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Abstract
Aims. Interaction between blood and bio-surfaces is important in many medical fields. With the aim of studying blood-
mediated reactions to cellular transplants, we developed a whole-blood model for incubation of small volumes for up to 48 h.
Methods.Heparinized polyvinyl chloride tubing was cut in suitable lengths and sealed to create small bags.Multiple bags, with
fresh venous blood, were incubated attached to a rotating wheel at 37�C. Physiological variables in blood were monitored:
glucose, blood gases, mono- and divalent cations and chloride ions, osmolality, coagulation (platelet consumption, thrombin-
antithrombin complexes (TAT)), and complement activation (C3a and SC5b-9), haemolysis, and leukocyte viability.
Results. Basic glucose consumption was high. Glucose depletion resulted in successive elevation of extracellular potassium,
while sodium and calcium ions decreased due to inhibition of energy-requiring ion pumps. Addition of glucose improved ion
balance but led to metabolic acidosis. To maintain a balanced physiological environment beyond 6 h, glucose and sodium
hydrogen carbonate were added regularly based on analyses of glucose, pH, ions, and osmotic pressure. With these additives
haemolysis was prevented for up to 72 h and leukocyte viability better preserved. Despite using non-heparinized blood,
coagulation and complement activation were lower during long-term incubations compared with addition of thromboplastin
and collagen.
Conclusion. A novel whole-blood model for studies of blood-mediated responses to a cellular transplant is presented allowing
extended observations for up to 48 h and highlights the importance of stringent evaluations and adjustment of physiological
conditions.
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Introduction

Several of the achievements in modern medicine, e.g.
haemodialysis, joint and dental prostheses, vessel
grafts, vascular stents, and organ and cellular trans-
plants, involve contact between circulating human
blood and biomaterials, cells, or tissues. The contact
between human blood and bio-surfaces triggers
complex cascades of complement and coagulation
activation as well as activation of immune cells

(1–3). To study these mechanisms there is a contin-
uous need for new adequate whole-blood models to
answer clinically relevant questions in preclinical
settings.
Well-established examples of whole-blood models

in the literature include incubating blood in rotating
(4,5) and rocking (3) tubing loops or slide chambers
(6) as well as rocking test tubes (7,8). The applica-
tions are potentially manifold; besides biocompatibil-
ity of artificial materials and tissues, assessment of
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coagulation, complement, and immune responses,
also environmental investigations, toxicity, and drug
studies are within the scope of use. Optimized human
whole-blood models, as replacement for animal mod-
els, would benefit research outcome. Most studies
with whole blood run for up to a maximum of 60 min.
Beyond 6 h there is a complete lack of models
described (9). With regard to transplantation of func-
tional pancreatic islets, in vitro blood models have
been crucial in describing the instant blood-mediated
inflammatory reaction (IBMIR) following infusion of
ABO-compatible donor islets into the portal vein of
the recipient (3,10). This reaction starts with an
immediate thrombotic and inflammatory reaction
with activation of complement and coagulation cas-
cades together with platelet aggregation, and is
believed to cause a deleterious rapid loss of trans-
planted islets prior to engraftment (3,11,12). Origi-
nally defined in islet transplantation, IBMIR has later
been reported for hepatocytes, mesenchymal stromal
cells (MSCs), and recently also in autologous islet
transplantation (13–15). The lack of in vitro whole-
blood models beyond the first few hours creates a
significant gap of knowledge (8). Loop models often
require volumes of approximately 4–7 mL blood to
get appropriate blood flow in the loop system. This
demands large volumes of valuable cellular material
and drugs to be tested and makes it impossible to run
multiple treatment groups and replicates during the
same experiment.
The aim of the present study was to develop a

whole-blood model allowing extended studies of
blood-mediated responses to a cellular transplant
using smaller blood volumes. Literature on physiol-
ogy in circulating blood during long-term incubation
is absent. Energy depletion, disturbed acid–base and
ion balances and pH regulation, impaired gas
exchange, extensive clotting, and haemolysis all
belong to expected problems. Here we share our
experiences, achievements, and pitfalls during
method development. We describe the changes in
blood physiology during incubations for up to 72 h
and evaluate the relative importance of these changes
and ways to counteract them.

