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Translational Advances in Second and Third Generation Hemoglobin
Based Oxygen Carriers: One Research Team'’s Perspective

Jonathan S. Jahr @, Bernd Driessen @, Robert A. Gunther ®, Fedor Lurie @,

Jennifer C. Lim ©, Anthony T.W. Cheung ©

Keywords

Hemoglobin Based Oxygen Carriers, Oxyglobin, Hemopure, Hemolink, Oxyvita, Hemorrhage, Hypovolemia, Shock, Resuscitation,
Circulating Blood Volume, Methemoglobinemia, Intravital Microscopy

Introduction

In our translational laboratories, large and small animal
experiments have been important to delineate product
efficacy of oxygen delivery and safety in four Hb-based
oxygen carrier§l HBOCsOfrom three manufacturers
independently.

This review will highlight four main areas of research:
hemorrhagic shock or hypovolemia and resuscitation using
different strategies and resuscitants, validation of all
laboratory equipment used in the above experiments to
capture hemodynamic, hemotologic, and chemistry values
against a gold standard whose values will have no
interference from solubilized hemoglobin, and various other
laboratory models and the various associated models to test
theories regarding calculations of circulating blood volume
and understanding issues with methemoglobinemia.

Original abstracts from each of the studies have been
reproduced here with full references.

0 O HBOC and Perfusion

The objective of this investigation was to study the effects
of the first marketed hemoglobin-based oxygen carrier
0 HBOCO Hemoglobin glutamer-20@ bovined HB-2000
0 Oxyglobin®on splanchnic perfusion and oxygenation in a
canine model of acute hypovolaemia. Twelve anaesthetized
dog$§130.8+ 1.4 kg body weightOwere instrumented for

recordings of heart raté] HR[] mean arterial pressuré& MAPL]
central venous pressurél CVPL) cardiac output and cranial
mesenteric arteriall CMAand venous blood flow§] CMV[
Total and plasma hemoglobiril Hb[J oxygen content and
saturation, lactate concentration, pH and blood gases were
analysed in arterial, mixed venous and mesenteric venous
blood samples. Measurements were made beforél baseline[
and after 1 h of hemorrhage, after which animals were
resuscitated with either shed blood] controlsCor HB-200 until
HR, MAP and CVP returned to prehemorrhage levels.
Recordings were repeated immediately and 3 h after
termination of fluid resuscitation, after which organ
specimens were obtained for microscopic examination.
Hemorrhagél average 32 mL/kgOreduced MAP to 50 mm Hg,
increased HR and systemic vascular resistancél SVRL[] and
was accompanied in both the systemic and the splanchnic
circulation by significant decreases in blood flow, Hb content
and oxygen deliveryl DO,[] and lactic acidosis. In controls, all
variables recovered to baseline after isovolaemic resuscitation
with shed blood. In dogs resuscitated with a small volume of
HB-2000 10 mL/kg) HR, MAP, CVP and CMA and CMV
blood flows returned to baseline. However, cardiac output,
total Hb, oxygen content and systemic and mesenteric DO,
remained depressed while SVR increased further. Mesenteric
and systemic acid-base status recovered in both groups, and
there was no difference in microscopic tissue damage
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between groups. Thus, HB-200 reconstituted splanchnic
perfusion and oxidative metabolism in spite of pronounced
systemic vasoconstriction and insufficient restoration of CO
and DO,; it may improve diffusive oxygen transport in the
microvasculature by virtue of hemodilution and its high
efficiency in the uptake and release of oxygen'”

0 0 HBOC and Microcirculation

We sought to correlate in vivo microvascular, systemic
function, hemodynamic, and oxygenation changes in
autologous shed bloodl n = 40and HB-200 n = 40resus-
citations in hypovolemic dogs. Hemorrhageé] 0 400 blood
lossOreduced mean arterial pressure to 0 50 mm Hg and
caused significanfl P < 0.010decreases in hematocrit, total Hb,
mean pulmonary arterial pressure, cardiac output, and
oxygen delivery and significanfl P < 0.01Cincreases in heart
rate, systemic vascular resistance, and lactic acidosis.
Significanf) P < 0.01C0changes in conjunctival microvascular
variables also occurred, including a 1900 decrease in venular
diameter and 790 increase in average blood flow velocity.
Shed blood resuscitation returned microvascular, systemic
function, hemodynamic, and oxygenation variables to
prehemorrhagic baseline values. In contrast, HB-200 failed to
restore hematocrit, total Hb, cardiac output, oxygen delivery
index, and systemic venous resistance to baseline, but it
restored other systemic functions and all hemodynamic and
microvascular changes. In addition, HB-200 resuscitation in
hypovolemic dog§l O 400 blood lossCdid not cause extreme
hemodilution or fatal outcome. This study confirms that real-
timél in vivoOmicrovascular studies, which were conducted
only in small rodent models in the past, can be performed
simultaneously with systemic function, hemodynamic, and
oxygenation studies in a large animal model for relevant data
correlation®

00 0 HBOC and Oxygen Delivery

The object of this study was to compare effects of 60
hetastarclil HextendCand HB-200 on hemodynamics, arterial
oxygen content, and systemic oxygen delivery in a canine
hemorrhagic shock model.

Twenty-four anesthetized healthy, adult, mongrel dog§l 28
+ 1 kg; 7 female, 17 maleCwere instrumented for determi-
nations of heart rate, arterial, central venous, pulmonary
arterial, and pulmonary arterial occlusion pressures, and
cardiac index. Total solids, colloid oncotic pressure, arterial
oxygen content, Hb, lactate, pH, and blood gases were
analyzed in blood samples. Recordings were made before,
after 1 hr of hemorrhagic shock, and immediately and 3 hrs
after infusion of either 30 mL/kg hetastarct] group 10 10

ARTIFICIAL BLOOD Vol. 17, No.2, 2009

mL/kg Hb-200 + 20 mL/kg hetastarch] group 2] 20 mL/kg
HB-200 + 10 mL/kg hetastarcti group 3C] or 30 mL/kg HB-
200 group 4Ll

Hemorrhagél 35 + 1 mL/kgOreduced mean arterial
pressure to 50 mm Hg and caused significant decreases in
total Hb, mean pulmonary arterial pressure, cardiac index
and systemic oxygen delivery, increases in heart rate and
systemic vascular resistance, and lactic acidosis. In group 1,
hetastarch infusion was accompanied by increases of
pulmonary arterial pressure, cardiac index, and blood oxygen
extraction above baseline, and decreases of systemic vascular
resistance, total Hb, total solids, arterial oxygen content, and
systemic oxygen delivery below baselinél P < 0.050] Other data
returned to baseline. In groups 2 to 4, hemodynamic functions
O except pulmonary arterial pressurelirecovered, yet neither
total HIli.e., plasma and red blood cell HbOnor arterial
oxygen content increased despite increases in plasma Hb of 2
to 5 g/dL and proportionate increases in total solids. Systemic
oxygen delivery improved dose-dependently with HB-200 but
did not return to baselinél P < 0.050 reaching values
comparable to hetastarch group only at 30 mL/kg Hb-200. In
all groups, oxygen extraction remained above baseline.
Metabolic acidosis and lactatemia resolved significantly faster
in groups 2 to 4, and colloid oncotic pressure after
resuscitation was greater in groups 2 to 4 than in control§] P
< 0.050]

Thus, HB-200 infusion may not improve oxygen delivery
more than hetastarch, likely due to hemodilution caused by
its high colloid oncotic pressure, but may facilitate diffusive
oxygen transport to tissues.

HBOCs are solutions of cell-free Hb that have been
developed for replacement or augmentation of blood
transfusion. They combine plasma expanding with oxygen
carrying properties, thus may prove superior to traditional
plasma expander§l e.g., hydroxyethyl starch solutionsCfor
treatment of hemorrhagic shock.

HB-200 is an ultrapure solution of highly polymerized
bovine Hb approved for treatment of anemia in dogs. It
shares most properties with Hb glutamer-25@ bovine;
Hemopuré] formerly HBOC-2010 Biopurel] which is currently
in phase Il clinical trials and approved for use in humans in
South Africa. Previous studies with low doses of Hb-200 and
HBOC-201 revealed an improvement of hemodynamic
functions, yet a significantly smaller increase in arterial
oxygen content and oxygen delivery after HBOC infusion
than expected based on the amount of Hb administered.
Therefore, in the present study, our primary goal was to
analyze whether infusion of HB-200 will dose-dependently and
to a greater extent than conventional plasma expanders
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increase systemic oxygen delivery and tissue oxygenation in
dogs subject to isovolemic resuscitation after acute blood
loss™

0O O HBOC and Resuscitation

To test the hypothesis that low-volume resuscitation with
HB-200 improves hemodynamic function and tissue
oxygenation, whereas arginine vasopressin resuscitation
improves blood pressures more than low-volume saline or
hemoglobin glutamer infusion but compromises systemic and
muscle blood flow and oxygenation.

Dogs were instrumented to determine heart rate; arterial,
central venous, pulmonary arterial, and pulmonary arterial
occlusion pressures; cardiac output, and quadriceps muscle
blood flow and oxygen tensioml Py0,[] Total and plasma Hb,
oxygen content, lactate, pH, standard base excess, and
arginine vasopressin levels were determined, and systemic
oxygen deliveryl Do,ICand extraction ratio were calculated.

Measurements were made before and 30 mins following
hemorrhage. Dogs were resuscitated over 60 mins with saline
085 mL/kgQ) arginine vasopressifd 0.4 1U/kg bolus plus 0.08
IU/kg/mind or 1.1 diluted hemoglobin glutamer-200.
Recordings were then repeated. Subsequently, animals
received 30 mL/kg shed blood] 60 mL/kg/hr[]and recordings
were repeated immediately and 1 hr later.

Hemorrhagél 0 52 mL/kglcaused characteristic changes
in hemodynamic, hematologic, systemic P,0, and acid-base
variables. Saline resuscitation increased both Do,I and muscle
perfusion by 420 and 510, while arginine vasopressin
treatment reduced heart rate by 310 and increased mean
arterial pressure by 220 but not cardiac output, Do,l, or
muscle blood flow, resulting in a further decrease of P,0, by
681 and worse metabolic acidosis. Hemoglobin glutamer-200
infusion caused systemic and pulmonary vasoconstriction,
however, without deterioration of cardiac output, Do,l, muscle
blood flow, or P,0, despite lack of oxygen content increase.
Blood transfusion restored most variables.

