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Until today, artificial oxygen carriers have not been reached satisfactory quality for routine clinical treat-
ments. To bridge this gap, we designed albumin-derived perfluorocarbon-based nanoparticles as novel
artificial oxygen carriers and evaluated their physico-chemical and pharmacological performance.
Our albumin-derived perfluorocarbon-based nanoparticles (capsules), composed of an albumin shell

and a perfluorodecalin core, were synthesized using ultrasonics. Their subsequent analysis by physico-
chemical methods such as scanning electron-, laser scanning- and dark field microscopy as well as
dynamic light scattering revealed spherically-shaped, nano-sized particles, that were colloidally stable
when dispersed in 5% human serum albumin solution. Furthermore, they provided a remarkable maxi-
mum oxygen capacity, determined with a respirometer, reflecting a higher oxygen transport capacity
than the competitor Perftoran�. Intravenous administration to healthy rats was well tolerated.
Undesirable effects on either mean arterial blood pressure, hepatic microcirculation (determined by
in vivo microscopy) or any deposit of capsules in organs, except the spleen, were not observed. Some
minor, dose-dependent effects on tissue damage (release of cellular enzymes, alterations of spleen’s
micro-architecture) were detected.
As our promising albumin-derived perfluorocarbon-based nanoparticles fulfilled decisive physico-

chemical demands of an artificial oxygen carrier while lacking severe side-effects after in vivo adminis-
tration they should be advanced to functionally focused in vivo testing conditions.

� 2017 Elsevier B.V. All rights reserved.
1. Introduction

Allogenic erythrocyte transfusions represent a life-securing
intervention in modern medicine. However, the availability of ery-
throcyte concentrates (ECs) is limited and they are discussed crit-
ically because of potential infection risks and immunomodulation
phenomena [1–3]. The implementation of restrictive transfusion
triggers [1] as well as of more global measures called ‘‘patient
blood management” [2] are still not sufficient to resolve the short-
age of ECs, caused by the demographic change and the co-
occurring declining willingness for blood donation of the popula-
tion [4–6]. However, efficient supply of molecular oxygen (O2) to
the tissue with a simultaneous removal of carbon dioxide from
the organism, is impaired not only in anemic or hemorrhagic
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patients [1,7,8] but also at blood shortage scenarios [9]. In such sit-
uations, artificial oxygen carriers dispersed in plasma-like media
would be an urgently awaited alternative to ECs. Most importantly,
ECs change their physico-chemical qualities during storage while
until today the consequences of those changes on patients as well
as the optimal parameters of storage of ECs are still not defined
unanimously [5,10]. Although artificial oxygen carriers are avail-
able in a couple of countries such as Russia, Ukraine, Mexico, Kyr-
gyzstan and Kazakhstan (Perftoran�, perfluorocarbon-based)
[11,12] as well as South Africa and Russia (Hemopure�,
hemoglobin-based) [13], authorities in Europe, Japan or USA still
reject those drugs because of unbalanced risk-benefit analysis
[13]. However, the use of perfluorocarbon-based artificial oxygen
carriers is particularly attractive as perfluorocarbons (elsewise
than hemoglobin-based drugs) may be used not only to bridge
blood loss but also for therapy of decompression sickness [14,15]
and smoke poisonings [16,17] as they remain functional even in
the presence of flue gases, e.g. carbon monoxide. For intravenous
use, perfluorocarbons must be processed to become compatible
with the aqueous medium blood [18]. This is achieved either by
emulsification or encapsulation [11,19–23]. However, both alter-
natives go along with various undesirable side-effects that have
been attributed to biological incompatibility of the emulsifiers or
to immune reactions against the synthetic polymers that have
been used for encapsulation [19,22,24–27]. In contrast, the
biopolymer albumin qualifies in particular for medical research
purposes due to the absence of toxicity and antigenicity [28].
Because of the amphiphilic character of albumin, there is no need
to introduce any additional emulsifier [29]. Albumin also appears
in the context of artificial oxygen carriers; in fact in both classes:
hemoglobin-based [30–32] and perfluorocarbon-based artificial
oxygen carriers [33]. However, the perfluorocarbons used in the
past led to severe side-effects [34] and exhibited excessively long
organ retention (not tolerated by regulatory authorities) [11].
Meanwhile it is known, that other perfluorocarbons, e.g. perfluo-
rodecalin (PFD) or perfluorooctyl bromide, show acceptable organ
retention times and less severe side-effects [35,36]. This is why
we combined for the first time the medical appropriate perfluoro-
carbon PFD with the most promising synthesis procedure (ultra-
sonics in the presence of albumin) resulting in albumin-derived
perfluorocarbon-based artificial oxygen carriers (capsules). The
present study was to conduct an in vitro characterization and first
in vivo evaluation of the novel capsules to prove their feasibility for
intravenous administration. Therefore, their physico-chemical
properties including the absolute oxygen capacity as well as effects
on blood viscosity were studied in vitro. Furthermore, effects of the
capsules on acid base status, tissue damage, mean arterial blood
pressure, hepatic microcirculation as well as their organ distribu-
tion were studied in vivo.
2. Materials and methods

2.1. Materials

5% human serum albumin solution (5% HSA, containing 5%
human serum albumin, 0.75% NaCl, 0.11% sodium-N-
acetyltryptophanoate, 0.07% sodiumcaprylate) was purchased
from Baxter (Unterschleissheim, Germany). Perfluorodecalin
(PFD) was from Fluorochem Chemicals (Derbyshire, UK), CASO
Bouillon from Carl Roth (Karlsruhe, Germany), 1.5% agar from
Merck (Darmstadt, Germany) and limulus amebocyte lysate
reagent water from Lonza (Walkersville, MD, USA). NaCl (0.9%)
was obtained from B. Braun (Melsungen, Germany). All other
chemicals were purchased from Sigma Aldrich (Steinheim,
Germany).
2.2. Synthesis of capsules

The synthesis of capsules was based on a method of Sloviter
et al. [33]. In detail, 5 ml of 5% HSA and 1 ml PFD were combined
in a reaction tube with a total capacity of 15 ml. The reaction tube
was cooled in an ice bath and the mixture was sonicated for 90 s
using a sonotrode with a tip diameter of 3 mm associated with a
UP 400S ultrasonic processor (Hielscher, Teltow, Germany). For
sonication the tip of the sonotrode was placed at the PFD–water
interface. At a power of 400 W, ultrasonic amplitudes with
210 mm and a frequency of 24 kHz were generated. After synthesis,
capsules were adjusted to 32 vol% or 64 vol% using micro-
hematocrit glass capillary tubes (d = 1.15 mm, Brand, Wertheim,
Germany) and a centrifuge (Universal 320R, Hettich, Tuttlingen,
Germany) with a hematocrit rotor.