Materials and methods

Ethical approval

The ethical review board in Uppsala approved the
drawing of blood from healthy voluntary donors (Dnr
2008/264) and the use of exocrine cells obtained
during islet isolation from human pancreas (Dnr
2009/371/2).

Heparinization and blood collection

Equipment in contact with blood was coated with two
layers of a Corline heparin surface (Corline AB,
Uppsala, Sweden) (5). Fresh venous whole blood
was drawn from healthy volunteers, using an
18-gauge needle and an open system, and no antico-
agulant was added (9). This manuscript is based on
35 whole-blood experiments using blood obtained
from 17 healthy volunteers.

The rotating tubing bag model

Referring to previous loop models (3,4), we devel-
oped a method based on incubating whole blood in
small bags of plastic tubing. Heparinized tubing was
cut in suitable lengths (6 cm for 1 mL of blood) and
sealed at one end (Biosealer CR 6, Ljungberg & Kögel
AB, Helsingborg, Sweden). After application of 1 mL
blood, the tube was sealed or clipped at the other end
to form a small bag (Figure 1B). To avoid clotting and
facilitate gas exchange an air bubble was left in the
bag. Multiple bags were applied to a rotating wheel
using rubber bands (Figure 1A). The rotating wheel
was placed in a 36.5–37.0�C heating cabinet (Gallen-
kamp, Weiss Technik UK, Loughborough, United
Kingdom) and set for a speed of about 10 revolutions
per min (rpm), gently keeping the blood in motion.
For experiments in 5% carbon dioxide (pCO2, partial
pressure) a separate incubator was used (Galaxy R,
LabRum A, Stockholm, Sweden) and a rocking
device on slow motion, for practical reasons. Incuba-
tions were performed for a maximum of 72 h. Two
tubing materials were tested: polyvinyl chloride
(PVC) tubing (Tygon R-3630, Saint-Gobain, Cour-
bevoie, France) with dimensions 6.4 mm � 0.8 mm
(inner diameter and wall thickness) and silicone
tubing (Pumpsil, Watson-Marlow, Falmouth, UK )
with dimensions 6.4 mm � 1.6 mm (inner diameter
and wall thickness). Based on the permeability coef-
ficient ((amount of gas (cm3) � tubing wall thickness
(cm)/(surface area of tubing inner diameter
(cm2) � time (s) � pressure drop across tubing
wall (cmHg)), the silicone tubing used is 30 times
more permeable to oxygen (O2) and 35 times more
permeable to carbon dioxide (CO2), compared with
the PVC tubing (16). If not stated otherwise, data are
presented from experiments using PVC tubing.

Pancreatic exocrine tissue

Impure fractions containing exocrine tissue, includ-
ing acinar tissue, from human islet isolations were
used during method development. After being
washed twice in PBS, 13–15 mL of exocrine tissue
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were added to 1 mL ABO-compatible whole blood at
start. Human pancreases for islet isolation were
obtained frombrain-dead donors. Islets of Langerhans
were isolated using a modified semi-automated
method as previously described (17). Exocrine tissue
wasculturedfree-floatingin isletmediumforabout48h
prior to experiments—CMRL (Cellgro, Mediatech
Inc, Manassas, VA, USA) 1066 culture medium with
10% human ABO serum and supplements (18).

Coagulation controls

Five mL rabbit brain thromboplastin-S (Biopool Inter-
national, Ventura, CA, USA), diluted 1:10 in PBS,
were added to 1 mL whole blood. After reconstitution
in 500 mL of distilled water, followed by a buffer
exchange (Nanosep Omega 30 kDa; PALL Corpora-
tion, PortWashington, NY, USA) due to high glucose
concentration in the lyophilized reagent, 30 mL of
collagen reagent (COLtest, Dynabyte GmbH,
Munich, Germany) were added to 1 mL of whole
blood.

