grading in all of these parameters than the animals of the A-AOCs-surface
group (p < 0.001). Histological gradings for circulatory disorder (Figure 19 A-C), hepatocyte
damage (Figure 20 A,B) and sinusoid congestion (Figure 21 A-C) were significantly different
between A-AOCs-dive and A-O-N-dive animals, only the histological grade of vacuolisation
(Figure 18 A-C) showed no significant differences between these groups (p = 0.142).
Histological assessment of A-AOCs-dive compared with A-0-0-dive animals revealed
significantly less vacuolization (p<0.001) (Figure 18 A-C), circulatory disorder (p<0.001)
(Figure 19 A-C), hepatocyte damage (p<0.001) (Figure 20), and sinusoid congestion

33



(p<0.001) (Figure 21 A-C). Examples of histological sections demonstrate the degree of
severity of histopathological changes (Figure 18, 19, 21 B, C).
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Figure 18 A. Liver, vacuolisation score.
Results of Kruskal-Wallis and Mann-Whitney test.

Histology of the liver: Figure 18 B,C show histological specimen as an example for

vacuolization grade 0 in an A-AOCs-dive animal (B) and grade 3 in an A-O-N-dive animal (C).
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Figure 18 C. Example for histology of the liver, vacuolisation grade 3.
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Figure 19 A. Liver, circulatory disorder score.
Results of Kruskal-Wallis and Mann-Whitney test.

Histology of the liver: Figure 19 B, C shows histological specimen as an example for
circulatory disorder grade 0 in an A-AOCs-dive animal (B) and grade 3 in an A-O-N-dive

animal (C).
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Figure 19 B. Histology of the liver, circulatory disorder grade 0.

Figure 19 C. Histology of the liver, circulatory disorder grade 3.
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Figure 20. Liver, hepatocyte damage score.
Results of Kruskal-Wallis and Mann-Whitney test.
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Figure 21 A. Liver, sinusoid congestion score.
Results of Kruskal-Wallis and Mann-Whitney test.
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Histology of the liver: Figure 21 B, C shows histological specimen as an example for
sinusoid congestion grade 0 in an A-AOCs-dive animal (B) and grade 3 in an A-O-N-dive

animal (C).

Figure 21 C. Histology of the liver, sinusoid congestion grade 3.
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4.4.2. Kidney

A-AOCs-dive animals showed no significant difference of histological grading in blood
accumulation in the medullo-cortical junction of the kidney compared to non-diving A-AOCs-
surface animals. Histological grading of this parameter was significantly higher in A-0-0-dive
(p=0.002) and A-O-N-dive animals (p=0.009) than in the A-AOCs-surface group. There was a
significantly less pronounced blood accumulation between renal cortex and medulla in A-

AOCs-dive animals compared to A-0-0-dive animals (Figure 22 A-C).
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Figure 22 A. Kidney, blood in the medullo-cortical junction score.
Results of Kruskal-Wallis and Mann-Whitney test.
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Figure 22 C. Histology kidney, accumulation of blood in the medullo-cortical junction
grade 3.
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4.43. Spleen

A-AOCs-dive and A-AOCs-surface animals showed a significant accumulation of
macrophages in the spleen compared to A-0-0-dive (p<<0.001 each) and A-O-N-dive animals (p
<0.001 each). Accumulation of macrophages is significantly associated with application of A-
AOC:s (Figure 23 A). A significantly lower accumulation of blood (p<0.001 each) was verified
in A-AOCs-dive compared with A-O-N- and A-0-0-dive animals. There was no significant
difference in this parameter between the A-AOCs-dive and the A-AOCs-surface group,
whereas A-O-N-dive and A-0-0-dive animals showed significantly higher levels of blood
accumulation compared to the A-AOCs-surface group (p=0.003 each) (Figure 24 A).

Histology specimen show examples of accumulation of macrophages (Figure 23 B, C)

and blood (Figure 24 B, C) in the spleen.
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Figure 23 A. Spleen, accumulation of macrophages score.
Results of Kruskal-Wallis and Mann-Whitney test.
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Figure 23 B. Histology, macrophages in the spleen grade 0.