Including use of vasopressin, we concluded that low-
volume crystalloid or HB-200 resuscitation posthemorrhage
may improvél but not restoreOmacro- and microvascular
functions and tissue oxygenation, while arginine vasopressin
infusion may only improve blood pressures and result in
lower overall systemic perfusion compared with low-volume
saline or HB-200 treatment and worsening of anaerobic
conditions in skeletal muscle*”

00 00 HBOCs and Circulating Blood Volume

HBOC may be ideal for monitoring circulating plasma
volumé&l CV-Pand circulating blood volumé& CV-BL We used

58

an HBOQ Hemoglobin glutamer-2000 bovine[] Oxyglobin®;
Biopure, Cambridge, MA[s an indicator for relative CV-B in
the rabbit model. Accuracy of the technique was determined
by comparison with the Evans blue dyél EBDOdilution
technique in 19 anesthetized female New Zealand rabbits
weighing 2.0 to 10.6 kg. The measurements were performed
at baseline, after hemorrhagél 1/3 of CV-B[] normovolemic
hemodilutiol replacement of 1/3 CV-B by Hextend®, Abbot
Laboratories, North Chicago, ILO and hypervolemic
hemodilutio] additional infusion of Hextend® in a volume
equal to 1/3 of CV-B[ Hb concentration was measured by
using a HemoCue® photometeil] HemoCue AB, Angelholm,
Swedenl] EBD concentration was analyzed by using linear
regression to estimate Time 0 concentration; Time 0 was
defined as EBD injection time. The difference between CV-P
values determined by EBD and HBOC dilution was
independent from the magnitude of the CV-P value. The
relative bias was 1.29 mL, and the precisioiil one SDOwas 2.82
mL. The difference did not reach statistical significance.

In an attempt to use HBOCs to estimate circulating blood
volumes, we concluded that circulating plasma volume and
circulating blood volume may be accurately estimated by
using plasma hemoglobin concentration measurements after
HBOC infusion™

O O Verification of Circulating Blood Volume Measurements
Using HBOC

Direct determination of the CV-B is clinically desirable,
especially when hemodynamic parameters such as blood
pressure and heart rate are pharmacologically altered and
may not be used with confidence for monitoring of CV-B. In a
rabbit model, we demonstrated that small volumes of HBOCs
may be used for measuring of CV-B with the indicator-
dilution technique. This study aimed to verify the technique
in a canine hypovolemia model with varying concentrations
of infused HBOC.

Twenty-four healthy mongrel dogs were anesthetized and
anesthesia maintained with isoflurane in 210 oxygen and
sufentanil infusion. All animals were mechanically ventilated.
After splenectomy and insertion of arterial, venous, and
balloon-tipped pulmonary arterial catheters and recording of
baseline values of total and plasma hemoglobi] Hb[]
hematocrit, and major hemodynamic parameters, dogs were
bled] average 36.6 + 58 mL/kg(ito a mean arterial pressure
of 50 mm Hg and maintained hypovolemic for 1 hour.
Thereafter, measurements were repeated, and dogs were
resuscitated. Animals in group 1 were resuscitated with 30
mL/kg of 60 hetastarch solutiod] HESC] Animals in other
groups received either 10 mL/kg of Hb glutamer-200) Hb-200;
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OxyglobinCplus 20 mL/kg HESI group 20] 20 mL/kg Hb-200
plus 10 mL/kg HESI group 3[] or 30 mL/kg Hb-20Q1 group 40
Solutions were infused at 30 mL/kg/hr. Measurements were
repeated immediately after volume resuscitation. Plasma Hb
concentration was determined after centrifugation using the
HemoCue. Lactated Ringer's solution was infused in all
subjects at 5 mL/kg/hr for maintenance. CV-B at baseline
was estimated as 85 mL/kg. CV-B values immediately
posthemorrhage were calculated by subtracting the volume
of withdrawn blood from the baseline value. On the basis of
the assumption that hemorrhage and subsequent volume
resuscitation would not cause any hemolysi§] as confirmed in
group 10 all plasma Hb was considered to represent infused
HBOC. The calculation of CV-B using HBOC as an indicator
was performed as previously published by Kasuya et al. CV-B
values derived from measured HBOC concentrations in
plasma were compared with calculated based on an original
CV-B of 85 mL/kg and withdrawn blood volume(values of
CV-B using the Bland-Altman analysis and by linear
correlation. Agreement between the methods was analyzed
by calculating the bias estimated by the mean difference and
the standard deviation of the difference.

Calculated and measured CV-B values were highly
correlated r = 0.970 The difference between indicator
dilution-derived and calculated values of CV-B did not exceed
40 of calculated CV-B in 970 of the measurements. The
mean difference between measured and calculated values of
CV-B was 72 + 16 mL and did not vary significantly among
groups 2, 3, and 41 at varying concentrations of HBOC
infused(l

In a canine hypovolemia model, knowing both the HBOC
volume infused and the HBOC concentration measured in
plasma allows for reliably determining the CV-B. Our data
verify the indicator-dilution technique with HBOC as an
appropriate and clinically valuable method for monitoring CV-
B in treatment of hypovolemia®

0 O HBOC and Magnetic Resonance Oximetry

The authors tested whether noninvasive magnetic
resonancé] MROoximetry is accurate in the in vivo
measurement of oxygen saturation in a stroma-free HBOC.

A central venous catheter was placed in the inferior vena
caval IVCof 10 New Zealand white rabbit§] weight range,
25 - 32 kgl Each rabbit underwent removal of 200 of blood
volume followed by resuscitation with 10 mL/kg of bovine
HB-200. Oxygen saturation of the blood mixture was
measured in vivo at the IVC with MR oximetry, with
separate in vitro calibration for each animal. Blood drawn
from the 1VC was measured with ex vivo oximetry, which

ARTIFICIAL BLOOD Vol. 17, No.2, 2009

was used as the standard of reference. The in vivo and ex
Vvivo measurements were compared.

There was no significant differencél p > 0.10between
measurements obtained with MR oximetry and ex vivo
oximetry. The results with in vivo MR oximetry
demonstrated excellent correlation with those from ex vivo
oximetry] r = 0.990over a wide range of physiologic oxygen
saturation value§l 16.7 - 74.90 [in venous blood.

Noninvasive in vivo magnetic resonance measurement of
oxygen saturation is valid for whole blood mixed with
stroma-free Hb. Therefore, magnetic resonance oximetry
may be clinically useful for assessing oxygenation status in
patients resuscitated with an HBOC™

0 0 HBOCs and Coagulation

Because hetastarches have deleterious effects on
coagulation that increase with molecular weight MWL) risk
of coagulopathy associated with a high MWt HBOC was
studied.

Experiments simulated hemodilution during clinical
resuscitation of hemorrhagic shock with varying doses of
HBOCs. Coagulopathy related to 1:11, 1:5, 1:2, or 1.1 dilution of
whole blood with normal saline, 60 hetastarchl] 670 KDal]
Hb-200, or OxyVitd]l OXYVITA Inc, New Windsor, NYOa
new-generation, zero-link polymerized bovine hemoglobin-
based oxygen carrier, 33 megadaltonsCiwere analyzed.

At 2 lower levels of hemodilution, hetastarch, HB-200, and
OxyVita produced equivalent reductions in maximum clot
strength] TEG-MA and TEG-G[that reached statistical
significance compared with whole blood and normal saline. At
2 higher dilutions, OxyVita and Hb-200 impaired maximum
clot strength compared with whole blood, normal saline, and
hetastarch. Dilution with hetastarch had a greater effect on
clot propagation] K anda Cthan either HBOC.

OxyVita and Hb-200, HBOCs with different MWt, had
similar effects on coagulation as measured by TEG. The
impairment of coagulation by HBOCs and hetastarch
occurred at doses corresponding to 12 mL/kg or a blood
volume replacement of 170. The use of HBOCs at doses
corresponding to 23 mL/kg or a blood volume replacement of
330 significantly decreased coagulation to levels associated
with increased clinical bleeding in this preliminary study.
Minimal coagulopathic effects are expected with use of
OxyVita at the manufacturer's anticipated effective dose of 10
g or 2 to 3 mL/kg®

0 0 HBOC and Coagulation

Polymerized bovine hemoglobin is currently under
investigation as an alternative to blood-banked human red
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blood cells. Because of the dark red hemolyzed appearance of
hemoglobin-based oxygen carrief] HBOC[}201, we sought to
describe the effects of HBOC-201 on coagulation analyzers
that perform prothrombin times, activated partial
thromboplastin times, fibrinogen, and antithrombin. Pooled
normal plasma was combined with HBOC-201 to achieve
plasma hemoglobin levels of 1.4, 2.6, 3.8, 48, and 6.2 g/dL.
Results for each test using HBOC-201-prepared plasma were
compared with results using saline-matched controls. Two
consecutive absolute result differences of >100 between
saline controls and HBOC-201 samples were used for
determining interference in test accuracy by the
concentration of HBOC-201. Mechanical detection methods
0O fibrometer, STA, CS-190Cand the MDA-180 method were
less affected by increasing levels of HBOC-201 than optical
detection devices for all test parameters®

100 HBOC and Hemoglobin

The accuracy of the HemoCue® Plasma/Low Hemoglobin
System was validated in vitro with low levels of HBOCs.
Repeated measurements were performed on 50 samples of
canine plasma, each mixed with three different HBOCs at
varying small concentration§] a total of 150 samplesl] by
using plasma samples without HBOCs as controls. Two
technicians performed the measurements and randomly
tested each sample 10 times. The results were analyzed for
correlation, and analysis of variance was used to evaluate
statistical significance, with a P value of <0.05 considered
significant. Hb concentrations determined with the bedside
photometer were not significantly different from known
values of Hb concentration in the samples. There was no
significant difference between values obtained by two
independent observers for the same samples. This was true
for all three tested HBOCs and for all tested concentrations.
The mean bias of the measurement expressed as a
percentage of sample concentration was 0.10 for HB-200
O bovine[] 0580 for hemoglobin glutamer-250] bovinel] and
0.190 for hemoglobin-raffimer. The mean error was <80 for
all three HBOCs. Both intraobserver and interobserver
reliabilities were high and statistically significant. The
HemoCue® Plasma/Low Hemoglobin System is a reliable
instrument for detecting and measuring small concentrations
of three different HBOCs in plasma.

This study evaluated a new bedside blood-measuring
device for low levels and found that it rapidly measured low

100

levels accurately for three blood substitutes™.