2.3. Scanning electron microscopy (SEM)

For SEM measurements, lager capsules (0.8 mm diameter) were
synthesized, washed with and stored in purified H2O (purified with
a Milli-Q� Integral System from Merck Millipore).

For routine SEM, capsules, suspended in an aqueous solution,
were fixed with 2.5% glutaraldehyde in purified H2O for 30 min.
After centrifugation, the specimens were dropped on poly-lysine
covered glass slips, routinely dehydrated in a graded series of etha-
nol followed by critical point drying (CPD 7501, Polaron) and sput-
tered with platinum/palladium (208HR, Cressington). Capsules
were analyzed in a Hitachi S-4000 SEM and images were obtained
with a DISS5 (Point Electronics) analysis system.

2.4. Laser scanning microscopy (LSM)

For LSM procedure, capsules were synthesized using a combina-
tion of 90% HSA and 10% fluorescein isothiocyanate-labeled (FITC)
HSA. Therefore, human albumin derived from rice was labeled with
FITC and purified according to the method of Brookes and Kaufman
[37]. To obtain larger capsules for better visualization the power of
the sonotrode and the sonification time were reduced to 160 W
and 30 s, respectively. A laser-scanning microscope (LSM 510,
Zeiss, Oberkochen, Germany) equipped with an argon laser was
used to study the capsules. The objective lens was a 100� NA
1.30 oil Fluar. Image processing and evaluation were performed
using the software of the LSM 510 imaging system.

2.5. Flow cytometric analysis

The total number of capsules/ml equivalent to a 32 vol% capsule-
dispersion was determined with flow cytometric analysis using
FITC-labeled capsules. To that purpose, human albumin derived
from rice was labeled with FITC and purified according to the
method of Brookes and Kaufman [37]. FITC-HSA-spectrum was
checked afterwards on a fluorometer (RF-1501, Shimadzu, Duis-
burg, Germany) before a mixture of HSA and FITC-HSA (9:1) was
used for standard capsule synthesis (see above). Six different
batches of FITC-labeled capsules (32 vol%) were produced, trans-
ferred into purified H2O and measured in repeated determination.
Flow cytometric data was acquired on a Navios cytometer (Beck-
man Coulter, Krefeld, Germany). Labeled capsules were detected
in FL1 channel, each FITC-labeled event was considered as capsule.
Proper controls were used for standardization. For quantitation
and standardization purposes, Accu check counting beads were
used (Invitrogen, Life Technologies, Darmstadt, Germany). Fifty ml
of capsules (diluted 1:10 with purified H2O) were mixed with
400 ml purified H2O and 100 ml Accu check counting beads. Data
was analyzed by using Kaluza Version 1.2 (Beckman Coulter).
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2.6. Determination of the zeta potential, the polydispersity index and
the capsule diameter

For the determination of the zeta potential, the capsule diame-
ter and the polydispersity index (PI), six different batches of cap-
sules were synthesized and washed, afterwards, with different
media (0.9% NaCl, 5% HSA or purified H2O) and then stored in the
respective media at 4 �C until measurement (in duplicate) on day
1, 3 and 7 after synthesis. The size distribution and zeta potential
measurements were performed with a Zetasizer ZS (Malvern
Instruments, Zetasizer software Version 7.11.) in intensity mode,
with a 173� angle (non-invasive backscattering) in a clear dispos-
able zeta cell (Malvern DTS1070) at 25 �C. For the measurement,
50 ml of the capsules were diluted in 950 ml of the respective stor-
age media. The refractive index (RI) of the capsule wall material
albumin was 1.89 with an absorption of 0.01. The parameters (RI
and viscosity (Vis)) of the different media (outer phases) were as
follows: purified H2O RI = 1.33, Vis 0.89 mPa s; 0.9% NaCl
RI = 1.346, Vis 0.89 mPa s; 5% HSA RI = 1.345, Vis 1.25 mPa s.
2.7. Dark field microscopy

One day after synthesis, the colloidal stability of the capsules
dispersed in different media (0.9% NaCl, 5% HSA, purified H2O)
was visualized by a dark-field microscope (Leitz Orthoplan with
a 40� magnitude) and recorded with a CCD-camera (FireWire-
Cam-011H, Phytec) [38].
2.8. Microbial long-term stability

Microbial long-term stability of capsules was assessed accord-
ing to the European Pharmacopoeia in consideration of the guide-
lines for the testing for sterility of parenteral drugs [39]. Therefore,
samples of capsule-dispersions were plated on agar plates contain-
ing CASO bouillon and 1.5% agar. Limulus amebocyte lysate reagent
water served as negative control. Both, Limulus amebocyte lysate
reagent water and capsule-dispersion were stored at 4 �C during
the experimental period of 4 weeks. As a positive control intestine
eluate extracted from rat intestine was used. The plating was per-
formed under aseptic conditions (except for positive control) twice
a week over a period of 4 weeks starting at the day of capsules syn-
thesis. Plates were incubated for 72 h at 37 �C before they were
evaluated macroscopically with regard to an up growth of micro-
bial colonies.
2.9. Influence on hemorheology

The measurements of the dynamic blood viscosities were car-
ried out by a rotational viscometer ‘‘Low Shear 40” from proRheo
and a DIN 412 Coutte measurement system. To check effects of
capsules and dispersion media on hemorheology, capsules in dif-
ferent media (washed and stored in 0.9% NaCl or washed and
stored in 5% HSA) were diluted with human blood in a therapeuti-
cally relevant concentration (1:7.2). Human blood of six healthy
controls was used after obtaining informed consent (IRB number
13-5500-BO). The data for the NaCl graph was recorded with
0.9% NaCl diluted with blood (1.7.2); the 5% HSA graph with 5%
HSA in blood (1:7.2). Six fold measurements were done for all sam-
ples except for pure blood (each of the six samples was measured
only one fold) at shear rates from 1 to 100 rad s�1 and 37 �C. Before
each measurement, the sample was equilibrated for 1 min to
obtain the desired temperature.
2.10. Oxygen capacity of capsules

To determine the therapeutically relevant oxygen capacities of
the capsules, oxygen content of capsule-dispersions was discov-
ered using a respirometer (Oxygraph-2k, oroboros instruments,
Innsbruck, Austria). Measurement error correction was performed
prior to each test series. Therefore, measuring chambers of the oxy-
graph were filled with a total amount of 2 ml water and tempered
to 37 �C. Water was stirred and incubated at atmospheric pressure
until constant oxygen content was reached. Based on this maxi-
mum value in oxygen content and on the theoretical oxygen capac-
ity of water under the given terms (209 nmol/ml), the correction
factor F(O2) was calculated as followed:

FðO2Þ ½mmol=ml� ¼ max: O2contentH2OðsetÞ
max: O2contentH2OðactualÞ

Measuring chambers were filled with phosphate buffer
(50 mM) and hermetically sealed. Oxygen resolved in buffer was
removed by adding 96 ml yeast (83 mg/ml in phosphate buffer)
and 50 ml glucose (1 M in phosphate buffer). Subsequently, 60 ml
potassium cyanide (100 mM in phosphate buffer) were added to
prevent aerobic metabolism of the yeast in the processing
experiment.