Additives for long-term incubation

To maintain a balanced physiological environment in
the bags for long-term (>6 h) incubation, glucose
(833 mmol L-1) and sodium hydrogen carbonate
(1 mol L-1 NaHCO3) were added at regular intervals.
For this purpose a small hole was left open at one end
of the bags, and additives were injected using a
Hamilton needle, towards the plastic inner surface
of the tubing right above the blood surface
(Figure 1C). This technique was developed to create
as little mechanic disturbance and surface activation
as possible. Glucose was adjusted to 10 mmol L-1

every 12 h based on glucose measurements, adding
volumes of about 5–10 mL glucose. Plasma glucose
concentrations were measured using a Glucometer
(Bayer Contour, Bayer Healthcare, NY, USA). In the

final model NaHCO3 was added in set microliter
volumes every 12 to 24 h based on previous analysis
of pH, standard bicarbonate (st.HCO3

–) and osmo-
lality (see further in Results).

End-point analysis

At the end of the incubation the bags were opened and
blood was collected for further analysis. Blood gas
analyses, including pH, lactate and plasma sodium
and potassium ion concentrations, were performed
on heparinized whole blood using a Roche Cobas b
221instrument(Hoffmann-LaRocheLtd,Mannheim,
Germany) and an ABL800 flex (Radiometer Medical,
Bronshoj,Denmark). Plasma calciumand chloride ion
concentrations were determined by the ABL800 flex
system. Osmolality was measured in serum by a
freezing-point depression method using an Osmome-
ter Advance 2020 instrument (Advanced Instruments,
Norwood, MA, USA). Lactate dehydrogenase (LD)
activity in plasmawasmeasuredby anAbbottArchitect
instrument (Abbott Laboratories, IL, USA) and
expressed as mkat L-1.
Ethylenediamine tetra-acetic acid (EDTA) was

added to a final concentration of 0.1 mol L-1 before
samples were taken for flow cytometry analysis and
platelet counts, and spun down for plasma collection.
Viability was estimated using phycoerythrin (PE)
annexin V apoptosis detection kit I (BD Pharmingen,
Erembodegem, Belgium). After lysis of red blood cells
and two washing steps, remaining leukocytes were
incubated with PE annexin V in a buffer containing
7-amino-actinomycinD (7-AAD). Cells were run on a
BDFACSCaliburCanto II (BDBiosciences,San Jose,
CA, USA) flow cytometer, and data were further ana-
lysed using BDFACSDiva (BDBiosciences, San Jose,
CA, USA) and FlowJo (Tree Star Inc., OR, USA)
commercial softwares. Cells were defined as viable,
undergoing early apoptosis, or late apoptosis/dead.
Phosphatidylserine exposed at the outer surface of
the cell membrane was detected by staining with PE
annexin V and by such means early stages of apoptosis
(PE annexin V positive; 7-AAD negative), at a still
reversible stage, were identified (19). Membranes of
permanently dead/damaged cells were permeable to
7-AAD.Platelet countsweremeasured using aMedonic
CA 620Hematology Analyzer (BouleDiagnostics AB,
Spånga, Sweden) and a Coulter AcT diff hematology
analyzer (BeckmanCoulter Inc, Fullerton, CA,USA).
After centrifugation at 4500 g for 10 min plasma was
collected and stored at –80�C for further analyses.
Thrombin-antithrombin (TAT) complexes were mea-
sured in plasmausing a commercial ELISAkit (Nordic
Diagnostica, Billdal, Sweden).C3awas detected using
monoclonal antibody 4SD17.3 as capture antibody

A B C

Figure 1. Schematic illustration of the rotating tubing bag whole-
blood model. A. Multiple tubing bags attached to a rotating wheel
in a 37�C cabinet using rubber bands. B. Tubing bags containing
1 mL of blood closed by sealing or a clip. C. A small hole left open
for injections of additives (marked by an arrow).
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(Uppsala University, Uppsala, Sweden) and detected
with biotinylated anti-C3a, followed by horseradish
peroxidase (HRP)-conjugated streptavidin (Amer-
sham, Little Chalfort, U.K). sC5b-9 (TCC, terminal
complement complex) complexes were detected using a
monoclonal antibody aE11 (Diatec, Oslo, Norway) as
capture antibody and polyclonal rabbit anti-human
C5 followed by HRP-conjugated polyclonal swine-
rabbit Ig (both Dako, Glostrup, Denmark) for
detection.