110 HBOC and Oximetry
The validity of arterial and mixed venous oxygen

60

saturation measurements in a canine hemorrhage model after
resuscitation with varying concentrations of HBOC was
determined. We concluded that the administration of this
oxygen therapeutic may interfere with the values of some
monitors.

In this study, we evaluated the validity of saturation
measurements in mixed venous and arterial blood during
posthemorrhagic anemia and resuscitation with varying
levels of HB-200. Nineteen anesthetized, splenectomized,
mixed-breed dogs were anesthetized] two were excluded
from the data because they did not survive the
exsanguination, supporting the validity of the modelll Their
pulmonary arteries were cannulated with the Abbott QVUE
Oximetrix 3 catheter. An 18-gauge catheter was placed in the
femoral artery, and a reusable Nellcor probe was applied to
the tongue. Mixed venous and arterial samples were drawn
at baseline, after 400 hemorrhagé] to keep arterial pressure
at 50 mm Hg[) and postresuscitation with 30 mL/kg of 60
hetastarch in lactated Ringer's solutiofd n = 4[] 10 mL/kg of
Hb-200, 20 mL/kg of hetastarchil n = 6] 20 mL/kg of Hb-200,
and 10 mL/kg of hetastarclil n = 70 Samples were compared
with oxygen content from the LEXO2CON-K oxygen
analyzer, and oxygen content was calculated for all values
from the monitors. Results were compared by using analysis
of variance. There was good correlatiof] 0.97 > r > 0.92(for
the measured versus calculated Hb oxygen saturation values
at baseline. After resuscitation, the correlation between
calculated and measured values of oxygen content was
significantly smaller for all tested instruments. The values of
oxygen content calculated from the oxygen saturation
monitor and from the oximetric pulmonary artery can
deviate by as much as 200 from directly measured values.
We conclude that the administration of this oxygen
therapeutic may interfere with the values of some monitors.

This study evaluated oxygen saturation monitors in a
canine model of acute blood loss and resuscitation with a
blood substitute and found that these may interfere with the

110

monitors' results in a dose-dependent way™".

1200 HBOC and Lactate

Lactate measurements with three HBOCs were evaluated,
and based on the samples tested in this study, results
indicate true lactate levels in the presence of HB-200 may be
consistently underestimated when measured in a
spectrophotometry-based lactate analyzer, especially at
higher lactate concentrations. The clinical implications of this
study are that with increasing levels of an HBOC in human
plasma, lactate interpretation may become inaccurate when
measured by a spectrophotometric lactate analyzer, causing

0000 Vol 17, No.2, 2009



underestimation of "true" lactate values and possible under-
treatment of the patient. Therefore, caution must be
exercised when interpreting lactate results from the
Synchron LX® 20 when a HBOC is present in plasma.

We sought to determine whether HBOCs, HB-200, and
hemoglobin raffimefl Hemolink™Cinterfere with the accuracy
of lactate measurements. Combinations of concentrated L-
lactate solution, HBOC, and blood or plasma with added
PlasmaLyte-A™ were added to sample tubes to make a linear
and constant increase in lactate concentration in consecutive
samples. Sample lactate concentrations ranged from 5-110
mg/dl] 0.6-12 mm0O physiological reference range: 5-20
mg/dld 0.56-2.2 mm[I] Comparisons were made between
machine measured lactate concentrations and calculated
lactate concentrations. For Hb glutamer-250, the average
difference between measured and calculated lactate
concentrations was -5.1 mg/dld-0.57 mm0O LX-20®0 with
greater underestimation at larger lactate concentrations. For
Hb raffimer, the average difference was -2.2 mg/dC -0.24 mm0
O LX-20®0 The veterinary product, Hb glutamer-200, was
tested on 3 analyzer&l LX-20®, YSI 1500, and YSI 23000 The
YSI 1500 was the most accurate instrument with the mean
difference between measured minus calculated lactate being
+1.3 mg/dL versus -2.6 mg/dld YSI 2300Cand -8.4 mg/dL
0 LX-20®0 The clinical implications of this study are that with
increasing levels of an HBOC in plasma, lactate interpretation
may become inaccurate, especially at larger lactate
concentrations, causing underestimation of measured lactate
values and possible under-treatment of the patient. Therefore,
caution must be exercised when interpreting lactate results

when a HBOC is present in plasma'’

130 Methemoglobin and Lactate

In this study, we validated the accuracy of lactate
measurement$&l YSI 2700 SELECTTM glucose/lactate
analyzer(in the presence of methemoglobin from an oxidized
bag of hemoglobin-based oxygen carriefl Met-HBOCT]
hemoglobin glutamer-200 Oxyglobin®; Biopure CorpL]

Different combinations of concentrated I-lactate solution,
pooled canine plasma, and Plasmalyte A™ were added to 4
sample group§l 10, 100, 200, and 400 Met-HBOCQI 1.3
g/dLIIto yield linear increases in lactate concentration in
consecutive samples. The mean difference between measured
and calculated lactate was -5.1 mg/dil0 10 Met-HBOCTI] -5.8
mg/dI0 100 Met-HBOCL -4.6 m@ 200 Met-HBOCL and -85
mg/dld 400 Met-HBOCUO The root mean square error was
6.5 mg/dL, 7.4 mg/dL, 6.8 mg/dL, and 10.3 mg/dL,
respectively. The Bland-Altman correlatiofnl rCwas r = -0.94 P
= 0010 r = 090 P < 00010 r = -090 P < 00010 and r =
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-0.941 P < 0.0010 respectively, where r = 0 for perfect
agreement between measured and calculated values. Results
indicate that true lactate levels in the presence of Met-HBOC
are underestimated when measured by an YSI 2700 analyzer
independent of the amount of Met-HBOC present™’

Methemoglobin concentration increases in patients
receiving HBOCs. When interpreting lactate concentrations
from a patient with an HBOC present in plasma,
underestimation of true lactate levels may occur unrelated to
methemoglobin concentrations.

140 Methemoglobin and TEG

The thrombelastograni] TEGLIs a point of care coagulation
monitor evaluating qualitative platelet function; this may be
affected by oxidation. HBOCs oxidize Hb, increasing
methemoglobii]l MetHbevels. We hypothesize that HBOCs,
if they create methemoglobinemia, may cause coagulopathy.
This ex vivo model studies dose response coagulation changes
with TEG to increasing levels of MetHb from oxidized HB-
200.

After IRB approval for laboratory study of donated blood
and patient consent, the effects on coagulation of increasing
concentrations of HBOCs in whole blood of two donors were
quantified using a TEG® 50001 Haemoscope Corp., Niles, ILO
0 10 Blood samples simulated hemodilution during clinical
resuscitation of hemorrhagic shock with varying doses of HB-
200. Coagulopathy related to 1.111 Lowt(] 1.51 Med[] 1:21 HighO
and 111 Very Highdilution of whole blood with HB-200 high
MetHIR] 650 Cconcentrations and HB-200 low MetHi 10 O
concentrations were analyzed. For each sample R, K, MA and
G were quantified ANOVA, P < 0.05 considered significant[]

Progressive dilution of HB-20Q Low Met[land HB-20@ High
Met[produced increases in R1 P = 0.0400and KIP < 0.00010
and decreases in o0 P = 0.00300 MAIP < 0.00010and GIP <
0.00010 Analysis effects of treatment on coagulation showed
that KI P = 0.0100 o P = 0.00040] MAJ P = 0.0050and GI1 P =
0.00090are changed in HB-20Q High Metllcompared to HB-
200 Low Metl Very High dilutions of both HB-20Q Low MetO
and HB-20Q High Metlincreased RI Low Met P = 0.04Cand
O High Met P = 0.04Ccompared to Low dilutions.

High methemoglobin concentrations in Oxyglobin cause
additive coagulation impairment that likely results from the
effects of oxidative substances on platelet function and
coagulation proteins. Oxidative products adversely react with
coagulation factors and modify redoxsensitive sites in the
platelets. Therefore, if methemoglobinemia occurs as a result
of HBOC administration and if the levels are significantly
elevated] greater than 100 [J impairment of coagulation is

possible**
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Summary

Work on HBOCs is presented, providing independent
validation of safety and efficacy, crucial for FDA and other
regulatory registration for any product, and increased
acceptance. Independent investigation, regardless of
outcome, is critical for good science to prevail.

References

0. Driessen B, Jahr JS, Lurie F, Griffey SM, Gunther RA.
Effects of hemoglobin-based oxygen carrier Hemoglobin
glutamer-20@ bovinedon intestinal perfusion and
oxygenation in a canine hypovolemia model. Brit J
Anaesth 2001,86;683-692.

0. Cheung ATW, Jahr JS, Driessen B, Duong PL, Chew JT,
Chan MS, Lurie F, Golkaryeh MS, Kullar RK, Gunther RA.
The effects hemoglobin glutamer-20@ bovineCon the
microcirculation in a canine hypovolemia model: a non-
invasive, computer-assisted intravital microscopy study.
Anesth Analg 2001;93:832-838.

0. Driessen B, Jahr JS, Lurie F, Golkaryeh M, Gunther RA.
Arterial oxygenation and oxygen delivery after
hemoglobin-based oxygen carrier infusion in canine
hypovolemic shock: A dose-response study. Crit Care
Med 2003;31:1771-1779.

0. Driessen B, Zarucco L, Gunther RA, Burns PM, Lamb SV,
Vincent S, Boston RA, Jahr JS, Cheung ATW. Effects of
low volume Hemoglobin glutamer-20@ bovineOversus
normal saline and arginine vasopressin resuscitation on
systemic and skeletal muscle blood flow and oxygenation
in a canine hemorrhagic shock model. Crit Care Med
2007;35:2101-2109.

O.Jahr JS, Lurie F, Xi S, Golkaryeh MS, Kuznetsova OA,
Kullar RK, Driessen B. A novel approach to measuring
circulating blood volume: use of a hemoglobin-based
oxygen carrief] HBOCOn a rabbit model. Anesth Analg
2001;92:609-614.

0O.Jahr JS, Lurie F, Bezdikian V, Driessen B, Gunther RA.
Measuring circulating blood volume using infused
hemoglobin-based oxygen carriefl Oxyglobin{as an
indicator: verification in a canine hypovolemia model. Am
J Ther 2008;15:98-101.