Figure 23 C. Histology, macrophages in the spleen grade 3.
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Figure 24 A. Spleen, accumulation of blood score.
Results of Kruskal-Wallis and Mann-Whitney test.

Figure 24 B. Histology of the spleen, accumulation of blood grade 0.
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Figure 24 C. Histology of the spleen, accumulation of blood grade 3.

Histological differences were absent between the 4 groups concerning brain, lung, and

heart.

4.5. Plasma parameters

Subgroup analysis by Dunn's posthoc-test revealed significant differences: compared to
non-diving controls (A-AOCs-surface), serum values for lactate (p=0.007), and myoglobin
(p<0.001) showed a significant increase after diving in the A-0-0 group, whereas lactate and
myoglobin levels of the A-AOCs-dive and A-O-N-dive group were not significant different
from the non-diving group. There was also a significant increase of myoglobin after diving in
the A-O-N group (p=0.005) and myoglobin was the only serum parameter that was significantly
lower in A-AOCs-dive compared to A-0-0-dive animals (p=0.003). A-AOCs treated animals
didn’t show any significant different values in all tested plasma parameters compared to the A-
O-N-dive group and the non-diving animals (A-AOCs-surface group) Urea levels were
significantly decreased after diving in the A-O-N (p=0.005) and A-0-0 group (p<0.001)
compared to the A-AOCs surface animals. There was no significant difference between urea

values of the A-AOCs-dive group compared to the non-diving group.
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The comparison of the plasma parameters ALAT, ASAT, C3c, creatinine, D-dimer,

IgM, lactate dehydrogenase and pancreatic amylase failed to offer any significant differences

between the three treatment groups and the control animals.

In summary, the quickly responding parameters lactate and myoglobin showed a

significant increase in the A-0-0-dive animals whereas this reaction was not detectable in A-

AQOCs treated animals.

Table 3 gives an overview of all measured post-experimental plasma parameters.

Table 3. Post-experimental plasma parameters.

Plasma parameters A-AOCs-dive A-O-N-dive A-0-0-dive A-AOCs-surface p-value'
Median (IQR)
ALAT [UN] 96.6 (71.1-112.5) 74.2 (61.7-87.5) 61.9 (59.5-76.0) 89.0 (62.2-142.1)
ASAT [UN] 259.5 (190.2-289.5) 157.6 (122.0-239.7) 212.0 (116.7-406.0) 232.7 (166.4-358.0)
C3c [mg/dl] 25.7(23.8-27.7) 28.7 (26.6-30.6) 25.8(22.8-29.1) 26.6 (24.2-28.5)
CK [UN] 944.8 (664.5-1426.3) 598.5 (329.0-1319.5) 1102.0 (614.1-2043.3) 678.0(309.0-829.0)  p=0.044
Creatinine [mg/dI] 0.3(0.3-0.4) 0.3(0.3-0.4) 0.3(0.2-0.3) 0.3 (0.3-0.4)
D-dimer [pg/ml] 0.1(0.0-0.2) 0.1 (0.0-0.3) 0.1(0.0-0.2) 0.0 (0.0-0.2)
IgM [mg/dl] 6.6 (4.3-8.4) 6.6 (3.5-9.8) 6.5(3.2-7.8) 6.8 (4.6-8.3)
Lactate [mmol/1] 1.8 (1.6-2.8) 1.4(1.2-6.9) 83(3.4-9.9) 1.6 (1.4-1.8) p=0.048
p-value? Ip=0.007 |
LDH [U/]] 1726.6 (909.3-4346.0) ~ 1704.0 (816.5-4802.3)  1626.5(1280.8-2918.3)  1106.0 (993.6-2019.0)
Myoglobin [ng/ml] 9.1(7.2-17.2) 13.7(9.1-24.2) 36.9 (13.9-131.7) 7.9(7.2-9.1) p<0.001
p-value? Ip=0.003 |
Ip='0.005 I
Ip<0.001 I
P-amylase [U/]] 1597.0 (1432.0-1675.5)  1517.5(1206.5-1604.5)  1375.5 (1042.0-1443.3)  1606.0 (1393.0-1681.0)
Urea [mg/dl] 32.2(28.5-35.9) 30.2 (23.9-34.6) 27.8 (24.5-30.3) 42.5(33.6-44.9) p=0.003
p—value2 Ip='0.005 |