Statistics

All experiments were run with treatments in duplicate
and data analysed by means of duplicates. Blood gas

analysis, including mono- and divalent ions and
osmolality, showed stable treatment effects and little
variation between experiments; data are presented as
means and range. Assessment for normal distribution
was done prior to statistical analysis. Repeated mea-
surement two-way ANOVA followed by Dunnet’s test
for multiple comparisons was performed on log2-
transformed protein data (TAT, C3a, and sC5b-9)
to evaluate the main effect of thromboplastin and
collagen addition compared with whole blood over
48 h incubation. Comparisons between groups were
performed using paired t tests and repeated measure-
ment ANOVA to account for the differences between
blood donors and repeated measurements over time.
The commercial program GraphPad Prism Version
6 (GraphPad Software, Inc., San Diego, CA, USA)
was used for statistical analyses.

Results

Glucose consumption

Basic energy metabolism, measured as glucose con-
sumption, was high; 5.1 mmol L-1 in venous plasma
glucose at start dropped to 2.2 mmol L-1 already after
4 h and <0.5 mmol L-1 (below detection limit) after
10–12 h (Figure 2A). By adding glucose at start and
repeatedly every 12 h the glucose concentration was
maintained at 3.5–10.0 mmol L-1 throughout the
experiment. Addition of 13–15 mL exocrine tissue
further increased glucose consumption correspond-
ing to 1 mmol L-1 over 12 h (p < 0.0001) (Figure 2B).
The glucose concentration also declined with addi-
tion of thromboplastin–on average 0.3 mmol L-1 over
12 h (p = 0.013) (Figure 2B).

Extracellular sodium, potassium, ionized calcium, and
chloride alterations

With no additives to whole blood extracellular K+

increased and Na+ decreased over time. Potassium
ions reached upper physiological concentrations
within 15 h incubation (slightly above 5 mmol L-1),
thereafter dramatically increased to 9–14 mmol L-1 at
24 h and >20 mmol L-1 at 48–72 h (Figure 3A). The
sodium ion concentration was at the lower reference
concentration at 24 h (135–139 mmol L-1) and
dropped further to approximately 110 mmol L-1

and below after 48–72 h incubation. By avoiding
energy substrate depletion K+ and Na+ concentra-
tions were normalized up to 24 h of incubation.
Adjustment of acidosis resulted in K+ concentrations
that were maintained <6.6 mmol L-1 for up to 48 h
(Figure 3A). Ionized calcium spontaneously decreased
over time from 1.2 mmol L-1 in venous blood to
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Figure 2. Glucose consumption in whole blood, with and without
addition of exocrine tissue and thromboplastin. A. Glucose con-
sumption during incubation of blood for 12 h; fresh venous blood
with no glucose added (!) or with glucose added at start up to
10 mmol L-1 (&). Data presented as means ± SEM. B. Glucose
concentration after 12 h (adjusted to 10 mmol L-1 at start) with and
without addition of exocrine tissue or thromboplastin. Box plots
represent the 25th to 75th percentiles and the median; whiskers
show maximum and minimum values. P values derived from paired
t tests.
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Figure 3. Blood gas analysis including A. Na+, K+, Ca2+, and Cl–;B. pH, lactate, standard bicarbonate (st.HCO3
–) and base excess (BE); and

C. pO2 and CO2 in venous blood at start and after 24, 48 and 72 h of incubation.C. Serum osmolality measured by a freezing-point depression
method. Treatment groups: whole blood only (& dashed line), whole blood with addition of glucose (* dashed line), and whole blood with
addition of glucose andNaHCO3 (. solid line). Glucose was added every 12 h; NaHCO3 at 12, 24, and 48 h. Total amount of NaHCO3 added
up to 24, 48, and 72 h for presented data: 8–11 mmoles, 19–29 mmoles, and 33–40 mmoles; for osmolality data: 10 mmoles (12 h), 25 mmoles
(24 h), and 40 mmoles (48 h). Data presented as means and range from 6–7 experiments (24–48 h) and 4–6 experiments (72 h). Ca2+, Cl–, st.
HCO3