62

O0.Chan FP, Jahr JS, Driessen B, Daunt D, Li KCP.
Validation of MR in vivo measurement of oxygen
saturation after resuscitation with a polymerized
hemoglobin-based oxygen carrier in a rabbit model. Acad
Radiol 2001;8:583-590.

0. Jahr JS, Weeks DL, Desai P, Lim JC, Butch AW, Gunther
R, Driessen B. Does OxyVita, a new generation
hemoglobin-based oxygen carrier, or oxyglobin acutely
interfere with coagulation compared with normal saline or
60 hetastarch? An ex vivo thrombelastography study. J
Cardiothorac VVasc Anesth 2008;22:34-39.

0. Jahr JS, Lurie F, Gosselin R, Lin JS, Wong L, Larkin E.
Effects of a Hemoglobin-based oxygen carriefl HBOC-2010
on coagulation testing. Am J Ther 2002;9:431-436.

10. Lurie F, Jahr JS, Driessen, B. The novel HemoCue®
Plasma/Low Hemoglobin System accurately measures low
concentrations of three different hemoglobin-based oxygen
carrier§l HBOCUOin plasma: Hemoglobin glutamer-200
0 bovineD Oxyglobin® Hemoglobin glutamer-250
O bovined] Hemopure®Oand Hemoglobin-raffimer
O Hemolink™ [ Anesth Analg 2002;95:870-873.

11. Lurie F, Driessen B, Jahr JS, Reynoso R, Gunther RA.
Validity of arterial and mixed venous oxygen saturation
measurements in a canine hemorrhage model after
resuscitation with varying concentrations of hemoglobin-
based oxygen carrier. Anesth Analg 2003;96:46-50.

12. Jahr JS, Osgood S, Rothenberg SJ, Li Q-L, Butch AW,
Gunther RA, Cheung AT, Driessen B. Lactate
interference by hemoglobin-based oxygen carriers
0 Oxyglobin®, Hemopure® and Hemolink™C Anesth Analg
2005;100:431-6.

13. Osgood SL, Jahr JS, Desai P, Tsukamoto J, Driessen B.
Does methemoglobin from oxidized HBOCI Hemoglobin
glutamer-2000interfere with lactate measuremenfl YSI
2700 Biochemistry Analyzer[® Anesth Analg 2005;
100:437-9.

14. Moallempour M, Jahr JS, Lim JC, Weeks D, Butch A,
Driessen B. Methemoglobin effects on coagulation: a dose
response study with HB-20@ Oxyglobin®0in an ex vivo
thrombelastogram model. J Cardiothorac Vasc Anesth,
2009;23:41-7.

0000 Vol 17, No.2, 2009



Semibiologyl D D 00 MMOOOO0OOO0OOOOOOOOOOON

Recent Topics on Semibiology for Organ Preservation,
Resuscitation, and Transplantation in Mammals.
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Abstract

When automobiles break down, they can be repaired and driven again, because there are blueprints and specifications, spare
parts and repair techniques. In the case of humans, like automobiles there are blueprints] anatomical chartsl] repair techniques
O surgical operationsl] but spare part$] organsCare not easily available. They are provided by brain dead donors, but they can be
preserved for only 24 hr at the maximum. The technique of organ preservation and resuscitation with the use of CO, gas
extended this preservation time from 24 hr to 72 hr. With the development of the semibiology techniques, it may some day be
possible to preserve human organs for more than 1 year, and therefore human life could in the future become semi-permanent
in a manner similar to that of automobiles. We succeeded in an experiment in which tardigrades were desiccated using
perfluorocarboril PFC[] an inert fluid that has been used in liquid breathing and as artificial blood for mammals since about the
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Hiratsukashi, 259-1293 Japan
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1960s, and then they were exposed to high pressure at 600MPa for resuscitation. We decided to work on an experiment to
preserve an isolated mammal organ by immersing it in this desiccated PFC. It was thus demonstrated that after an isolated rat
heart was dry-preserved for 24 hours in an environment with 400 hPa of partially compressed CO, within a hyperbaric
environment compressed at 2000 hPa and then was resuscitated, it could be heterotopically transplanted into a recipient rat, and
the reproducibility thereof was verified. When the isolated rat heart was aeration-dried at 100 hPa of partial pressure CO, after
being immersed in PFC, the preservation time could be extended to 72 hours. To the gas mixture of CO, O, and He, CO,was
added to provide its preservative properties. Diverse levels of partial pressure for each constituent gas were tested and a good
result with 120 hr preservation and resuscitation was obtained with a mixture of CO, CO,, O,, and Hél PCO=400 hPa, P CO,=100
hPa, PO,=900 hPa, PHe=5600 hPall On going experiments are presently investigating a diversity of partial pressures for each
component gas. In the scientific world of physics and chemistry, CO is used daily, but in the field of biology CO is known as
poisonous and has not been used. The present experiments proved that CO could be used profitably for the preservation and

resuscitation of organs.

Keywords

semibiology, CO, CO,, Isolated rat heart, perfluorocarborid PFCL desiccation, preservation, resuscitation, heterotrophic

transplantation.
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Fig. 1. The isolated hearts were exposed to mixed gas] PCO, = 150 hPa
and PO, = 850 hPal] and the blood was removed from them in
Krebs-Henseleit] KHOsolution cooled to 40, which was then
infused as a preservative. The hearts were then exposed to mixed
gasl] PCO, = 150 hPa and PO, = 850 hPall, and immersed in PFC
cooled to 400 . During the preservation period, the hearts were
continuously exposed to CO, at 35 ml/min0 A, glass]

Figure. 2
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Fig. 2. The isolated hearts were exposed to mixed gas] PCO, = 150 hPa
and PO, = 850 hPal] and the blood was removed from them in
Krebs-Henseleit] KHOsolution cooled to 4, which was then infused
as a preservative. The inside continued doing perfusion of KH
liquid at speed of 0.1ml/h from the aorta of the extraction heart of
the donor rat for a during the preservation period, and the hearts
were then exposed to mixed gas PCO,=150hPa and PO,=850hPa
with 80ml/min and immersed in PFC cooled to 4[] A, glassl]
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Table 1. Hearts exposed to CO, gas in PFC solution are indicated by 1A,
1B, 1C, 2A 2B, 3, 4, 5, and 6 in the table.
Hearts exposed to pure O,, pure He, and standard air in PFC
solution are indicated by 3, 4, 5, and 6, respectively.
The resuscitation rate following heterotopic transplant after
preservation of the heart and the 10-week survival rate are
shown for each heart.
Tests of significance using one-way analysis of variance
0 ANOVAUDOwere conducted for the control experiments
1A, 1B, 2A, 2B, and 3, 4, 5, and 6 with preservation by CO,
exposure, respectively.0 0 = P<0.050

Group(] Preservation() PerfusionC]|] PreservationdJ| n Resuscitation[ Ten-weeks[]
0 method speed time ratel 0 (11 suvival ratel 0 (1]
1A0 | KH/PFC+CQOg,l 150hPalT] —0 480 50 5/81 10001 0 5/81 100CJ
1BO | KH/PFC+COL! 150hPalT] —0 720 50 5/8) 1000010 5/8] 100C1J
1CO | KH/PFC+COg] 150hPalT] —0 9600 50 0/8] 0C1) 0/8] 0C1)
2A0 | KH/PFC+COg) 150hPall] 0.1ml/hD 960 50| 5/81 1000000 0/8] 01
2B0 | KH/PFC+COL) 150hPall] 0.1mi/h0 1200 50 4/8) 801 O 0/5] 0CT)
30 KH/PFC+0,00 —0a 480 50 0/5] 0CTJ 0/8] 0CTJ
40 KH/PFC+Hel —0 480 50 0/5] 0CTJ 0/5] 0CTJ
50 KH/PFC+AIrd —0 480 50 0/5] 0CTJ 0/8] 0CTJ
6 —a 0 5 5/61 100000 5/51 1000
control
Figure 3.
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Fig. 3. An isolated heart of a donor rat] RA-165600was preserved for 72
hr, after which it was heterotopically transplanted to the recipient
rat and resuscitated. An ECG was recorded after 12 weeks.
Preservation was started on August 18, 2006, the heart was
heterotopically transplanted on August 21, 2006, and the ECG was
recorded on November 15, 2006. Heading above figure:ECG after
12 weeks survival of a heart preserved for 72 hr; donor rat RA-
16560
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Section 1

0:+C0: : 2ATA
02+C02+C0+He : 7ATA

Inlet

190mm

107mm

Fig. 4. A hyperbaric chamber was used for the preservation of isolated
heart. A beaker filled with distilled water was placed inside the
chamber to maintain the humidity at over 9000 . The heart was
filled with KH solution into which antibiotics and warfarin sodium
were dissolved and it was hung as shown in the illustration.

0 Section 10The mixture of CO and O, was pressurized from 2
ATA to 7 ATA and the chamber was put in a refrigerator and
stored at 400 for 48 hr.

0 Section 20The mixture of O, CO, CO and He was pressurized
up to 7 ATA and the chamber was put in a refrigerator and
stored at 40 for 72 hr.
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Table 2. An isolated rat heart was preserved in a hyperbaric chamber of
2 ATA of a mixture of CO and O,, with predetermined level of
CO partial pressure. After 24 hr preservation, it was
heterotopically transplanted. This table indicates the rate of
resuscitation immediately after the transplantation and the rate
of survival 10 weeks later.

Preservation]| The number(} Resuscitation[] ~ Ten weeksO
Group | Preservation method

timé hr|  of hearts ratél %0 | survival ratél %[]

1A0 | O3 1800hPal+CQ@ 200hPal] 240 50 3/8] 600 3/51 60(0]

1BO | O3 1600hPa+C@ 400hPaLT] 240 50 5/81 100(0J|  5/51 1001

1C0O | O3] 1400hPal3+CQ@ 600hPaLT] 240 50 5/5] 100C0] 3/51 60(0

1D0 | Og 1200hPa3+CQ@I 800hPal] 240 50 1/8] 2000 1/8] 2000

1E0 | Oy 1000hPal+C@ 1000hPalT] 240 50 1/8] 2000 0/8] 0[0
2 control 0 10 10/1@ 100CT} 10/1Q@ 100D

ECG of 24hrs preserved rat (RA-2067) heart
recorded after 10 weeks of survival
Donor rat ECG 18:23/12/10/2007

Recipient rat ECG

Awl

INNNEENENEE

1 sec

Fig. 5. An isolated rat heart was put into a hyperbaric chamber which
was pressurized to 2 ATA with PO,=1600 hPa+PCO=400 hPa.
After 24 hr of preservation, the preserved heart was
heterotopically transplanted to the neck of a recipient rat and was
resuscitated. Ten weeks later on October 12, 2007 this ECG was
recorded for the donor rat heart and the recipient rat heart.
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ECG of 48hrs preserved rat (RA-2170) heart
recorded after 10 weeks of survival

AR 14:32/07/05/2008
Recipient rat ECG

AW

Donor rat ECG Tsec '

Fig. 6. Isolated rat heart was put in a hyperbaric chamber and kept
there for 48 hr at 7 ATAO PO,=3000 hPa + PCO=4000 hPal and
then was transplanted heterotopically to the neck of a recipient
rat and was resuscitated. This ECG was recorded on May 7, 2008
from the donor heart and recipient heart.