L
p<0.001

IOR Interquartile range; 'Results of Kruskal-Wallis test; “Results of Dunn's posthoc-test;
p<0.10 listed; p<0.05 in bold.
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5. DISCUSSION

In a simulated dive experiment in rats, it could be demonstrated that preventive
application of newly developed albumin-derived perfluorocarbon-based artificial oxygen
carriers (A-AOCs) shows a positive effect in reducing the occurrence of DCS symptoms
because it was associated with a significant higher survival rate and longer survival time
compared to the albumin-group (A-0-0) . These findings are consistent with the results of
autopsy and histological examination Animals which received A-AOCs intravenously before
diving had significantly less DCS associated foaming and organ damage. Pretreatment with
albumin-derived neutral oil-based nanocapsules (A-O-N) only led to a slight improvement, and
albumin without nanocapsules (A-0-0) was ineffective. DCS induced organ alterations of
kidneys, liver and spleen in the A-O-N and A-0-0 control groups can be interpreted as the result
of an acute failure of macro- and microcirculation. Functional and pathologic effects of N>
bubbles in the portal vein circulation of rats after rapid decompression were examined by
L’Abbate et al. (148). It is presumed that tissue-blood gas exchange in the intestinal wall leads
to the formation of bubbles moving to the microvascular system of the liver. Bubble associated
embolization results in acute hepatic dysfunction and subsequent liver failure. This DCS
induced gas embolism in the liver appears to persist much longer than pulmonary embolism.
Our study might give an indication that beside the preventive effect on gas induced
embolization in the pulmonary and arterial circulation, A-AOCs could also reduce bubble
induced embolism in the liver and portal vein system.

Our present study included a short follow-up of only 30 minutes. It can be argued that
the greatest occurrence of bubbles is described 40 to 60 minutes after the dive. This statement
is mainly valid, however, for human dives. In rats, it seems that the peak of bubble formation
occurs less than 30 minutes post-decompression after an air simulated dive (600 kPa during 60
min followed by a linear decompression at 200 kPa/min) (149). During precursor studies on
rats with the ,,French® hyperbaric protocol, the working group of Francgois Guerrero also
observed animals up to 2 h post-decompression and found that no signs of DCS appeared later
than 15-20 min after decompression. A longer observation time might be useful if the main
focus of interest is on the recovery from DCS.

A cardiopulmonary bypass model in rats was used by Yoshitani et al. to demonstrate
that PFCs effectively reduce the size and quantity of N2 bubbles (67). This is possible because
under normobaric conditions the N> transport capacity of PFC reaches nearly 50 volume percent

(48). But PFCs not only increase the wash-out and removal of N> (65), they also improve the
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oxygen delivery to hypoxic tissues (31,150). So, if the hypothesis underlying the use of
nanocapsules for the treatment DCS is that they carry more nitrogen and/or oxygen from tissues
to lung during and after decompression, it is very likely that they also carry more gases during
the dive and, as a result, increase tissues saturation. Nevertheless, if this ,,Joading effect* during
dive is more important than the ,,unloading effect during desaturation, PFD nanocapsules
would have increased the DCS ratio. This was not the case in our study. Nevertheless, the lack
of increase of the concentration of lactate after administration of nanocapsules (even those
without PFD) supports the hypothesis of a lower tissue anoxia and, therefore, increased oxygen
transport by nanocapsules.