– and osmolality data are derived from 2–4 experiments. The upper analytic limits for potassium and lactate were 20 mmol L-1.
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1.0mmolL-1 at 24hand0.4mmolL-1 at 48–72h.With
additionof glucose,Ca2+was kept at a concentration of
1.2mmol L-1 over 72 h.With addition ofNaHCO3 the
Ca2+ concentration was slightly reduced over time but
kept above 1.0 mmol L-1 for up to 48 h (Figure 3A).
The chloride ion concentration remained close to
reference values (100–110 mmol L-1) over the 72 h
incubation period. Without additives Cl– slightly
increased over time, and with additives it slightly
decreased (Figure 3A).

pH and bicarbonate buffering

Without additives, lactate production rapidly
increased within 24 h to approximately 14 mmol L-1

and remained stable over the next 24 h, and then it
slowly decreased. Despite this increase in lactate, pH

was stably maintained throughout the incubation
(Figure 3B). With addition of glucose, pH drastically
decreased over time, lactate concentrations remained
high (>20 mmol L-1), and st.HCO3

– together with
base excess (BE) decreased (Figure 3B). Without
buffer, pH dropped to approximately 7.0 at 24 h,
6.6 at 48 h, and 6.3 (or even below the detection limit
of 6.3) at 72 h. After discouraging results with a Tris–
HCl buffer (0.05 mol L-1; pH 7.5 at 34�C) and a
Hepes buffer (25 mmol L-1, 40 mmol L-1, 100 mmol
L-1, pH 7.4 at 36�C), metabolic acidosis was finally
counteracted by adding small volumes of NaHCO3

(1 mol L-1). To accurately maintain pH at 7.0–7.1 for
up to 36 h, addition of 10 mmoles (10 mL) NaHCO3

was needed at 12 h and 15 mmoles (15 mL) at 24 h.
Then, pH fell to approximately 6.8–6.9 at 48 h.
Incubation of exocrine tissue resulted in a decrease
in pH of approximately 0.1 pH units at 48 h, requiring
additional 7 mmoles (7 mL) of NaHCO3 at 36 h to
maintain the mentioned pH levels (Table I).

Osmolality

Addition of glucose and NaHCO3 together with
endogenous production of metabolites created a
hyperosmolar milieu. After 48 h, with repeated addi-
tions of glucose and a total of 25 mmoles (25 mL)
NaHCO3, osmolality had increased from approxi-
mately 290 to 365 mosmol kg-1 (Figure 3C). With
incubation in the presence of exocrine cells, demand-
ing slightly more glucose and NaHCO3, osmolality
increased further to 375 mosmol kg-1 at 48 h (Table
I). After 72 h incubation osmolality approached
400 mosmol kg-1 and above.

Partial oxygen (pO2) and carbon dioxide (pCO2)
pressure

Despite documented low gas permeability through
PVC plastic (16) there was a continuous exchange
of oxygen and carbon dioxide with the surrounding
environment (Figure 3C). Several factors affected
pO2 and pCO2, e.g. motion, tubing material, and
addition of glucose/NaHCO3. Non-motion resulted
in lower oxygen levels over time (data not shown).
Highly permeable silicon material contributed to a
faster equilibration with the surrounding environment
and resulted in early non-physiological levels. Already
at 6 h the pO2 level was 27 kPa and pCO2 0.8 kPa with
glucose added. As expected, carbon dioxide exchange
was important for pH regulation. When incubating
whole blood in silicone tubing, pH initially increased
to levels of approximately 7.5–7.6 (6–12 h) and then,
from about 24 h, dropped to levels similar to or below
those for PVC tubing. Due to less favourable
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physiological conditions for our purpose using the
silicone tubing, together with the disadvantage of
not being able to melt the silicone material with a
tubing sealer, we continued to develop our model
using PVC tubing. Incubations in a 5% pCO2 cabinet
resulted in lower pH and comparably higher pCO2

(data not shown). Addition of glucose and NaHCO3

both contributed to a relative increase in pO2 and a
decrease of the diminishing of pCO2 (Figure 3C).