ECG of 72hrs preserved rat (RA-2207) heart
recorded after 10 weeks of survival

16:19/01/07/2008
Donor rat ECG

Recipient rat ECG 3

1 sec

Fig. 7. Isolated rat heart was placed in a hyperbaric chamber and was
compressed with PCO=400 hPa+PCO,=100 hPa+P0O,=900
hPa+PHe=5600 hPa. After 72 hr of preservation, the heart was
transplanted heterotopically to the neck of the recipient rat and
was resuscitated. Ten weeks after resuscitation, on July 1, 2008,
this ECG was recorded from the donor rat heart and the recipient
rat heart.
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Table 3. Isolated rat heart was preserved 48 hr in a hyperbaric chamber
of 7 ATA pressurized by CO and O, with their respective level
of partial pressure. The resuscitation rate immediately after
transplantation and the survival rate 10 weeks after the
operation are indicated here.

Preservation]l The number{} Resuscitation] ~ Ten weeksC
Group | Preservation method
timél hr |  of hearts raté] %0 | survival ratél %[]

1A0 | O3 3000hPal}CQl 4000hPalT] 480 50 5/81 100000 4/51 800
1B0 | Oq 2500hPal3+Ca@ 4500hPalT] 480 40 47810000 3/8 7500
2 control 0 10 107101 100CT} 10/101 100(1

Table 4. Record of an Experiment, After 72 hr of preservation, the heart
was transplanted heterotopically to the neck of the recipient rat
and was resuscitated.

Preserved 72 hours by carbon monoxide mixed gas.

Experimental Rat: No,RA-2238 LEW/SsN Sic {J*) 6 weeks old
Date: May 20 2008 (Tuesday) temperature: 24 °C, humidity: 51%
17:15 Body weight: 246

17:22 1.0 mg dose of heparin sodium

17:26 KH solution

17:28 Remova! of the heart preserved in KH solfution.

17:47 Isolated heart weight: 1.430g

17:55 Isolated rat heart was placed in a hyperbaric chamber where
it was exposed to 4 different gases; PCO=400 hPa, PCO,=100 hPa,
P0,=900 hPa, PHe= 5,600 hPa. and the chamber was kept in a
refrigerator at 4 °C.

After preservation of 72 hours. heterotopic transplantation,
May 23 2008 (Friday) temperature: 24 °C, humidity: 61%

16:30 Hyperbaric chamber was opened to take out donor heart.
16:31 Isolated heart weight: 1.423g {~1%)

16:32 Starting a denor heart transplant te recipient rat.
16:36 Donor heart transpiant ended.

16:37 Starting reperfusion.

16:46 Donor rat heart started to pulsate sharpiy and clearly.
’118:512 Surgical suture of the recipient rat skin over the donor
eart.

17:00 Observation of postoperative recovery in animal roem
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Abstract

Polymersomed] polymeric vesiclesOhave attracted great attentions considering potential utilities for biomedical and
pharmaceutical applications. Most of polymersomes are composed of amphiphilic block copolymers, like & scaled-up lipid’.
Compared with liposomes, polymersomes show better mechanical and physical properties and much more useful properties for
biomedical applications using biocompatible or biodegradable polymers. On the other hand, PICsomes, one of new families of
polymeric vesicles, have been developed utilizing a pair of oppositely charged block copolymers. PICsomes can be obtained
directly in an agueous media in a very simple manner and show quite unique and important characters, such as encapsulation
of proteins, semipermeability, pH-sensitivity, and so on. Very recently, exclusive methods to control sizes and structures of
PICsomes have been established. In this article, recent advances of polymersomes and PICsomes have been reviewed especially
from the viewpoint of biomedical applications.

Keywords
Polymeric Vesicles; Supramolecular Chemistry; Self-assembly; Bottom-up Technology; Drug Delivery System; Artificial
Organelle; Artificial Cells.

0100000000 ODO00DO0O0 ODO0O00DO000 DO0O0ODOO00D0O0001138656 ODOOODOOO0O7-31 Department of Materials
Engineering, Graduate School of Engineering, The University of Tokyo, 7-3-1 Hongo, Bunkyo-ku, Tokyo 113-8656 Japan

J200000000 00OD00O0OD0 ODO00D0O0O0O00O0OO0 O0D00O0OO0O0DOD Division of Clinical Biotechnology, Center for Disease Biology and
Integrative Medicine, Graduate School of Medicine, The University of Tokyo

0300000 0000000000000 000000Center for NanoBio Integration, The University of Tokyo
0000 20000013000000 2009000 230

ARTIFICIAL BLOOD Vol. 17, No.2, 2009 73



oooogn
gooooooooooooooobbobobbobooboooo
00000o0oooooooooooOoUoooooooDooooo
00000o0oooooooooooOoUoooooooDooooo
goooooobbobbobboboooooooooooood
00o0oooooooooooooooooooooooo
00000000o0o0oDOooo0o0oO0o00ooooOon199s
O0A Eisenberg0 0000000000 DOODOOOOODOOO
00000000000 ooOoOoooooooooooo
00o000oooooooooooOoUooooooooooo
0000000o0oooooooooooooobbsooOoOoO
gooooooobbobbobbbb oo ooogod
O00D0O00O0D0DO0O0O0O0DODOO0O0DOPolymersomel]
00000000000 000OOO0O000OD19990 0 Science
00000l *ooooooooooooooo
0oooooobobobobbobbooooooooooogd
00o00ooooooooooooOooooooooDpoooo
oo0o0oooooOo0oo0oooDOoUooooDOoOoOoO
OPICsome[ 0D 0000O0O0ODO0OOODOOOO

gboboboobooobooboboooobooDbo
goboooooobooobooocooobooooooon
goboobooooooboobobooooooboboOoooo
goboooboobodooooooboooboobooooooobooOoooo
oboooobooooooooooobobooboooooooooboa
oobooooooooooobooooobooobooooooo
gobooobooooooooooboooooooboooooa
OO000Fg 1MDOOODOOOOOOOOOOOOOODODOO

Hydrophobic Blocks P

For Biomedical Use

Poly(dimethyl Poly(lactic

Poly(styrene)  Poly(butadiene) siloxane) acid)
S (PBD)

1
1
1
1
1
1
1
1
1
1
1
1
1
1
\

Hydrophilic & Biocompatible Blocks

Poly(ethylene Poly(2- Poly(2-(methacryloyloxy)ethyl
glycol) methyloxazoline) phosphorylicholine)
(PEG) (PMOXA) (PMPC)
\(o/\f \(/L/\%: %
o o” Yo
N

O\p/o\/\l

I N+
N [

Poly(e-caprolactone)
(PDMS) (PLA) (PCL)

(PS)
P . o o NN i N R n)‘H (PPS)
n W 43{\0%‘ \(OJH%: /GJ\/\/\/O); H n ‘m \( J\%/
) - 0% oH ° "

AB Diblock
Copolymer

VA%

\ \ assembly
Hydrophobic Hydrophilic

Hydrophilic /

AR

Hydrophilic
Self- Surface

Enclosure

Lamellar

Polymersome
esicle]
ABA Hydrophobic (V )
Triblock Layer
Copolymer

Fig. 1. Schematic representation of the formation of a polymersome
through the self-assembly of amphiphilic block copolymers.

0000000000000 0o0oo0oooooooooo™g
cobooooboooOooOoooOoobboOobOOoOoOoOOooDn
coboooooboooboooooooboooboobooooDon
ooooooboobooooooboobbo0oooooDo
coboodoobooobobooooooobooOoboOoooooDn
Oo0o0o0oooooooO00oooo000rg 20000000
ooooooboobooooooobboobobooooooDo
coboodooooboooooooooobooooooonn
coboooobOoobOooOoooOoobboOoboOoOoooPeEGODO
coOoooobooooooepBDOOOOOOOODOOOO
ooooooboobbo0oooooboboobobo0oooooDo
0000000000022 nmI0O0O00O0O0OOO0Y00D0OO
coboooobooobooooooobboOobooOoooooDn
00000000™MO0000000oo0oUooooo
coooboooooooooobOobodobobooooooon
cobooooboobOooooooobOboOobooOoobObooDo

. Environment-responsive Blocks

Poly(L-lysine-b-poly(L-glutamic acid) Poly(propylene

sulphide)

NH,

Fluorescein
HN” s
Labeled poly(arginine)-b—poly(L-Ieuicine)/H

L o E

H H
R e ]

Fig. 2. Representative chemical structures of the polymers which are used as a building block of polymersomes.