To ensure oxygen charging of the capsule-dispersions, a reac-
tion vessel was sealed using a septum and flushed with pure oxy-
gen for a minute to maintain an absolute oxygen atmosphere.
Subsequently, 2 ml of capsule-dispersion or 5% HSA were injected
into the reaction vessel and incubated at 37 �C in pure oxygen
atmosphere while stirring. By subtracting the water vapour pres-
sure (�47 mmHg) from the pure oxygen partial pressure (pO2)
(�760 mmHg) an existing pO2 of 713 mmHg could be calculated
for the reaction tube. After oxygen loading, 50 ml of capsule-
dispersion or 5% HSA were applied to the oxygen-free measuring
chambers of the Oxygraph 2-k under exclusion of air. The maxi-
mum amount of oxygen off-loading was read off and the maximum
oxygen capacity of capsules and control group was calculated by
taking the correction factor into consideration. Oxygen capacity
was given in ml/dl. As the determined oxygen capacities displayed
the overall amount of capsules and medium, the oxygen capacities
of the capsules was calculated under consideration of the volume
distribution with x = volume percentage of media in capsule
dispersion.

O2fractionmedium ½ml=dl� ¼ O2capacitymedium � X
100

O2contentcapsules ½ml=dl� ¼ O2capacitycapsule dispersion

� O2contentmedium
2.11. Animals

A total number of 43 male Wistar rats (Rattus norvegicus, 400–
450 g) were obtained from the central animal unit of the University
Hospital Essen. Animals were kept under standardized tempera-
ture conditions (22 ± 1 �C), humidity (55 ± 5%) and 12/12-h light/-
dark cycles with free access to food (ssniff-Spezialdiaeten, Soest,
Germany) and water. All animals received humane care according
to the standards of Annex III of the directive 2010/63/EU of the
European Parliament and of the Council of 22 September 2010
on the protection of animals used for scientific purposes [40].
The experimental protocol was approved by the North Rhine-
Westfalia state office for Nature, Environment and Consumer Pro-
tection (Landesamt fuer Natur, Umwelt und Verbraucherschutz
Nordrhein-Westfalen), Germany, based on the local animal protec-
tion act.
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2.12. Anesthesia, analgesia, and surgical procedure

Rats were anesthetized with isoflurane (2.0% in 100% medical
O2 at 4.0 l/min for induction, 1.5–2.0% isoflurane in 100% medical
O2 at 1.0 l/min throughout the experiment) through face masks
connected to a vaporizer (Isofluran Vet. Med. Vapour; Draeger,
Luebeck, Germany). For analgesia they received ketamine subcuta-
neously (50 mg/kg body weight) into the right chest wall. After
local lidocaine administration (5 mg/kg body weight subcuta-
neously), a median skin-deep inguinal incision of about 2 cm was
made along the right groin and a Portex catheter (0.58 mm ID,
0.96 mm OD) was placed within the right femoral artery and the
right femoral vein. Each catheter was fixed with a surgical suture.
At the end of experiment, animals were sacrificed by resection of
the heart, liver, spleen, lung, kidney, brain, musculus gastrocnemius
and small intestine under deep isoflurane anesthesia.

2.13. Biomonitoring

Systolic blood pressure, diastolic blood pressure and mean arte-
rial pressure (MAP) were recorded continuously via the femoral
artery catheter. The catheter was connected to a pressure trans-
ducer and blood pressure was displayed on a monitor. Heart rates
were determined from systolic blood pressure spikes and breath-
ing rates were calculated by counting the ventilation movements
per minute every 10 min. The body core temperature of the rats
was continuously monitored using a rectal sensor. A cooling below
37 �C was prevented by an underlying thermostat-controlled oper-
ating table as well as by covering the animals with wrapping film.
With a special device (oxygen to see (O2C), Lea medical engineer-
ing, Giessen, Germany) local oxygen supply (sO2), blood flow, as
well as blood flow velocity of the musculus gastrocnemius were
measured pre- and post-infusion as well as 60 and 120 min post
infusion.

2.14. Assessment of blood and plasma parameters

Blood samples (0.5 ml) for blood gas analysis as well as for the
monitoring of enzyme activities in plasma were taken from the
femoral artery catheter directly after catheterization of A. femoralis,
30 min before initiation of infusion and subsequently 30, 60, 90,
120, 150 and 180 min after start of the infusion using a 2 ml syr-
inge containing 80 IU electrolyte-balanced heparin (Pico50,
Radiometer Medical, Brønshøj, Denmark). For each blood sampling,
animals were substituted with a 0.5 ml bolus of 0.9% NaCl solution
via the femoral artery (with the additional effect to keep the cathe-
ter functional). In order to obtain plasma, blood was centrifuged at
4500g for 10 min at room temperature. The gained plasma was
used straightaway for the determination of the activity of released
enzymes.

2.14.1. Blood gas analysis
Arterial blood pH, oxygen and carbon dioxide partial pressures

(pO2, pCO2), base excess (BE), bicarbonate and lactate were
assessed with a blood gas analyzer (ABL 715, Radiometer, Copen-
hagen, Denmark).

2.14.2. Enzyme activities
The plasma activity of lactate dehydrogenase (LDH) as a general

marker of cell injury, creatine kinase (CK) as a marker for muscle
cell injury, aspartate aminotransferase (ASAT) and alanine amino-
transferase (ALAT) as markers for hepatocyte injury as well as
the plasma creatinine concentration as a marker of renal function
were determined using a fully automated clinical chemistry ana-
lyzer (Vitalab Selectra E, VWR International, Darmstadt, Germany)
using commercially available reagent kits (DiaSys, Holzheim,
Germany).
2.15. Assessment of microcirculation and physiological functions

2.15.1. In vivo microscopy
In vivo fluorescence microscopy analysis (IVM) of the left lateral

liver lobe was performed as described previously [22]. A study
group receiving 32 vol% capsules (20 ml/kg body weight � h) was
compared to a group receiving 5% HSA (20 ml/kg body weight � h).
To exclude any effects of albumin, a second control group received
0.9% NaCl (20 ml/kg body weight � h). Each group consisted of 6
animals. The following parameters were determined in five ran-
domly selected acinar areas and post sinusoidal venules:

1. Vessel diameters of sinusoids and post sinusoidal venules were
defined by image analysis software (Kappa ImageBase
2.8.2.11051, Kappa Optronics GmbH, Gleichen, Germany).