Viability and haemolysis

The percentage of fully viable leukocytes, staining
neither for PE annexin V nor for 7-AAD, was about
80% for up to 48 h in all treatment groups (with or
without additives and exocrine cells) (Figure 4A). An
increased percentage of cells staining positive for
7-AAD was observed at 72 h in the group with no
additives indicating loss ofmembrane integrity and cell
death (p = 0.014) (Figure 4A). In the presence of
glucose and NaHCO3 the percentage of viable leuko-
cytes was constant for the entire observation period
(72 h). Lactate dehydrogenase (LD) activity drastically
increased after 24 h when incubating whole blood
without additives resulting in LD activity of 10 mkat
L-1 at 48 h and 20 mkat L-1 at 72 h (both corresponding
to severe haemolysis) (Figure 4B). With addition of
glucose and NaHCO3 the LD activity was kept at an
average of 4.4 mkat L-1 at 48 h, slightly increasing to
6.3 mkat L-1 at 72 h (Figure 4B).

Coagulation and complement activation

Coagulation and complement activation showed
substantial variation between experiments and blood
donors. Incubation of whole blood without additives
usually gave no visual clotting over the first 12 h
(sometimes up to 24 h) as reflected by platelet counts
(Figure 5A). Addition of glucose/NaHCO3 resulted
in somewhat increased clotting (Figure 5A). Addition
of thromboplastin (n = 5) and collagen (n = 3) caused
substantially lower platelet counts (Figure 5A) and,
up to 24 h, also elevated TAT production (p = 0.0004
and p = 0.023) (Figure 5B). Complement factors
C3a and sC5b-9 showed increased concentrations
in response to both thromboplastin and collagen
(p = 0.0012 and 0.014 for sC5b-9) (Figure 5B).
However, the effect on the concentration of C3a failed
to reach statistical significance (p = 0.060 and 0.067)
(Figure 5B).

Discussion

A novel human whole-blood model is presented for
analysis of blood-mediated responses to tissues and
cellular transplants up to 48 h. This model fills a
substantial experimental gap by extending the obser-
vation time from less than 6 h to days and also by
working with small-volume samples. With emphasis
on extended studies of blood–cell interaction it was
crucial to monitor and evaluate the effect of physio-
logical changes in whole blood during long-term
incubation. The presented model comprises the

Table I. Blood gas analysis, including cations (Na+, K+, Ca2+) and anions (Cl–), and serum osmolality in whole blood at start and after 24, 48,
and 72 h incubation with 12–15 mL of exocrine tissue. Glucose and NaHCO3 added every 12 h.

+ glucose + NaHCO3 +
exocrine tissue Pre (n = 5) 24 h (n = 5) 48 h (n = 5) 72 h (n = 2)

pH 7.4 (7.4–7.4) 7.0 (7.0–7.1) 6.9 (6.8–7.1) 6.7 (6.6–6.8)

pCO2 (kPa) 6.0 (5.2–6.6) 5.1 (3.8–6.1) 4.0 (3.3–4.9) 2.0 (2.0–2.1)

pO2 (kPa) 3.8 (3.4–4.5) 20.4 (16.0–24.0) 21.1 (19.4–24.2) 21.8 (20.3–23.4)

BE (mmol L–1) 1.4 (0.8–2.1) –19 (–23––17) –25 (–28––22) –30.2 (–31.3–(–29.2))

Lactate (mmol L–1) a 1.4 (1.2–1.8) >20 >20 >20

Sodium (mmol L–1) 139 136–141 151 149–153 169 163–173 182 181–183

Potassium (mmol L–1) a 4.0 (3.9–4.2) 4.1 (3.6–4.6) 6.4 (5.6–6.9) 9.5 (9.3–9.8)

Calcium (mmol L–1) b 1.2 (1.2–1.3) 1.1 (1.0–1.1) 0.9 (0.9–1.0) 0.8 (0.8–0.8)

Chloride (mmol L–1) b 107 104–110 103 101–104 101 100–102 100 (98.5–101)