Beyond the outstanding gas dissolving capacity of PFCs, oils also exhibit increased
dissolution of gases. Accordingly, the neutral oil, Miglyol®, inside the A-O-N allows the
absorption and transport of N2 to some extent, because Nz solubility in Miglyol® is four to five
times higher than in water (151). Hence, A-O-N may have served as a N> carrier with limited
transport capability. This could explain why, in our study, A-O-N also exhibit a protective effect
on the appearance of DCS, although less marked than A-AOCs and non-statistically significant
in regard to A-0-0

Another beneficial function of A-AOCs rests upon their surfactant-like properties. It is
well known that small particles have the tendency to adhere to the surface of gas bubbles,
hereby reducing the surface tension and leading to stabilization of the resulting dispersion. It
can be assumed that nanocapsules such as A-AOCs and A-O-N covering the surface of the N»
bubbles prevent their adhesion to the endothelium, thus, promoting N transport and wash-out.
This so called Pickering stabilization (142) could prevent the damaging interaction between N>
bubbles and the endothelium (comparable to the effect of added emulsifiers in previous
preparations), resulting in a reduced platelet-mediated thrombin production (10, 68). In
addition, a direct mechanical effect is possible as the comparably dense PFC-filled A-AOC and
also, albeit to a much smaller extent, other nanocapsules such as A-O-N are expected to develop
an abrasive effect, which by itself could clean the endothelial tissue from adherent bubbles.

Elevations in plasma parameters such as CK, LDH and hepatic transaminase levels have
been described in different studies as often associated with AGE and following hepatic injury
(152,153). In a study with rats, Freeman et al. (1976) found elevated levels of LDH and CK in
moderate DCS, whereas AST and ALT elevations were observed only in severe DCS (41). This
increase in enzymatic activities was measured one hour after decompression. After 24 hours,
with the exception of AST, all enzyme activities had reverted nearly to control level. Williams

et al. (1988) described an extreme CK elevation in a diver's accident reaching the peak of 5418
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U/L after 3 days (154). Within the constraints of the relatively short observation period of 30
minutes in the present study, exclusively quickly responding plasma parameters such as lactate
and myoglobin increased significantly . In comparison with non-diving controls (A-AOCs-
surface), lactate and myoglobin values showed a significant DCS-induced increase in the A-0-
0 group, but not in the A-AOCs and A-O-N group, respectively. Since tissue hypoperfusion is
the most common cause of lactate elevation, this parameter is associated with the degree of
circulatory failure. Myoglobin elevation is related to rhabdomyolysis, caused by multiple AGE
to the skeletal muscles and liver as in case of severe DCS. The significantly smaller increases
of lactate and myoglobin are in accordance with the histological findings of less severe hepatic
cell damage in A-AOCs-treated animals .

Since a series of animal studies in different species (hamster, rat, and swine) has
demonstrated the potential of intravenously administered PFC preparations (such as Oxygent®
and Fluosol-DA®) as non-recompressive therapeutics of DCS (48, 89, 96, 100, 102), these
positive results are hardly surprising. However, formerly used emulsion-based formulations are
associated with the considerable handicap of increased retention time and increased side-effects
mainly caused by the emulsifier (64, 155). One of the most promising candidates from these
DCS animal studies, Oxygent®, was also tested in several clinical trials, e.g., in cardiac surgery
patients (phase III). Although it had positive effects, it was supposedly associated with severe
neurological adverse reactions and its development was stopped in western countries (105).
Clinical studies on Fluosol-DA® had a similar fate; this perfluorotributylamine preparation
obtained temporarily clinical approval for improving oxygenation during coronary angioplasty
in USA, Europe, and Japan, but was later withdrawn from the market because of its labor-
intensive preparation and severe side-effects (63).