74

0000 Vol 17, No.2, 2009



goooobobbobbbboboooooodooouooga
0000000oooooo*®0o00oooooooooon
0000000000000 oo0O000ooooooooo
000000oo00o00o0oooo0o0ooooooooo
goooooobbobbobbbb oo ooooad
00000oooo0o0o0ooo0o0oooOooooooooon
00o0000ooo000o0ooo0oooooooooooo
ggoboobbodbboobbboobooobooboo
000000000000000000000¥ 000000
0000000000000 ooo0o0ooUoooOooooo
0000000000000 ooo0ooooooooooo
gooooooobbobbobbob oo ooood
000000000000000000000000000°*0
0000000000000 000000ooooooon
goooobobbbbobbbbobooodooouooga
0oooooooboboobbobbooooooooooogd
0000000000000 0O00000o00O0Uo00DOFig.
20000000000000000000000O0DOOOO
00000o0oDb0o0oboDoOoOooPEGUOODDODOODOOODOO
000000000 0000000D00O0O0000000 PEG
O000oO0oO0ooOO0OO0OO0OO0ODOOPEGUUUOOOOOBmolOO
goobopPEGDUOUDUOOUOOOOOODDODOODOOOOO
0ooooooboobobobbooooooo0oooooogad
O00000oooooU0OOoPEGODOOODODOODOODOOO
000000oooooPEGODOOOOOOOUOOPEGOO
glo0ooobooobooPEGUUODOODOOD 30000
O0OOPEG-PBDOOODODODOOOOOOOOODOOOODOO
00000000 PEGUUOOOOUOUUUOUOPEGDOO
gloooboooooooooogoooobbboboooood
go28000000000000000"000000000O
0000000000000 0O00O000UoooOooOooo
000000oooooooooogdPalmer000oooOQ
OPEGODODOOOO0ODDODODOOOODDODODOOPEG-PBDO
0000000000000 o0OO0o0O00U00ooOoO0oDoooo
0000000000000 o0O0o0O00o0ooooooooo
0000000000 oo0bobibOo0nihUpsb
cooperative coefficientl] methemoglobin levelD OO0 O OO
Oo0000oO0PEGOOOUUOOOODDOODUODOODOODO
0000oooo0oooooooooooo*oooooooon
gooooooobobbobbbbooooooooooggd
O00000PEG-PCLODO PEG-PLAODOOOOOOOOOO
0000000000000 000O000Uoooooooo
oodoooogoooo™
0000OoO0oO0oPLAOPCLODODOOOOOOOOOO
O00000O0O0O0OO0O0ODOO0O0OO0OO00ODiIscher0 00000
0000000000000 o000o00o0oooooooooo
O000PEG-PLAOOOODODOPEGPCLOOOODODOOOO
oo0o0oooooooobobooooooo0oooooogad
0000000000000 000o00o0Uoooooooo

ARTIFICIAL BLOOD Vol. 17, No.2, 2009

cobooooobooobooooooboobobooooooDo
gboooboboobodpH S0 6000 O0ODOOODOO
coboodobooobobooooooboooboboOoooooDn
coboooobooobooooooobboOobooOoOooOoOooDn
oooooobooobooboooooobboobooooDbobooDo
coboodoooobobooooooooobooooooonn
coboooobooobooOoooOoobboOobOooOoOoOOoOoDn
000000000000 000D000¥000000000
ooooooboobooooOooboobbo0oooooDo
coboodooooboboOoooooobooOoboOoooooDn
coboooooooboobooboooobOoOobooOoooOoooDn
ooboooobooobooboooooobbooooooDbobooDo
coboodoooboooboooooooboooboooooooon
0000000000000 oOOoUDOOoDODOoOODO®
000000000D0000000000000000%¥O0
ooooooboooo0oooooboboOoooooDbooDo
Oo0o00O0O0iinviveDOOOOOOOOOOOOOOOODO
00o0o0o0oo0o0o*oU0oo0ooooUoooooooo
0000000000000 00OO000O0SsSIRNAODOOODO
ooo0ooo0ooOo®*oU0oU0oU0oUoUoooooooo
coboooobooobOoboOoooOoobOboOobOoOoOoOooOOooDn
coOobOoocoobooobobooboobooessoonooon
O0O0000o0O0o000oDo0oO0o0O0oDooOOO bischerO
0o0oooooooo®o
oooooooobobooopHOOOOOOOOODOO
0000000000 LecommandouxOOOOOOOOODO
cohooooboo-ooob0ooobobOodoobO0oooooon
O00b00D0DpH<4AOOOO0OOO0OOO0O0OO0OOpH=100000
0000000000000000000000Fig. 2000
oooooobDopHOOOODOOOOOODOOODOOpH
coboodoooboooboOoooooobOoOoboOoooOooDnDn
cobooooooooboobooboooobOoOoboboOoooOoooDn
cobooooboobooboooobpHOOOODODOOOO
OO0O000O0DemingDOOOOOOOOOODOOOOOOO
cobooooobooobOooooooobOboOobooOoOoooboooDon
cobooooobooobooooooobobooboooooboobooDo
oo0o00OpHOODODODOOOOOOODODODODOOODOOOO
0000000000000 OooOoYoOOoOOooOoooo
gooooOoOOoOoOooOoOooooOoo0Fig 200000000
oooo-p-000L-0000000000000000O000OO0O
000000000000000000000000 *0
cobO0O0O000oooobObOO0O0oOoOooooOobObOO0OOoOn
HubbelDOOPEGOOOOOOOOOOOOOOPPSOOO
ooooooboobooooooboobbooooooDbo
0000000000000 0oooooooooo®™oo
coobOoocooHxOo, 0000000000 00Db0O0D00n
coboooooboooboboooooobboobooooooDo
gobboooobbpPeEGODOOOOPPSODOOOODDODOO
Co0OO00oO0oob0ocOobOOo0oPEGSSPPSOOOOOODOO

75



gobooobooooooooboooboboooooooboooooboo
0000000*0000000000000000000
gobooobOoooooooobooooboOooooooooooag
goboooboobooooooobooobobooboooooboooooboo

00000 o00o00o0o0ooooooooooooooon

cobodooooobobooooooobooooooooogo
uobooobooooooooOooooboboOobooooobooOoooboo
goooobDopPMOXAOOOOOOOOOODOOOOO
OPEOXAOOODOOOPDMSOODOOABAOODDOODODOO
goboooboobodoooooboooboobooooooobooOoooo
obooobooboooooobooobobooooooobooboOoooo
000000 Montemagnol O O PEOXA-PDMS-PEOXAD O
gboooooooboboopbDMSOOATPOOOOOOOO
gbOooOoooocOoocOooboooBrOODOCOOOODODO
gooboATPOODODOOOOOOOOODDOOOOOO
0 Fig. 3al¥0OMeier00 O 000000 PMOXA-PDMS-PMOXA
gooopbMSOOO0OO0OO0OOCOOOO0OO0OOOOOOOOOOO
0000000000000 0D00O0OFig. 3™ 0oo0

goibogooobooboobbooboobobooboboobo

gobooobooooooooooboooooooobooooog
uobooobooooooobooobobooooooobooboOoooo
gobooooboooooooobooobboooooooboooooboo
gobooobooooooobooobobooooooobooooo
gobooobooooobObocOoobooooooooon

a) PEOXA PDMS PEOXA b) PMOXA PDMS PMOXA
S Y S e )

l Proteins

[ S SR

l Proteins

hy ADP+Pi . o
ATP % Prodrugs
¢ Fo ] Synthase
Channel Proteins
- H — " (OmpF)

mpl

Bacterio-
rhodopsin

H+ H+

¢« Drugs

Fig. 3. Examples of nanoreactors based on polymersomes integrated with
proteins. alJAn artificial organelle consisting of ABA-triblock
copolymer, ATP synthase, and bacteriorhodopsirid BRO ATP
synthase utilizes an electrochemical proton gradient generated by
BR to synthesize ATP. bOA nanoreactor composed of a
polymersome, channel protein OmpF that is integrated into a
vesicle wall, and enzymes encapsulated inside the vesicle. Inactive
prodrugs can be converted to an active form in this nanoreactor.

oo0booooooooooooooo* boooar
0 PICsome[d
gbooooooooooboooooooboooooooa
godobo0ooooooboobooooooboooooo
0o0ooooooooooooooUoUoouooooooooo

76

gbodoooooboobouoooboobouooobooobooo
gododoooobooobooooboobooooooobooo
O00000DooooooooooDoooooooDoooon
Oo0o00o00Dooooooooooooooooooooonon
gbodoooooboooouoooboooooobooooa
O00000D0o00Do00oo0Doooooooooooo
Oo00o000oDooDo0o0ooooDoooooooooooDo
gbodoooooboobuoooboobouooobooobooao
gododoooobooobooooboobooooooobooo
O00000DooooooooooDoooooooDoooon
Oo0o00o00Dooooooooooooooooooooonon
gbodoooooboooouoooboooooobooooa
O00000D0o0D0Doo00oo0DoooooooooooDo
Oo00o000oDooDo0o0ooooDoooooooooooDo
godoooooboobuoooboobouooobooobooo
gbodoooooboooooooboooooobooobooo
O00000Do0oo0o0ooooDooooooooooDo
Oo0o0o00oDooooooooooooooooooooono
OOPICsomeD OO OO0

PICsomeO OO OOOODOOODOOOODOOOODOOOOO
O00000Do0oo0o0oooUoDoOOooooooooDo
gbodooooobooobuoooboobouooobooooa
O000000000D0000000ooooooo®*®moon
O00000Do0oooo0oooooDoooooooDooooon
Oo0o0o00Doooooooooooooooooooonon
gbodooooobooooooboonooooboooboo
O00000Do0o0o0o0ooooDooooooooooon
O000o00Dooooo0ooooDooooooooDoooDon
dddooooooooboooooboobooorPIiCcoDDOOO
PICsomeO OOODOOOOPEGOOOOODODODOODOOOO
O00000D0o00oo00ooooDooooooooooDo
Oo00o000DoooooooooDoooooooooooo
gbodooooobooobouoooboobooooboooooao
000000000000 0000000000Fig. 40Fig. 4
00000000000 OPEG-PAspO PEG-RI Asp-AP0 O
Jddddoooooooooooonn 1st-G PICsomed O
00 1st-G PICsomeO0 OO0 O OO00O10 mM Tris-HCI; pH 7.4,
50 mM NaCIOOOODOOO00O0O00OO0umOOOoooog
O00000DooDoO00ooooDooooooooooDon
0000000000 00ooo0oUoo®*™0000PEG-PAspO
PEGOODODODOOODODODODODOOO homo-AJ Asp-APOO O
00000000000 Nano-PICsomeD OO0 OOO0OOO
O0000o00ooooooooo*™™0oo00ooooooo
PICsomeO OO OOOPEGOODOOODOOODOODODOOO
O0*00000PEGOOOOOOOOOOOOOOOOD
O0000O0Ooo¥™0o000gPIiICsomed 0000000
gbodoooooboooouoooboonoooobooooao
godoooooboooooooboobooooboooooao
O00000DoO0oo0o0ooooDooooooooDooooon

0000 Vol 17, No.2, 2009



PEG-Poly(aspartic acid)
(PEG—PAsp)

Polycation

Block-type:
PEG-P(Asp-AP)

Homo-type:
homo-P(Asp-AP)

o
M oé\/o)\/\n
le

4 H o o

(o+p=0"+p =75)

Equal
Amount of
Charges

MI.(‘

Aqueous
Solution of
Polycations

/-
g

Aqueous
Solution of
Polyanions

o wook ™~ )\/\ %I(Mn

H H
/\/\N R N%H
q 0 r
R 0% R

R= /N\/\/\/Ngli o (g+r =82)