2. The number of perfused sinusoidal vessels (the ratio of perfused
sinusoids to all sinusoids visible in a defined acinar area) (%)
was determined by analyzing full video sequences by an exam-
iner blinded to the experimental groups.

2.15.2. Frozen section procedure
In order to evaluate the in vivo distribution of the capsules,

cryosections of liver, spleen, lung, kidney, brain, heart, M. Gastroc-
nemius and small intestine were prepared 40 min after administra-
tion of 32 vol% FITC-labeled capsules (20 ml/kg body weight � h,
see Section 2.4 for preparation) as described previously [22]. The
study group consisted of 3 animals.
2.16. Determination of the circulatory in vivo half-life of the capsules

After administration of 32 vol% capsules (20 ml/
kg body weight � h) blood samples were taken from the femoral
artery directly at the end of infusion and subsequently 60, 120
and 180 min after the end of infusion. Samples were stored at
�80 �C until further analysis by 19F-nuclear magnetic resonance
spectroscopy (19F-NMR) and the total amount of PFD within the
samples was calculated as described previously [22]. The study
group consisted of 3 animals. We assumed a virtual IV bolus model
and assumed the intravascular capsule concentration at the time
point t30min = tmax to be cmax.
2.17. Histological evaluation of spleen, liver and kidney

For histological examinations spleen, kidney and liver were
resected as described previously [22]. 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 integ-
rity 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 investi-
gated by light microscopy with a magnification of �200.

Spleen macrophages were stained as described previously using
a primary antibody against the antigen ED:1 (diluted 1:1000 in
PBST, BIOLOGO, Kronshagen, Germany) [41]. The relative area (%)
of stained macrophages in each spleen was quantified (magnifica-
tion of �400, 5 image sections per spleen) using light microscopy
and ImageJ2 version 1.5.1; the results were presented in a bar
chart. For an overview of the spleen, images with a magnification
of �100 of representative spleen sections with an insert of an
image with a magnification on �400 were displayed.
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2.18. Statistical analysis

Data are expressed as mean values ± SD for in vitro experiments
and ±SEM for in vivo experiments. Comparisons among multiple
groups were performed using two-way analysis of variance
(ANOVA) for repeated measurements followed by Dunnett post
hoc analysis (Figs. 3, 5–7 and S2) or a one-way ANOVA followed
by Dunnett post hoc analysis (Fig. 4). A p-value <0.05 was consid-
ered to indicate significance. Two-way ANOVA of LDH activity in
plasma (Fig. 6D) was done with n = 5 for 64 vol% capsules and
n = 6 for 5% HSA and 32 vol% capsules, respectively. For statistical
analysis of the circulatory in vivo half-life (Fig. 9) we performed
an exponential one-phase decay least squares ordinary fit based
on the following equation:

Y ¼ ðY0� plateauÞ � expð�K � XÞ þ plateau

The half-life was calculated with ln(2)/K. For every statistical
analysis, graph pad prism 6.05 (Graph Pad Software Inc., La Jolla,
CA, USA) was used.
Fig. 1. Capsules’ shape. The capsules’ shape was recorded with (A) SEM, magnifi-
cation 15,000� and (B) LSM magnification 8000�.
3. Results and discussion

3.1. Selection of the appropriate preparation method

There exist several methods for the preparation of albumin par-
ticles, e.g. thermal or chemical stabilization [28]. For synthesizing
albumin nanoparticles by thermal stabilization temperatures of
175–180 �C must be applied [28]. As perfluorodecalin displays a
boiling point of 142 �C, this technique is not feasible for
perfluorodecalin-filled particles. Additionally, all albumin mole-
cules present in the formulation would be cross-linked; not only
those forming the perfluorodecalin-filled capsules but also those
dissolved in the surrounding medium. Therefore, using this
method capsules cannot be produced directly in the favored dis-
persion medium but only in protein-free solution and must be
transferred afterwards into plasma-like dispersion media (contain-
ing free albumin molecules). This requires either subsequent cen-
trifugation steps (maybe triggering capsule agglomeration) or
subsequent enrichment with albumin; both undesired additional
production steps. In contrast to thermal stabilization, chemical sta-
bilization can be performed at room temperature but always
involves harmful chemicals such as glutaraldehyde being responsi-
ble for side effects during in vivo use. Furthermore, chemical stabi-
lization entails the same problems concerning dissolved free
albumin molecules as thermal stabilization does. Because it is
known that ultrasound irradiation at the interface of an aqueous
protein solution and a nonpolar liquid results in proteinaceous
microspheres at high concentrations with a narrow size distribu-
tion [42], we applied this method utilizing aqueous albumin solu-
tion in combination with the nonpolar liquid perfluorodecalin.
Thereby, only albumin molecules located at the albumin/perfluo-
rodecalin interface (thus albumin molecules forming the capsule
shell) should be cross-linked [28,42]. The three-dimensional struc-
ture of the capsules was verified by SEM and LSM measurements,
respectively. Capsules showed a spherical hollow shape (Fig. 1).
Furthermore, as expected, the used preparation method resulted
in a dispersion of discretely distributed perfluorodecalin-filled
albumin-based capsules (Fig. 1). The 32 vol% of the capsule-
dispersion was equivalent to about 8 � 107 capsules/ml as deter-
mined by fluorescence-activated cell sorting analysis. Notably this
preparation technique (ultrasonics) had been successfully applied
to other perfluorocarbons (perfluorononane [42] and a mixture of
perfluorobutyltetrahydrofuran and perfluorotributylamine [33]).

Due to the fact that ultrasonic contributes to devitalize bacteria
and allows therefore to work under aseptic conditions with sterile
raw materials, this procedure represents an ideal preparation
method for albumin capsule dispersions designed for in vivo use.
As a consequence of ultrasonic-depending bacterial killing, micro-
bial long-term stability assay revealed that capsule dispersions
were free of any microbial growth sign within 4 weeks after cap-
sule preparation (Fig. S1). Of course, this further supported the
good suitability of the chosen method for the preparation of the
novel albumin-derived artificial oxygen carriers intended for intra-
venous use.

3.2. Influence of size and surface charge

After intravenous administration, particles are eliminated from
the vasculature by the reticulo-endothelial system. Particles hold-
ing a size of 1–3 mm (the largest being eliminated first) were
rapidly removed, so that artificial oxygen carriers should not
exceed a diameter of 1 mm in general [32,35]. Apart from the syn-
thesis procedure the selection of the proper raw material, e.g. type
of perfluorocarbon and surfactant, is decisive for the particle size
initially obtained [43]. In fact, using perfluorodecalin, nano-scale
emulsions can be synthesized [43], but molecular diffusion and
coalescence quickly lead to enlargement of emulsion droplets
[35,44]. Nevertheless, the preparation of an apparently stable dis-
persion of nano-sized perfluorodecalin-filled capsules was
achieved and importantly, the mean diameter of all preparations
never exceeded 1 mm (Fig. 2). The signals at about 8 mm were con-
sidered to be artifacts. All animals survived the infusion of the cap-
sule preparation and did not show any decrease in blood pressure
(3.5).