To translate the positive impact of PFCs in DCS treatment to medical practice, novel
PFC formulations are urgently needed. All PFC-based products used so far are based on PFC
emulsions. However, beside emulsification, encapsulation is another possibility to achieve
compatibility of PFCs with the aqueous medium blood. Emulsified PFC preparations,
characterized by a mean diameter of 0.4 up to 0.7 pm (85), could lead to an increase of PAP in
association with CARPA. The smaller size of the encapsulated A-AOCs (around 80 nm) might
be of high importance in order to avoid these adverse reactions (129). A thin capsule wall
provides mechanical and dispersive stability while allowing for efficient exchange of
respiratory gases (77). Previously employed synthetic polymers for encapsulation led to

dangerous immune reactions and therefore proved unsuitable.

49



Our newly designed A-AOCs combine the non-toxic and non-allergic shell material
albumin with a core of perfluorodecalin, a PFC with acceptable organ retention times and less
severe side-effects. A-AOCs already proved their functionality as artificial oxygen carrier under
in vitro and in vivo conditions (139,140). In the present investigation, the animals of the non-
diving control group that received A-AOCs intravenously showed no clinical side-effects
during the 112 minutes observation period. There are concerns about oxygen toxicity as a
possible cause of convulsions during the follow-up after the simulated dive. If this would be
the case, the ratio of rats suffering convulsions after the dive would be the same if the maximal
pressure and the dive duration are kept constant. On the contrary, the longer the decompression
stops last, the lower is the proportion of rats suffering convulsions after the dive. This is an
argument which suggests that convulsions are a sign of DCS affecting the central nervous
system.

Histological evaluation revealed a high accumulation of macrophages in the spleen of
all animals treated with A-AOCs (irrespective of diving) as an expression of the activated
reticuloendothelial system (RES) . It is already known from a previous in vivo evaluation of A-
AOCs-biocompatibility that nanoparticles such as A-AOCs accumulate in this filter organ prior
to elimination by immune cells (85). As in the past, the present study has shown staining in the
spleen for foamy vacuolized macrophages after intravenous infusion of A-AOCs. Earlier
investigations had already indicated that this uptake into RES cells is typically reflected by
transient vacuolization of macrophages after application of different perfluorocarbon-based
emulsions (156). The observed moderate tissue damage of the spleen is associated with the red
pulp macrophages scavenging the capsules. Macrophages show phagocytic activity and
produce inflammatory cytokines. Polarized macrophage activation seems to be a key
component in pathology. Inflammatory cytokines like IFN y or TNF a, pathogen associated
molecular patterns, and damage-associated molecular patterns induce M1-polarized activation,
whereas Th2 cytokines like IL-4 or IL-13, anti-inflammatory molecules like IL-10 or AMP,
and immunocomplexes induce M?2-polarized activation. Epigenetic modifications with
involvement of miRNAs, histone methylation and acetylation play a role as regulators of
phagocyte activation and function (157). The elimination process observed in the spleen could
not be classified as pathophysiological and histological assessment of other organs was normal.
In accordance with our previous findings, macro- and microcirculation appear to not be
significantly affected by A-AOCs. Plasma parameters did not show any changes in comparison