Fig. 4. Chemical structures of charged polymers for PICsomé] top[] and schematic representation of the formation of PICsomé] bottom[]

PEG-P(Asp-AP)

Myoglobin
(Mb)

)
€) @ e}
IR @
S

© © 99

PEG PAsp

Permeation of
Low-molecular-

Compounds and lons

Self-assembly via
Electrostatlc

Blocking
Macromolecules
(Protection from

proteinase)
®

VA

weight

Ny Biocompatible
Surface
oo o, (reversible FfEQ«Layer
association/ §§§§§§§§§§§§

dissociation) ;y

Mb-loaded-PICsome §§§§§§ §§§
for Artificial Red PEG Layer
Blood Cells —_—

Fig. 5. Schematic drawing of the preparation of a Myoglobin-loaded-PICsome and its characteristic property.

gobooobooooooobooobbooooooboooooa
O000D0**0Fig. 50 0000000OPICsome0 0000
goboooboooooooobooobooooooooooooboo
gooogo
coooOooOoPICsomeO0O00O0O0OOOOO0OCOOOO

ARTIFICIAL BLOOD Vol. 17, No.2, 2009

0obo0obooooooobooobOodndist-G PICsome
coboooobOoobooboooooobOocOobOoOoooOoooDo
coboooooboooobooooooboboobobooooooDo
0oo0oooOo*o00o0o0o0o0o0ooooooo
coboooobooobooOoooOoobOboOobooOoOoooOooDon

77



o00001st-G PICsomeO O OOOOOOOODOOOO
PICsomeOOOOOOOOOO0OOOONaSOO0O00O0O00OO0
goooobooobOooooooooocboooboOooonoa
pPiIcCOOO0OO0OO0OO0OO0OO0OO0OO0OO0OOOOCOOOOOO0OO0OO0
gbooboooboobooooooboobooooboooooooooo
gbooboboooooooooocArgoooooooonog
0000000000000 0O00DO0O0OOFig 5*O000D
gbooooOPICsomeOODOO0OOO0OODOOOOODOODOO
gobooobodooooooooooooooooboooooa
goboooboobodoooooboooboobooooooobooOoooa
goooooooboopPiCcODOODOOODOOODOOOOOO
o0bDO00001st-G PICsomeOODOO0ODOOOO0OD0OO0OM mOO
goboooboooooooooboobooooooooooog
uobooobooooooooboooboboOoooOoooboboOoooo
ooboooooooooo
oobodoooobooooooooooooooogo
goboooboooooooooooboobooboooooboooooo
gboooooooobobooooopHODOOOOOODOO
gobooboobooooooobobooboboooooobbOoooo
O0000000O0000000000001st-G PICsome
O0pHODOOODODOODODO ™0 1st-G PICsomed OO
goboooboooooooobooobobooooooobobooooo
gdopHOODODDODDODDODOOOOOOOOOOOOOO
PiICsomeO OOOOOOOOOOOOOOOOOOOOOOO
gboobOobopHOODODODOOOODOODODOODOOOODOO
goboooboooooooobooobbooooooobobooooboo
oo00ooOO0O0o000ooO0oO0000000 pHOO PICsome
uboboooobooooooooOoooboboooooobooOoooboo

1 M HCI

(W)

Neutralization
with NaOH

et = |8 3 5 um

t= 3 (s) t=1 (h)

Fig. 6. pH-senstive behaviors of 1st-G PICsomes. Immediately after the
addition of HCI solution, micron-sized PICsomes underwent

fragmentation. Subsequent neutralization resulted in the re-
formation of micron-sized PICsomes.

78

O00OFig. 600000000 O000O0DOOOpHOOOODO
OOOpmODODOOPICsome0O0O000O0O0O0ODOODODO
coboodooboobooboooooobboOobooOoooooDn
coooooooooooboobooooooo

000 1stG PICsomeO0 00O O0O0O0OO0OO0DOOOOOOODO
OOOPICsome0 00000000 OFig 7 0000D00ODO
OO O PEG-R1 Asp-APOO homo-F1 Asp-APOO 0 OOODOODO
10 mM Tris-HCIO pH 7.4, 150 mM NaClO 000000000
coboodooooboooooooboooboooooooon
cobbodoboodoooooooobooooboooboboOorPICOO

oboooOoboobOoboooooooobooooogoPIicOOO

ooOoobDOoooO0oobooooboobDboooOobOoooDoon
cmoooooboupmdObOO0OOoOoOOooOOoOoooOoon
O0000000000000OFig. 7ac0O0O0O0O0OODO
cobooooboooboboobooooobooobobooboobooooon
0000000000 0000000FRIg. 70000000
coboodooboobooooooobboOobooOooboooDon
coobOoobocooboooocboobOobcbOoobOoooon
PlICsomeO OOUODOOOOOOOOOOOOOOODODOOOO
coboodoobooboooooooboobooooooonn
coOoobO0oooOoOoobobOoocbOOoOooOOoOoOobOOobcboOon

OFig. 72-cO000000C0O00DOO0O0OO0OCOOOO0O

gobloooooooooobooooooboooobooooo
coboodooooobooboOoooooobooOoboOoooOooonn
coboooobooobooooooobboOobooOoobobooDo
ooooooobooobooooobooobbooobooooboboooDo
coboodooboobooooooobooooooooooon
cooboocooboooooooooooo
gbooooooobooooooooPIiCsomeOOO0ODO
ooooooboooboooooboobboooooooooDo
cobooooboobooooooobooboooooboooonon
coooooobboobooobooooobOboOooobooOooboo
coboooobooobooboooooobbooboooooboooDo
oooodooooboooooooooobooooo* 0o
cooodooo” obocooooobOooboOoooooDn

obooboboboobooboooocoocooboooooooooo

00 00PEG-PAspO homo-F] Asp-APOD O OO 0OOOOOO
PEGOOOODOOOOOOOOOODODODODODODOODOOOOO
dorPICOOO0OODOODOOOO1I00 nmObOOOOOoOO
PICsome0 00O OO OOOOOOOONano-PICsomed 1 O O
Nano-PICsomed0 000000000 DODOOOOOOODOOO
dododoooooooooobobobobobobobooooooooa
Jdo00o0oooOoooogPICscomed 00000 OOOOOO
000000000000 0O0oOPICscomedODOOOOO
doodoooooooooobboboboboboboboooooooad
00O000*00000000000ooo0oooooooooon
godooobobooooooboooboooooooooog

0000 Vol 17, No.2, 2009



PEG-PAsp

Mixed in equal
charge ratio

PIC Irradiation of IR
coacervate laser to a single

PIC coacervate
s Z} ,

‘ Polycation Mixture ‘ 0 6
& 2

PEG-P(Asp-AP)

10 mM Tris-HCI
(pH 7.4; 75 mM NaCl) —_—— a) ‘

. 10 ym

homQ—P(Asp-AP) Mixed in equal molar ratio with ~ Formation of blisters

respect to cationic residues

<Proposed Mechanism>

Blister expands as water is supplied through Polymer-rich

phase driven by thermal heating.

') Water-rich b’) IF;ES'

Polymer-rich
phase

\AAMMMNWWV
PEG w PIC ~ PEG
Iayer % Iaxer ¥ Iayer

'uMMMMNWW’
AMANWWYYY

& Expansmn

owewe
L T

N Uni-lamellar vesicle .

R, e e e T e Y e S

Fig. 7. Formation of a cell-size vesicle from a PIC coacervate triggered by local heating with focused IR laser. Phase
separatiori] red arrow(took place at the laser focud] intersection of white dashed linesUand resulted in the
blistef] black arrow( a-cl] Finally, the blister expanded to a uni-lamellar vesicle. Laser irradiation can force
the polymer-rich phasdl P-phaseJto move to the surface of PIC coacervaté] a’, b’[] Then, local heating may
drive transfer of water from outside to inside to maintain polymer concentration in the P-phasélc’'[] The
formation of a unilamellar vesicle is completd when all the polymers in the P-phase are consumed. All the
micrographs were obtained using a phase contrast microscope.

goboogn
gogoboobobooobboobbooobooooboa
gogobogooooooboobooboobobobooooooboo
goboooboobooobooobooobooobooo
gobobooobooobboobboobobooobboon
0000000000000 ooooooooooooon®™™
gooboooooooboobooboobobobooooboooo
goobooooooobooboobobobobobooboooo
0000000000000 0oo0oooo®*0oooo
gogbobooobooobboobboobobooobooo
gooboooooooboobooboobobobooooo* oo
gogrbogobooboobbooboobobobboobo

googdd

0. Zhang L, Eisenberg A. Multiple Morphologies of "Crew-
Cut" Aggregates of Polystyrene-b-poly] acrylic acidCOBlock
Copolymers. Science 1995;268:1728-31.

0. Discher BM, Won Y-Y, Ege DS, Lee JC-M, Bates FS,

ARTIFICIAL BLOOD Vol. 17, No.2, 2009

Discher DE, Hammer DA. Polymersomes: Tough Vesicles
Made from Diblock Copolymers. Science 1999;284.1143-6.

. Blanazs A, Armes SP, Ryan AJ, Self-Assembled Block

Copolymer Aggregates: From Micelles to Vesicles and
their Biological Applications. Macromol Rapid Commun
2009;30:267-77.

. Christian DA, Cai S, Bowen DM, Kim Y, Pajerowski JD,

Discher DE, Polymersome carriers: From self-assembly to
siRNA and protein therapeutics. Eur J Pharm Biopharm.
2009;71:463-74.

.Meng F, Zhong Z, Feijen J, Stimuli-Responsive

Polymersomes for Programmed Drug Delivery.
Biomacromolecules 2009;10:197-209.

.Bermudez H, Brannan AK, Hammer DA, Bates FS,

Discher DE. Molecular Weight Dependence of
Polymersome Membrane Structure, Elasticity, and
Stability. Macromolecules 2002;35:8203-8.

. Leson A, Filiz V, Forster S, Mayer C. Water permeation

79



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21

80

through block-copolymer vesicle membranes. Chem Phys
Lett 2007,444:268-72.

.Luo L, Eisenberg A. Thermodynamic Size Control of

Block Copolymer Vesicles in Solution. Langmuir
2001;17:6804-11.