Fig. 2. Effect of storage media and storage time on capsule diameter. After
synthesis, capsules were washed with and stored in different media (H2O, 0.9%
NaCl, 5% HSA) and the diameter was determined at the times indicated in repeated
measurements after sample dilution with the particular medium.
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Fig. 3. Effect of capsule dispersion and 5% HSA on blood viscosity. The viscosity of
capsules dispersed in 5% HSA as well as the viscosity of pure 5% HSA (all samples
diluted with blood (1:7.2)) was measured and compared to pure blood, * p < 0.05.

Fig. 4. Capsule’s oxygen transport capacity. Oxygen transport capacities of pure 5%
HSA and of different capsule concentrations (32 and 64 vol%) in 5% HSA were
measured at pO2 = 713 mmHg (A) and interpolated to physiologically relevant pO2

(pO2 tissue, pO2 lungair, pO2 lungpureO2) as well as correlated with oxygen transport
capacity of blood, plasma and relevant perfluorocarbon emulsions (Oxygent� and
Perftoran�, data obtained from1) (B). For better clarity, oxygen capacities of
Oxygent� and Perftoran� are plotted only for pO2 = 500 mmHg. Capsule dispersion
compared to 5% HSA, * with p < 0.0001 at pO2 = 713 mmHg (A) and pO2 = 500 mmHg
(B), and compared to Perftoran�, # with p < 0.0001) at pO2 = 500 mmHg.
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However, looking more closely on the different capsule disper-
sions (in water (H2O), 0.9% NaCl, 5% HSA), differences in particle
size and zeta potential attracted attention (Fig. 2 and Table 1). It
is known, that both parameters are influenced by components
present in the dispersion medium such as salt or proteins [45].
The smallest capsules (422 nm) were obtained in H2O, whereas
capsules in 0.9% NaCl showed a mean diameter of 588 nm. The lar-
gest capsules were formed in 5% HSA (707 nm) (Fig. 2). Thus, in
accordance with data from Lochmann et al., it was observed that
electrolytes triggered capsule agglomeration whereas free albumin
molecules can stabilizes nanoparticle dispersions in the presence
of salt [45]. Importantly, the mean particle diameter of capsules



Fig. 5. Effects of capsule infusion on the acid base status: pH (A), base excess (B), pCO2 (C), lactate (D), pO2 (E) and glucose (F). Capsules or 5% HSA were infused over a period
of 30 min (grey, 20 ml/kg body weight � h). The values plotted are mean ± SEM of 6 individual experiments per group, * p < 0.05 compared to 5% HSA group.

Fig. 6. Effects of capsule infusion on organ/tissue damage: creatinine (A), lactate dehydrogenase (LDH) (B), creatine kinase (CK) (C) and aspartate aminotransferase (ASAT)
(D). Capsules or 5% HSA were infused over a period of 30 min (grey, 20 ml/kg body weight � h). The values plotted are mean ± SEM of 6 individual experiments per group,
* p < 0.05 compared to 5% HSA group.
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Fig. 7. Effects of capsule infusion on mean arterial blood pressure (A), hepatic perfusion rate (B) and hepatic vessel diameter (C): Capsules or 5% HSA were infused over a
period of 30 min (grey, 20 ml/kg body weight � h). The values plotted are mean ± SEM of 6 individual experiments per group, * p < 0.05 compared to 5% HSA group.

Fig. 8. Effects on tissue damage (A–B), organ distribution (C) and macrophages (D–F) of capsules 32 vol%. Microscopic assessment of haematoxylin-eosin stained organ tissue
sections (magnification �200) showed distinct changes in the organ architecture of the spleen after infusion of capsules (B) if compared to infusion of 5% HSA (A).
Cryosections (magnification �200) of the spleen (C) revealed accumulation of capsules (red). Nuclei were stained with 40 ,6-diamidin-2-phenylindol (DAPI) (blue).
Macrophage staining of spleen macrophages (magnification �100 and �400) showed unaffected macrophages after infusion of 5% HSA (D) in contrast to foamy vacuolized
macrophages after infusion of capsules 32 vol% (E). The relative percentage area of macrophages of 6 individual experiments per group was presented + SD (F).
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dispersed in 5% HSA (more physiological situation: electrolytes
+ albumin) remained nearly constant (Fig. 2). However, this med-
ium originated the capsule dispersion with the broadest size distri-
bution (polydispersity index (PI) of about 0.6, compared to a PI of
0.3 for capsules in H2O and in 0.9% NaCl, respectively, Table 1).
The influence of the dispersion medium on capsule stability is
also reflected in the zeta potential. A dispersion is colloidal stable,
if repulsive electrostatic forces predominate attractive van der
Waals forces [46]. During storage or, at the latest from intravenous
injection, capsules will be exposed to cations, anions and nonionic-
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Fig. 9. In vivo half-life of capsules 32 vol%: The percentage of capsules in blood was
calculated over a time period of 180 min post infusion by means of the total amount
of PFD within the blood samples of the different time points. For better orientation,
the infusion period (grey background) is also given. The values plotted are
mean ± SEM of 3 individual experiments and are subjected to an exponential one
phase decay least squares ordinary curve fitting, tmax = 30 min and cmax = 100%.

Table 1
Effects of storage media and storage time on capsule stability. After synthesis,
capsules were washed with and stored in different media (H2O, 0.9% NaCl, 5% HSA)
and their zeta potential and polydispersity index determined at the times indicated in
repeated measurements after sample dilution with the particular medium. Standard
deviations (n = 6) are presented in parentheses.

Zeta potential (mV) Polydispersity index

1 day after synthesis
Capsules in H2O �29.15 (3.68) 0.257 (0.17)
Capsules in 0.9% NaCl �7.58 (0.85) 0.290 (0.04)
Capsules in 5% HSA Non applicable 0.562 (0.05)

3 days after synthesis
Capsules in H2O �18.43 (1.89) 0.234 (0.05)
Capsules in 0.9% NaCl �7.73 (0.67) 0.230 (0.12)
Capsules in 5% HSA Non applicable 0.650 (0.10)