with control animals treated with albumin from earlier biocompatibility studies (85).
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There are several limitations of this study. First of all, the number of animals in each
study group was small, especially in the control group (n=11). According to sample size
calculation at least 12 animals would have been necessary, consequently statistical power is
reduced. Initially 15 rats had been provided for each group, but we had to exclude a total of 12
animals from the study because of failed or incomplete injection of the test substance in the tail
vein. The procedure of this injection was a technical challenge, but successful application was
verified by detection of a white pellet of nanocapsules in the blood sample collected for plasma
analysis . If this white pellet was missing, we concluded insufficient application and the animal
was excluded from the study. In the ongoing extension study we implemented venous catheters
prior to the air dive with a subsequent recovery period of about 2 weeks prior to the simulated
dive. In this way the complete application of the test substance can be ensured. Another
limitation already mentioned is the relatively short observation period. An extended follow-up
would allow more reliable statements about the recovery from DCS. Furthermore, the choice
of the diving profile used for these experiments can be discussed. The literature review reveals
that different working groups are using diving profiles for rats with a maximum absolute
pressure in the range between 500 kPa to 1600 kPa. (51-58). We decided to use the same profile
as de Maistre 2016 (58) based on the long-term experience of Francois Guerrero in the field
of diving experiments with rats. Because of the limited number of animals, we had to choose a
protocol with clear effect and death is a strong endpoint in this study. After the simulated dive
3 out of 4 rats (A-O-N group) and 8 out of 9 rats (A-0-0 group) were found dead in the chamber
without the possibility of clearer description of symptoms or the course of DCS. It can be argued
that death during diving is not typical for DCS, and it is an obvious limitation of this study that
we had no facility to observe the animals during the dive and immediately after the end of
diving. So, the exact time of death is unknown, but autopsy and histological assessment
demonstrated typical signs of severe DCS in these animals. Finally, the histological assessment
must be viewed critically, because a clear evaluation of the severity of histological changes
according to modified Suzuki's criteria (146) was difficult to apply in practice. In some
borderline cases an accurate determination by an experienced pathologist was difficult. Even
considering these limitations and taking into account the consistency of clinical findings, the
results of autopsy, histological and serum examinations, the present study still confirms that A-
AQC:s are effective in preventing DCS and offer a good biocompatibility.

Further research is focusing on the optimization of the A-AOCs shell structure and
composition in order to obtain stable products with high gas permeability and lowest toxicity.

In collaboration with the working group of Francois Guerrero, we started with a therapeutic
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study to verify if the post-dive application of PFC-nanocapsules alleviates the symptoms and
consequences of DCS in rodents. An additional positive effect could be achieved by oxygen
saturation of the A-AOC:s in order to reduce the number and size of static metabolic bubbles as
shown by Imbert et al. (158). In any case, the A-AOCs technology opens up the possibility of
taking full advantage of the therapeutic potential of PFCs in the future.
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6. CONCLUSIONS

Although the therapeutic potential of perfluorocarbons (PFC) in decompression
sickness (DCS) has been known for decades, PFC emulsion-based preparations are not accepted
for human use by regulatory authorities mainly because of relevant side-effects and long organ
retention time. An alternative way to assemble a stable solution without these disadvantages is
the use of PFC nanocapsules with the amphiphilic envelope albumin. Our recently designed
Albumin-derived perfluorocarbon-based nanoparticles (A-AOCs), which have been proven to
be safe and efficient oxygen carriers for in vivo conditions, are used in a rat model as a
preventive measure for DCS. The effects of A-AOCs on the severity of DCS and on the
reduction of tissue damage by intravenous application before exposing rats to decompression
trauma were demonstrated in an established model. Preventive intravenous application of A-
AOCs proved to be well tolerated and effective in reducing the occurrence of DCS. Treated
animals showed a significantly higher survival rate, longer survival time and less symptoms
compared to the group which received serum albumin only. These positive results were

confirmed by analysis of histological examinations and fast reacting plasma parameters.
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7. SUMMARY

Effects of newly designed albumin-derived perfluorocarbon-based nanoparticles in the

therapy of decompression induced gas embolisms in rats

For three decades, studies have attempted to demonstrate the therapeutic efficacy of
perfluorocarbons (PFCs) in reducing the onset of decompression trauma. However, none of
these emulsion-based preparations are accepted for therapeutic use in the western world, mainly
because of severe side-effects and a long organ retention time. A new development to guarantee
a stable dispersion without these disadvantages is the encapsulation of PFCs in nanocapsules
with an albumin shell.

Purpose:

Newly designed albumin-derived perfluorocarbon-based artificial oxygen carriers (A-
AQOCs) are used in a rodent in-vivo model as a preventive therapy for decompression sickness
(DCS).

Methods:

Thirty-seven rats were treated with either A-AOCs (n=12), albumin nanocapsules filled
with neutral oil (A-O-N, n=12) or 5% human serum albumin solution (A-0-0, n=13) before a
simulated dive. Eleven rats, injected with A-AOCs, stayed at normal pressure (A-AOCs-
surface). Clinical, laboratory and histological evaluations were performed.