Osmolality (mosmol kg–1) c 287 286–289 329 326–332 375 375–376 416 411–422

Total amount of NaHCO3 added up to 24, 48, and 72 h: 10 mmoles, 28–32 mmoles, and 47 mmoles; for osmolality data: 10 mmoles (24 h),
32 mmoles (48 h), and 47 mmoles (48 h). All data presented as means and range from five experiments (24–48 h) and two experiments (72 h).
aThe upper analytic limits for lactate and potassium were 20 mmol L–1.
bCalcium ion and chloride ion data derived from four experiments (24–48 h) and two experiments (72 h).
cOsmolality data derived from three experiments.
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following entities: glucose monitoring, blood gas
analysis including lactate and Na+, K+, Ca2+, and
Cl– concentrations, osmolality, haemolysis (moni-
tored by LD activity), blood leukocyte viability, coag-
ulation activation (platelet consumption and TAT
complexes formation), and complement activation
(C3a, sC5b-9).
Energy metabolic turnover in whole blood, mea-

sured as glucose consumption, was high. Basic glu-
cose consumption in drawn blood was early described
foremost to depend on blood cell metabolism and not
on plasma components (20). Erythrocytes, lacking
intracellular organelles including mitochondria, are
solely dependent on anaerobic glycolysis, whereas
cells of myeloid lineage (polymorphonuclear cells,
monocytes) derive their energy from both anaerobic
and aerobic glycolysis (21–23). Neutrophils have few
mitochondria, and even during highly energy-
demanding activities like chemotaxis and respiratory

burst they gain very little energy from respiration
(22,24,25). Lymphocytes are known to use oxidative
phosphorylation to a higher extent than the men-
tioned immune cells (26). Outnumbering the white
blood cells by almost a thousand times, erythrocytes
account for up to 90%–95% of the basic glucose
utilization in whole blood (20). Platelets, containing
small amounts of functional mitochondria, use both
glycolysis (~60%) and oxidative phosphorylation
(~35%) for their highly energy-demanding activation
(27). Adding thromboplastin to whole blood
increased glucose consumption in parallel with plate-
let consumption and coagulation activation. Addition
of exocrine tissue accelerated glucose depletion even
further. One could speculate that besides increased
cellular metabolism by adding cells, the induced
IBMIR, including platelet activation and coagulation
as well as recruitment and activation of innate
immune cells, contributed to this elevation of energy
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demand. Extracellular elevation of potassium and
depression of sodium ion levels, in association with
rapid energy depletion, made us believe that glucose
deprivation resulted in a retardation of the energy-
demanding Na/K-ATPase activity (28). Early
described for human erythrocytes, the Na/K-ATPase
is a crucial ion transport system in eukaryotic cells
which sustains the electrochemical potential and by
that protects the cells from water-induced osmotic
swelling (28,29). The discovery of inhibition of Na/K-
ATPase by increased levels of intracellular calcium
ions historically led to the finding of another vital
energy-demanding ion pump in erythrocytes, the
Ca2+-ATPase, to maintain a low intracellular Ca2+

concentration (30). Based on the fact that erythro-
cytes are by far the dominating cell type, these two
structurally alike ATPases play a central role in the
observed cation changes. Stable intra- and extracel-
lular levels of ionized calcium are vital when studying
coagulation, inflammation, and immune activation.
Intracellular signalling during immune cell activation
as well as coagulation and complement activation are
highly dependent on calcium ion homeostasis
(31,32).
Normalized glucose concentrations in our model