7 days after synthesis
Capsules in H2O �17.08 (2.90) 0.225 (0.06)
Capsules in 0.9% NaCl �6.78 (0.39) 0.299 (0.08)
Capsules in 5% HSA Non applicable 0.624 (0.14)
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molecules influencing the zeta potential. Thus, electrostatic repul-
sive forces are mainly altered whereas van der Waals forces are not
very sensitive to changes in electrolyte concentrations [46]. Inter-
estingly, erythrocytes in blood start to aggregate at about <15 mV
[46], although generally, good electrostatic stabilization is
obtained if zeta potentials show a magnitude of >30 mV (ideally
>60 mV). Our study showed capsule agglomeration in the presence
of electrolytes that can be explained by the low zeta potential of
about �8 mV (Table 1). If water was used as dispersion medium,
the capsule dispersion initially seemed stable displaying a zeta
potential in the same range as other albumin nanoparticles in
water (about �30 mV) [47], but over time, the zeta potential was
nearly halved, resulting in an unstable dispersion (Fig. 2 and
Table 1). Although the measurement of the zeta potential of the
capsules failed in 5% HSA or plasma due to technical limitations
(the utilized instrument (Zetasizer ZS) calculates the zeta potential
of particles based on laser-doppler micro-electrophoresis data),
one might assume, that the shielding effect of free albumin mole-
cules (as discussed below) originates a stable dispersion in that
case (Fig. 2). This hypothesis can be substantiated by dark field
microscopy measurements: Colloidal stability of capsules was
good in H2O and 5% HSA but disappointing in 0.9% NaCl, again con-
firming the aggregation of the capsules in a protein-free saline
medium (see Supplemental videos 1–3). During storage, capsule
diameter increased significantly from day 1 to day 7 if capsules
were stored in 0.9% NaCl or H2O but their diameters remained
nearly constant, when capsules were kept in 5% HSA (Fig. 2). While
initially, particles in H2O were quite small and narrow-sized
(Fig. 2), particle growth over time was probably caused by molec-
ular diffusion, as the standard deviation of the diameter of the cap-
sules increased by increasing the observation period which is
characteristic for that process (Fig. 2). In contrast, free albumin
molecules (if present in the medium) prevent capsule aggregation
by absorbing to the capsules’ surface before capsule aggregation
can occur, because the diffusion of free albumin molecules is much
faster than the one of the capsules [28]. This effect (amplified by
other large macromolecules such as fibronectin or polysaccha-
rides) will become particularly important when mixing the cap-
sules with blood during in vivo use. The negative surface charge
of the capsules due to the low isoelectric point of albumin [48]
might be advantageous for low phagocytic uptake during in vivo
use [47].

3.3. Effects on hemorheology

The influence of the capsule dispersion on blood viscosity was
tested for different dispersion media. This is especially important
as tissue ischemia can be caused by increased blood viscosity via
the impairment of blood flow in the microvasculature [49]. Among
the factors affecting blood viscosity, plasma proteins play a major
role [49]. Furthermore, pure 5% HSA and pure 0.9% NaCl are New-
tonian fluids which means that their viscosity is independent of
the shear rate applied [30]. Therefore, after dilution of human
blood with pure 5% HSA or pure 0.9% NaCl (without capsules),
dynamic blood viscosity was significantly decreased, especially at
lower shear rates (Figs. 3 and S2). In contrast, the non-
Newtonian flow characteristics of blood were not affected when
blood was mixed with capsule dispersion in physiologically rele-
vant (see below) concentration. This was independent of the dis-
persion medium (Figs. 3 and S2) and is in line with data obtained
for other perfluorodecalin-filled nanocapsules [22]. Similar tests
with a hemoglobin-based artificial oxygen carrier dispersed in a
medium containing 5% human serum albumin [30] (like 5% HSA
used in the experiments presented here, Figs. 3 and S2) showed
comparable results if considering the different dilution ratios (arti-
ficial oxygen carrier: blood).

3.4. Oxygen capacity

The oxygen capacity is an important parameter characterizing
an artificial oxygen carrier. Their high oxygen solubility of 40–
60 ml/dl [35] predestines perfluorocarbons as suitable raw materi-
als for the preparation of artificial oxygen carriers [19,22,50,51]. As
the oxygen solubility linearly depends on the partial oxygen pres-
sure (pO2), the potential of perfluorocarbons is tapped, not until
their use is combined with high pO2 [15]. Therefore, in the
in vitro assay, capsules were aerated with pure oxygen resulting
in a pO2 of 713 mmHg. Because 5% HSA and blood plasma are com-
parable with respect to their oxygen capacity, the reliability of our
assay was confirmed as the calculated oxygen solubility for 5% HSA
(0.35 ml O2/dl) under physiological conditions (breathing air, arte-
rial pO2 = 100 mmHg) matched the theoretical oxygen capacity of
pure blood plasma (0.3 ml/dl). As expected, in vitro measurements
of the oxygen capacities of the capsule dispersions revealed that
albumin capsules dispersed in 5% HSA store more oxygen than
pure 5% HSA (8.3 ml O2/dl ± 1.2 ml O2/dl for 32 vol% capsules in
5% HSA versus 2.5 ml/dl ± 0.2 ml O2/dl for pure 5% HSA, Fig. 4A).
In addition, the oxygen capacity was directly proportional to the
amount of capsules being dispersed. The oxygen capacity of the



Table 2
Oxygen capacities of the perfluorocarbon-filled albumin-based capsule dispersions
with different volume fractions (32 and 64 vol%) itemized by contribution of pure
capsules and pure medium at a pO2 of 713 mmHg.

Total oxygen capacity
of capsule dispersion
(ml O2/dl)

Oxygen capacity
of pure capsules
(ml O2/dl)

Oxygen capacity
of pure medium
(ml O2/dl)

32 vol% 8.3 6.6 1.7
64 vol% 12.1 11.2 0.9
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pure capsule fraction of the 32 vol% dispersion was calculated to be
6.6 ml/dl while the pure capsule fraction of the 64 vol% dispersion
displayed a calculated oxygen capacity of 11.2 mg/dl (Table 2).

In order to top out the maximum oxygen capacity of perfluoro-
carbons feasible under in vivo conditions, patients must be venti-
lated with pure oxygen instead of air thereby reaching an arterial
pO2 of up to 500 mmHg [52] (Fig. 4B). Under those conditions
the oxygen capacity of an EC (containing 60% functional intact ery-
throcytes extracted from �500 ml whole blood [53]) exceeds that
of whole blood (hemoglobin content of 15 g/dl) by the factor
1.33, whereas the absolute oxygen capacity of perfluorocarbon-
filled albumin-based capsules (64 vol%) only corresponds to less
than half of the oxygen capacity of whole blood (15 g/dl, Table 3).