. Azzam T, Eisenberg A. Control of Vesicular Morphologies

through Hydrophobic Block Length. Angew. Chem. Int.
Ed. 2006;45:7443-7.

Photos PJ, Bakakova L, Discher B, Bates FS, Discher DE.
Polymer vesicles in vivo: correlations with PEG molecular
weight. J Cotrolled Release 2003;90:323-34.

Arifin DR, Palmer AF. Polymersome Encapsulated
Hemoglobin: A Novel Type of Oxygen Carrier.
Biomacromolecules 2005;6:2172-81.

Rameez S, Alosta H, Palmer AF. Biocompatible and
Biodegradable Polymersome Encapsulated Hemoglobin: A
Potential Oxygen Carrier. Bioconjugate Chem 2008;
19:1025-32.

Ahmed F, Pakunlu RI, Srinivas G, Brannan A, Bates F,
Klein ML, Minko T, Discher DE. Shrinkage of a Rapidly
Growing Tumor by Drug-Loaded Polymersomes: pH-
Triggered Release through Copolymer Degradation. Mol
Pharmaceutics 2006;3:340-50.

Ahmed F, Pakunlu RI, Brannan A, Bates F, Minko T,
Discher DE. Biodegradable polymersomes loaded with
both paclitaxel and doxorubicin permeate and shrink
tumors, inducing apoptosis in proportion to accumulated
drug. J Controlled Release 2006;116:150-8.

Kim Y, Tewari M, Pajerowski JD, Cai S, Sen S, Williams J,
Sirsi S, Lutz G, Discher DE. Polymersome Delivery of
SiRNA and Antisense Oligonucleotides. J Controlled
Release 2009;134:132-40.

Juan RH, Lecommandoux S, Reversible Inside-Out
Micellization of pH-responsive and Water-Soluble Vesicles
Based on Polypeptide Diblock Copolymers. J Am Chem
Soc 2005;127:2026-7.

Bellomo EG, Wyrsta MD, Pakstis L, Pochan DJ, Deming T.
Stimuli-responsive polypeptide vesicles by conformation-
specific assembly. Nat Mater 2004;3:244-8.

Holowka EP, Sun VZ, Kamei DT, Deming TJ. Polyarginine
segments in block copolypeptides drive both vesicular
assembly and intracellular delivery. Nat Mater 2007,6:52-7.
Napoli A, Valentini M, Tirelli N, Muller M, Hubbell JA.
Oxidation-responsive polymeric vesicles. Nat Mater
2004;3:183-189.

Napoli A, Boerakker MJ, Tirelli N, Nolte RIM, Sommerdijk
NAJM, Hubbell JA. Glucose-oxidase Based Self-
Destructing Polymeric Vesicles. Langmuir 2004,;20:3487-91.
Cerritelli S, Velluto D, Hubbell JA. PEG-SS-PPS: Reduction-

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

Sensitive Disulfide Block Copolymer Vesicles for
Intracellular
2007,8:1966-72.
Choi HJ, Montemagno C, Articicial Organelle: ATP
Synthesis from Cellular Mimetic Polymersome. Nano Lett
2005,5:2538-42.

Ranquin A, Versees W, Miere W, Steyaert J, Gelder PV.
Therapeutic Nanoreactors: Combining Chemistry and

Drug Delivery. Biomacromolecules

Biology in a Novel Triblock Copolymer Drug Delivery
System. Nano Lett 2005;5:2220-4.

Broz P, Driamov S, Ziegler J, Ben-Haim N, Marsch S,
Meier W, Hunziker P. Toward Intelligent Nanosize
Bioreactors: A pH-Switchable, Channel-Equipped,
Functional Polymer Nanocontainer. Nano Lett 2006,;6:2349-
53.

Ben-Haim N, Broz P, Marsch S, Meier W, Hunziker P. Cell-
Specific Integration of Artificial Organelles Based on
Functionalized Polymer Vesicles. Nano Lett 2008;8;1368-73.
Koide A, Kishimura A, Osada K, Jang W-D, Yamasaki Y,
Kataoka K. Semipermeable Polymer Vesicld] PICsome[
Self-Assembled in Aqueous Medium from a Pair of
Oppositely Charged Block Copolymers: Physiologically
Stable Micro-/Nanocontainers of Water-Soluble
Macromolecules. J Am Chem Soc 2006;128:5988-9.

Dong W-F, Kishimura A, Anraku Y, Chuanoi S, Kataoka
K. Monodispersed Polymeric Nanocapsules: Spontaneous
Evolution and Morphology Transition from Reducible
Hetero-PEG PICmicelles by Controlled Degradation. J Am
Chem Soc 2009;131:3804-5.

Oana H, Kishimura A, Yonehara K, Yamasaki Y, Washizu
M, Kataoka K. Spontaneous Formation of Giant
Unilamellar Vesicles from Microdroplets of a Polyion
Complex by Thermally Induced Phase Separation. Angew
Chem Int Ed 2009;48:4613-4616.

Kishimura A, Koide A, Osada K, Yamasaki Y, Kataoka K.
Encapsulation of Myoglobin in PEGylated Polyion
Complex Vesicles Made from a Pair of Oppositely
Charged Block lonomers: A Physiologically Available
Oxygen Carrier. Angew Chem Int Ed 2007;46:6085-8.
Kishimura A, Liamsuwan S, Matsuda H, Dong W-F, Osada
K, Yamasaki Y, Kataoka K. pH-dependent permeability
change and reversible structural transition of PEGylated
polyion complex vesicles] PICsomesOin aqueous media.
Soft Matter 2009;5:529-32.

Anraku Y, Kishimura A, Yamasaki Y, Kataoka K.
Development and Physicochemical Evaluation of Nano-
PICsomes. Polymer Prepr Jpn 2008;57;2842-3.

Anraku Y, Kishimura A, Yamasaki Y, Kataoka K.
submitted for publication.

0000 Vol 17, No.2, 2009



33.

34.

35.

Wang H, Wang S, Su H, Chen K-J, Armijo AL, Lin W-Y,
Wang Y, Sun J, Kamei K, Czernin J, Radu CG, Tseng H-R.
A Supramolecular Approach for Preparation of Size-
Controlled Nanoparticles. Angew Chem Int Ed
2009;48:4344-4348.

Jiang W, Kim BYS, Rutka JT, CHAN WCW. Nanoparticle-
mediated cellular response is size-dependent. Nat
Nanotech 2008;3:145-150.

Reddy ST, van der Vlies AJ, Simeoni E, Angeli V,
Randolph GJ, O'Neil CP, Lee LK, Swartz MA, Hubbell JA.
Exploiting lymphatic transport and complement activation
in nanoparticle vaccines. Nat Biotech 2007;25:1159-64.

ARTIFICIAL BLOOD Vol. 17, No.2, 2009

36.

37.

38.

Choi HS, Binil Itty Ipe, Preeti Misra, Jeong Heon Lee,
Moungi G, Bawendi, John V. Frangioni. Tissue- and Organ-
Selective Biodistribution of NIR Fluorescent Quantum
Dots. Nano Lett 2009;9:2354-2359.

Geng Y, Dalhaimer P, Cai S. Tsai R, Tewar M, Minko T,
Discher DE. Shape effects of filaments versus spherical
particles in flow and drug delivery. Nat Nanotech
2007;2:249-55.

Gratton SEA, Ropp PA, Pohlhaus PD, Luft JC, Madden VJ,
Napier ME, DeSimone JM. The effect of particle design on
cellular internalization pathways. Proc. Natl. Acad. Sci. U.
S. A. 2008;33:11613-8.

81



oot bogdbobobogduoogd

Synthesis of Functional Molecules and Materials Based on
Human Serum Albumin

oo oo™ mooo”™ooo oo"™ooo oo™
Teruyuki Komatsu @ ?, Xue Qu @, Eishun Tsuchida @, Akito Nakagawa

gpogo
oooooobobooobobHsAUbDObOooboobobooobobooboboboooboboooboobOobDOoon
OHSAODOOODOOoOoOooobooobooobooboooboooboobUooobooboDboUboDbUooobo
gboooboooboobbooobOoobOHSAODDOODOOODOOO0ODOOO0ODO0ODbDOFrRePODDOODODOO HSA-FeP
obooboooobooobooobooboobbo0ooboobooboobOooboobObOOobDboOo0obOrHSsAODODO
O0D000000000000DO0000D0OOhemedDO00OCOODO rHSA-hemeQOOOOOOOOOODOOOODO
goooggoooobHsAOOOooooooooooooooooooooooboboboobbobooooooooooo
HSAOOOOOOoOooOoooooooboboobooooobooboobooooooboboboobooobooboboobooo
gbobooboooooboboboboooboobobobDooooboboboooRsACObODbDOoODooooboDo
goboooboboooboooobooobbooobbooobbooobboobbbooobLbOoon

Abstract

We have synthesized unique functional molecules and materials based on human serum albumirid HSAL which have never seen
in nature, by means of incorporation of functional ligands into the protein or fabrication of layer-by-layer assembly in the
nanoporous membrane. HSA incorporating irori] I10tetraphenylporphyrin derivativél FePO HSA-FePOis an artificial O, carrier
which can reversibly binds and release O, under physiological conditions. Recombinant HSA complexed with a natural irori] 110
protoporphyrin IX0 hemeld rHSA-hemelalso acts as O, transport hemoprotein. On the other hand, HSA complexed with a zinc
O lOprotoporphyrin IX functions as a photosensitizer for H, evolution from water, and HSA-carboxy fullerene hybrid produces
singlet O, by visible light irradiation; it may be used as a sensitizer in photodynamic cancer therapy. Furthermore, HSA
nanotubes are prepared by layer-by-layer deposition technique using porous polycarbonate membrane template. We highlight
recent development and applications of these functional molecules and materials.
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Human serum albumin, albumin-heme, oxygen carrier, red blood cell substitute, photosensitizer, nanotubes
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Fig. 1. Structure of HSA with seven myristic acids] PDB 1e7gl] The
protein secondary structure is shown schematically and the
domains are colored] I; red, IlI; green, IlI; bluell The A and B
subdomains are depicted in dark and light shades, respectively.
The fatty acid binding sites are represented from FAL to FA7 in
italics.
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Fig. 2. Chemical formula of typical FeP molecules that can be incorporated
into HSA to form HSA-FeP hybrid.
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Fig. 7. SEM images of protein nanotubes comprised of] PLA/HSAL.
Schematic illustration of the protein nanotubes prepared by
template synthesis using layer-by-layer deposition technique.
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