stabilized the cation balances at the expense of an
enhanced energy metabolism resulting in metabolic
acidosis. Adjusting pH in a closed whole-blood
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system became an osmotic challenge. In human blood
a pH of 6.8 has occasionally been tolerated in clinical
circumstances as extreme ketoacidosis, hypoventila-
tion, or anaerobic exercises (33). In inflammatory
microenvironments as those generated by tumors,
inflammatory reactions to pathogens, and autoim-
mune inflammation, extracellular pH can locally be
considerably lower (5.6–5.8) (34). As summarized in
two excellent reviews by Lardner (35) and
Kellum et al. (36), acidosis does have an effect on
the immune response. Severe acidosis (5.5–6.0),
especially in combination with hypoxia, impairs che-
motaxis in neutrophils, while the respiratory burst can
be depressed already at a pH of 6.7 (35,37,38).
A study on resident macrophages indicates a drop
in TNF-a secretion at pH 6.5, but more prominent at
pH 5.5 (39). The literature is, however, contradictive,
and data also support enhanced immune function for
macrophages under acidic conditions (pH 6.8) (40).
Interesting recent studies on natural killer (NK) cells
imply enhanced NK cell-mediated killing of a fungal
agent (cryptococcus) in an acidic environment (pH
6.8), whereas anti-tumoral killing was impaired at
acidosis, demonstrating the complexity of the ques-
tion how immune function is affected by pH (41).
Impaired non-major histocompatibility complex
restricted killing at a tumor site (performed by NK
cells and lymphokine-activated killer (LAK) cells) has
previously been suggested at acidosis (pH 6.5) (42).
Not only immune cells are affected by an acidic pH.
Acidosis down-regulates platelet haemostatic func-
tions such as spreading and adhesion, successively
at pH 6.5–7.0 (43). Complement activation with
increased levels of C3a and C5a was recorded in
lactacidosis and respiratory acidosis below pH
7.0 (44). As stated by Lardner, in vitro experiments
evaluating pH-dependent mechanisms are almost
exclusively conducted in non-physiologically buffered
media with different acidic sources and therefore hard
to interpret and compare (35). A study performed in
bicarbonate-buffered media showed increased neu-
trophil activation at acidosis (pH 6.5–7.0), a reaction
not seen when bicarbonate was absent (45). An up-
regulation of neutrophil pro-inflammatory response
mediated by platelets in an acidotic environment
(6.5–7.0) has also been shown (43). These later
data agree with the essential role of neutrophils in
acidic inflammatory microenvironments.
The effect of osmolality on whole-blood physiology

and immune function is even harder to evaluate based
on the sparse literature available since experimental
conditions vary widely and the biological relevance is
hard to grasp. Impaired neutrophil function measured
by several different assays (superoxide production,
migration, phagocytosis) has been described at

osmotic pressures above 400–450 mosmol kg-1

(46,47). Experimental and clinical data on the use
of hypertonic salt solution provided some additional
information (48–50). In vitro assays demonstrated
gradual impairment of neutrophil functions with
increasing hypertonicity (addition of 10–50 mmol
L-1 NaCl) (48). A clinical study could not fully
confirm these findings (50). The same research group
has also reported on restored T-cell functions with
administration of hypertonic salt solution to trauma
patients (49). This report claims a positive osmotic
effect on T-cell function in contrast to other studies
showing impaired lymphocyte function as a result of
elevated osmotic pressure (51). Regarding the effect
of osmotic pressure on erythrocytes, studies in the
1940s showed that below about 1.5 mol L-1 NaCl no
hypertonic haemolysis occurs (52). The concept of
post-hypertonic haemolysis later stated that below a
concentration of 670 mmol L-1 NaCl (corresponding
to approximately 1300 mosmol kg-1) red blood cells
could safely be moved into an isotonic environment
without haemolysis (53). Based on these thoroughly
performed studies our concentration of sodium salts
is safely low regarding haemolysis of red blood cells.
Against this background a pH above 6.8 and an

osmolality below 400 mosmol kg-1 were considered
acceptable for immune and coagulation studies in a
whole-blood system. Since these limits, together with
cation disturbances, were compromised beyond 48 h,
especiallywith additionof exocrine cells,webelieve that
precautions must be taken for future in vitro studies
beyond this time limit. The absence of major signs of
haemolysis, together with sustained leukocyte viability
up to 72 h with the elaborated additives, reflect the
sustainability of the system. When designing a blood
model it is fundamental to define what conditions the
model should mimic. Here, our aim was to design a
humanwhole-bloodmodelmimicking theenvironment
in portal vein liver branches where islets are trapped
early after intraportal islet transplantation (54). In this
setting rapid activation of coagulation and complement
systems occurs together with a high metabolic con-
sumption, causing lowering of the pH in the microen-
vironment surrounding the islets trapped within the
clots, cf. the microenvironment in the in vitro system
described. We chose not to add anticoagulants since
these agents will influence the innate immunity, which
meant that we allowed a higher intrinsic background
activity within the system. Depending on future appli-
cations of the model, evaluation of background activa-
tionandpossiblyadditionof lowdosesofanticoagulants
canbebeneficial.The studydemonstrates the feasibility
of long-termincubationofwholebloodunder sustained
physiological conditions, posing intriguing questions
for future studies.
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