Results:

The occurrence of DCS depended on the treatment group. A-AOCs significantly
reduced DCS-appearance and mortality. Furthermore, a significant improvement of survival
rate was found (A-AOCs compared with A-0-0). Histological assessment of A-AOCs-dive
compared with A-0-0-dive animals revealed significantly higher accumulation of macrophages,
but less blood congestion in the spleen and significantly less hepatic circulatory disturbance,
vacuolisation, and cell damage. Compared to non-diving controls lactate and myoglobin
showed a significant increase in the A-0-0- but not in the A-AOCs-dive group.

Conclusion:

Intravenous application of A-AOCs was well tolerated and effective in reducing the
occurrence of DCS, animals showed significantly higher survival rates and less symptoms
compared to the albumin group (A-0-0). Analysis of histological results and fast reacting

plasma parameters confirmed the preventive properties of A-AOCs.
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8. SAZETAK

Ucinci novih perfluorokarbonskih nanocestica stvorenih pomoc¢u albumina u lijeCenju

plinskih embolizama uzrokovanih dekompresijom u Stakora.

Istrazivanja kojima se ispituje moguca terapijska ucinkovitost perfluorokarbona (PFC)
u smanjenju dekompresijske traume traju vec vise od tri desetljeca. Unato¢ tome, niti jedan od
PFC emulzijskih pripravaka nije odobren u terapijske svrhe u zapadnom svijetu, uglavnom zbog
ozbiljnih nuspojava i produljenog zadrzavanja u raznim organima. Nova vrsta PFC pripravka,
u obliku nanokapsula s albuminskom ovojnicom, bi mogla omoguciti stabilnu smjesu bez
ovakvih nedostataka.

Svrha:

Ispitati novu vrstu prenositelja kisika (A-AOC), koji su bazirani na PFC tehnologiji i
ukljucuju albuminsku ovojnicu, kao moguéu preventivnu terapiju u Stakorskom in vivo modelu
dekompresijske bolesti (DCS).

Metode:

Trideset sedam Stakora je tretirano jednim od sljedecih pripravaka: A-AOC (n=12),
albuminskim nanokapsulama ispunjenima neutralnim lipidima (A-O-N, n=12) ili 5 % otopinom
albumina ljudskog seruma (A-0-0), a prije simuliranog zarona. Dodatnih jedanaest Stakora je
primilo A-AOC, ali su potom bili izloZeni normalnom tlaku zraka (A-AOC-PovrS$ina). Potom
je ucinjena njihova klinicka, laboratorijska 1 histoloska analiza.

Rezultati:

Pojava dekompresijske bolesti je ovisila o vrsti tretmana. U A-AOC Stakora je
primijeena znacajno smanjena incidencija DCS-a 1 mortaliteta (u usporedbi s A-0-0
Stakorima). HistoloSka procjena A-AOC Stakora, u usporedbi s A-0-0 Stakorima, je pokazala
znacajno vece nakupljanje makrofaga, ali 1 manju kongestiju krvi u slezeni, kao 1 znacajno
manje poremecaje u jetrenoj cirkulaciji, stvaranju vakuola 1 oSte¢enju stanica. U usporedbi s
kontrolnim Zivotinjama (bez zarona), zabiljeZen je znacajan porast laktata i mioglobina u A-0-
0 grupi Zivotinja, ali ne i u A-AOC grupi.

Zakljucak:

Eksperimentalne Zivotinje su pokazale dobru toleranciju na intravensku primjenu A-
AOC, koja se pokazala i u€inkovitom u smanjenju pojavnosti DCS-a, povecanju prezivljenja i

tezini simptoma, u usporedbi s grupom Zivotinja tretiranih albuminom (A-0-0). Analize
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histoloskih rezultata i brzo reagiraju¢ih parametara iz plazme su potvrdile preventivne osobine

A-AOC pripravka.
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