However, when talking about efficient oxygen supply of tissues,
the maximal oxygen capacity is not what matters most. Irrespec-
tive of the fact, that a hemoglobin concentration of only 5 g/dl
(equals 6.7 ml O2/dl) is sufficient for survival [54], the oxygen
extraction rate should be incorporated in the calculations. Consid-
ering the physiological pO2 gradient (arterial pO2 � 100 mmHg to
venous pO2 � 40 mmHg), erythrocytes release only about 20–25%
of the bound oxygen (�4 ml O2/dl), while pure blood plasma, 5%
HSA or conventional saline blood replacement solutions provide
approximately 60% of the dissolved oxygen [52]. A different setting
arises when ventilating the patient with pure oxygen. Despite the
increased pO2 gradient, the erythrocytes’ oxygen release is raised
only marginally to a maximum of 25%, whereas the oxygen release
of perfluorocarbons is boosted up to about 92% [52]. This means
that 64 vol% of the capsules release approximately twice the
amount of whole blood (15 g/dl) and even a little more (factor
1.38) than an EC, while 32 vol% capsules release 1.3� more than
whole blood (15 g/dl) and nearly equal an EC (factor 0.95, Table 3).
Thus, both preparations (32 and 64 vol%) provide theoretically
enough oxygen to ensure sufficient oxygenation of a human organ-
ism even after a complete exchange transfusion. When compared
to the two relevant competitive artificial oxygen carriers based
on perfluorocarbons Perftoran� (a 20% perfluorocarbon-based
emulsion approved for human use in Russia, Kazakhstan, Kirgizs-
tan, Mexico and Ukraine [11,12]) and Oxygent� (a non-approved
60% perfluorocarbon-based emulsion), the oxygen transport capac-
ity and the oxygen release of the capsules (32 and 64 vol%) can be
ranked between the two products (Fig. 4B).
3.5. Compatibility after intravenous administration

To point it out right away, all animals tolerated the intravenous
administration of the capsules (32 and 64 vol%, corresponding to
1.7 g/kg KGW and 3.3 g/kg KGW perfluorodecalin, respectively)
without difficulty. With a maximum of only 3.3 g perfluorode-
Table 3
Comparison of the oxygen capacities of blood at relevant hemoglobin concentrations and th
at a pO2 of 500 mmHg.

Whole blood (5 g/dl) Whole blood (1

Oxygen capacity (ml O2/dl) 6.7 �20
Oxygen release (ml O2/dl) 1.7 �4
calin/kg KGW toxic effects of perfluorodecalin per se were not to
be expected, as the absolute harmless doses of perfluorocarbons
after intravenous administration range from 2.7 to 9 g perfluoro-
carbon/kg (depending the perfluorocarbon and on the species,
2.7 g in rabbits, 9 g in monkeys) [55]. In trials with Fluosol�,
patients received up to 5 g perfluorocarbon/kg [55].

Furthermore the applied dose of 20 ml/kg KGW � h of capsules
or control solution corresponds to 1/6 of the blood volume of the
rat. This volume equals the volume of 3 red blood cell concentrates
when calculated for a human adult (5 l blood, 1/6 = 833 ml).

Despite good general compatibility, some dose-dependent
effects could be observed after administration of capsules revealing
slight disturbances in acid-base metabolism and minor cellular
damage when compared to animals receiving 5% HSA without cap-
sules. The mean hematocrit of all animals was about 40% (5% HSA:
42.12%, 32 vol%: 39.93% and 64 vol%: 39.02%). While pH and pCO2

were nearly unaffected (Fig. 5A–C), application of capsules (32 and
64 vol%) tended to result in a higher pO2 compared to treatment
with 5% HSA only (Fig. 5E). This shows, that, as expected, capsules
contribute to increase the partial pressure. Plasma lactate concen-
tration doubled (32 vol%) or rather increased 1.5-fold (64 vol%)
during the post-infusion period (Fig. 5D). A correlating trend was
observed for the base excess decreasing up to �4.6 mmol/l
120 min post-infusion of 32 vol% capsules before recovering into
the physiological interval 180 min post-infusion. In contrast, base
excess after infusion of 5% HSA or 64 vol% capsules oscillated
within the physiological range during the entire experimental per-
iod (Fig. 5B). Obviously, the elevated plasma level of lactate was
one reason for the distinct decrease of base excess after infusion
of 32 vol% capsules (Fig. 5D). However, the moderate increase in
the plasma level of lactate after infusion of 64 vol% capsules
120–150 min post-infusion was not reflected in the base excess
(Fig. 5B and D). Hypoxia certainly was not the reason for the
increased levels of lactate, as pO2 oscillated around 500 mmHg
during the post-infusion period in all animals that had been trea-
ted with capsules (Fig. 5E). However, as the concentrations of lac-
tate and glucose correlated inversely (Fig. 5F), excess glycolysis
could have caused the increase in lactate. Glycolysis requiring
NAD+ could have forced NAD+-recycling via lactate dehydrogenase
leading to increased concentrations of lactate because the ox-phos
shuttles might have been overwhelmed [56]. Increasing plasma
activity of cellular enzymes such as LDH and CK indicated (gradual)
cellular damage throughout the post-infusion period
(Fig. 6C and D). As the microcirculation of the musculus gastrocne-
mius and the creatinine level in plasma as well as kidney tissue
architecture turned out to be normal (data not shown and
Fig. S3A and B), skeletal muscle or kidney damage seemed unlikely.
Hepatic injury also was improbable because only ASAT activity in
plasma increased significantly while ALAT activity was hardly
affected, especially when only 32 vol% capsules had been adminis-
trated (Fig. 6A and B). Furthermore, the liver as origin of LDH and
CK could also be excluded, because hepatic microcirculation
(Fig. 7B and C) was perfectly intact and no tissue damage could
be observed after microscopic investigation of the liver tissue
(Fig. S3C and D). Possibly CK and LDH rather originated from dam-
aged spleen tissue that could be verified in histological evaluation
(Fig. 8). Stress fibers containing CK [57] are located in the splenic
sinus endothelium and support the filtration of blood through
e albumin-derived perfluorocarbon-based capsules with a volume fraction of 64 vol%

5 g/dl) EC Capsules (32 vol%) Capsules (64 vol%)

�27 5.8 8.5
�5.5 5.2 7.6
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inter-endothelial gaps into the sinus lumen [58]. The intravascular
presence of capsules might have increased shear forces exerting on
the endothelium and thus caused damage of splenic stress fibers
(releasing CK) and endothelial cells (releasing ASAT and LDH). As
the spleen displays the main filter organ with a very active
immune defence, it is already described, that nanoparticles deposit
here before being eliminated by the immune cells [59,60]. This
uptake into RES cells is very typically reflected by transient vac-
uolization of macrophages after application of different
perfluorocarbon-based emulsions [61,62] and also happened after
the application of albumin-derived perfluorocarbon-based cap-
sules (Fig. 8). While alterations in tissue architecture such as vac-
uolized macrophages were observed after capsule administration
(Fig. 8B + E), spleen tissue remained intact when only 5% HSA
was infused (Fig. 8A + C). Although a nearly identical percentage
area of stained macrophages could be detected between the ani-
mals receiving 5% HSA or 32 vol% capsules, respectively (Fig. 8F),
the vacuolization after capsule treatment stands out clearly. Simi-
lar perfluorocarbon-based artificial oxygen carriers with different
wall materials showed divergent organ damage. Poly(n-butyl-
cyanoacrylate) coated capsules primarily damaged kidney and
spleen [22], while poly(ethylene glycol)-poly(lactide-co-glycolide)
coated capsules impaired liver and spleen [19].

As the 32 vol% capsules showed less side-effect than the 64 vol%
preparation, all following experiments were restricted to the appli-
cation of 32 vol% capsules. Up until now it has been thought, that
intravenous use of perfluorocarbons commonly is associated with
a more or less profound transient systemic hypotension [63–65].
Unfortunately, this side-effect was verified by us when investigat-
ing related perfluorocarbon-based capsule systems in the past
[19,22]. Both poly(n-butyl-cyanoacrylate) coated capsules and
poly(ethylene glycol)-poly(lactide-co-glycolide) coated capsules
did evoke a transient systemic hypotension [19,22]. With albumin
as wall material, the systemic circulation (Fig. 7A) was not affected
after infusion of 32 vol% capsules and body temperature, heart and
breathing rate fluctuated within the physiological range to be
expected under isoflurane anesthesia during the experimental per-
iod (data not shown) [66]. The peripheral microcirculation was
only slightly disturbed. At the end of the infusion period, treatment
with 32 vol% capsules significantly decreased the number of per-
fused vessels, as well as the vessel diameter (Fig. 7B and C). Impor-
tantly this was only a transient effect as microcirculation restored
during the observation period (Fig. 7B). Additionally, although sig-
nificant the observed differences were not physiologically relevant,
because control animals also show about 3% non-perfused vessels
[67]. The unaffected macro- and only marginally altered microcir-
culation represents a great improvement, as in hospitalized
patients this lacking side-effect would result in avoiding a pharma-
cological treatment with steroids [27,65].

3.6. Biodistribution and circulatory half-life

Generally, perfluorocarbon-based artificial oxygen carriers are
eliminated from the intravascular system by the reticuloendothe-
lial system. In the case of the capsules used in the experiments pre-
sented in this study, the albumin shell is degraded by the
proteasome releasing small amounts of perfluorodecalin. The per-
fluorodecalin diffuses over the cell membrane, binds to lipopro-
teins and is transported to the lung where it is exhaled because
of its high vapour pressure [55]. Tracking the distribution of cap-
sules in the body, revealed capsule accumulation solely in the
spleen (Fig. 8C). All other organs did not accumulate capsules
(Fig. S4). This distribution pattern was in line with the organ dam-
age observed after tissue section evaluation (Fig. 8A and B) and
with the fact, that nanoparticles are entrapped by red pulp macro-
phages of the spleen after intravenous administration to rats
[59,60]. A different distribution pattern had been observed for
other perfluorocarbon-based capsules (kidney, spleen and small
intestine for poly(n-butyl-cyanoacrylate) [22], liver and spleen
for poly(ethylene glycol)-poly(lactide-co-glycolide)) [19], the wall
material seems to influence capsule distribution inside the body.
The impact of surface characteristics on biodistribution has been
also confirmed by others [59].

To work efficiently as artificial oxygen carriers, capsules should
remain for overly long periods in the intravascular system. The cir-
culatory in vivo half-life of capsules was calculated to be 158 min
with r2 = 0.8531 (Fig. 9). This is much longer than intravascular
availability of related systems we tested in the past. Whereas
perfluorodecalin-filled poly(n-butyl-cyanoacrylate)-coated cap-
sules displayed the shortest half-life (30 min) [22], poly(ethylene
glycol)-poly(lactide-co-glycolide)-coated capsules achieved
55 min [20]. The wall material seems to strongly influence circula-
tory half-life, and especially the biopolymer albumin seems to per-
fectly prolong bioavailability [68], probably as it has evolved over
millions of years as physiological transport molecule of compounds
in the blood.
4. Conclusions

In this work, nano-sized albumin-derived perfluorocarbon-
based artificial oxygen carriers were successfully synthesized with
the ultrasonics method. The biocompatible amphiphilic albumin
supersedes the use of any additional (potentially harmful) emulsi-
fier. Subsequent characterization of the capsules in varying disper-
sion media (H2O, 0.9% NaCl, 5% HSA) revealed differences. Capsules
dispersed in 5% HSA performed best. They showed a constant size
distribution and did not influence blood viscosity in the tested con-
centrations. With respect to their intended use as artificial oxygen
carriers, the oxygen capacity of the capsules was measured in vitro.
To compare these results to relevant competitors under in vivo
conditions (if ventilating with pure oxygen), based on the mea-
sured data, the absolute oxygen capacity of the capsules was calcu-
lated for pO2 = 500 mmHg. Calculation was easy to perform, as for
perfluorocarbons and 5% HSA the oxygen solubility linearly
depends on the pO2. Under in vivo conditions, the capsules per-
formed not as good as whole blood (hemoglobin content of 15 g/
dl) but better than the competitor Perftoran�, a perfluorocarbon-
based emulsion, already approved as an artificial oxygen carrier
for human use in Russia, Ukraine, Mexico, Kyrgyzstan and Kaza-
khstan [11,12].

However, the important parameter for oxygen supply in vivo
will be the oxygen extraction rate and not the absolute oxygen
capacity (discussed above). If calculating the oxygen extraction
rate under in vivo conditions (pO2 = 500 mmHg) the capsules not
only exceeded Perftoran� but also whole blood.

Furthermore perfluorocarbons (other than hemoglobin-based
artificial oxygen carriers) remain functional in the presence of
gases such as carbon monoxide, nitric oxide or hydrogen cyanide
[14–17].

In vivo evaluation showed minimal but dose-dependent side-
effects such as elevation of plasma concentration of cellular
enzymes (LDH; ASAT, ALAT, CK), a slight impact on acid base meta-
bolism and moderate tissue damage of the spleen, probably
because the red pulp macrophages scavenge the capsules. Impor-
tantly, macro- and micro-circulation remained unaffected and
the capsules showed a respectable circulatory in vivo half-life of
158 min.

So finally, in fewwords albumin-derived perfluorocarbon-based
artificial oxygen carriers display a novel relevant artificial oxygen
carrier not only to bridge blood loss but also to therapy decompres-
sion sickness and smoke poisonings. First in vivo evaluation of
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therapeutic relevant amounts of capsules with a focus on toxicity
showed good biocompatibility. Therefore, albumin-derived
perfluorocarbon-based artificial oxygen carriers should be
advanced consequentially to functional in vivo testing to study
their performance on the oxygen supply of an isolated organ or,
later, an entire organism without the presence of erythrocytes.
5. Limitations of the study

We assume that the structural composition of the capsule shell
is independent of the capsule’s diameter. Therefore, in our view,
larger capsules produced for LSM and SEM measurements give a
good idea of the smaller capsules we used for animal experiments.
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