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A mathematical model was developed to study nitric oxide (NO) and oxygen (O2) transport in an arteriole
and surrounding tissues exposed to a mixture of red blood cells (RBCs) and hemoglobin (Hb)-based O2 car-
riers (HBOCs). A unique feature of this model is the inclusion of blood vessel wall shear stress-induced pro-
duction of endothelial-derived NO, which is very sensitive to the viscosity of the RBC and HBOC mixture
traversing the blood vessel lumen. Therefore in this study, a series of polymerized bovine Hb (PolyHb) solu-
tions with high viscosity, varying O2 affinities, NO dioxygenation rate constants and O2 dissociation rate con-
stants that were previously synthesized and characterized by our group was evaluated via mathematical
modeling, in order to investigate the effect of these biophysical properties on the transport of NO and O2 in
an arteriole and its surrounding tissues subjected to anemia with the commercial HBOC Oxyglobin® and
cell-free bovine Hb (bHb) serving as appropriate controls. The computer simulation results indicated that
transfusion of high viscosity PolyHb solutions promoted blood vessel wall shear stress dependent generation
of the vasodilator NO, especially in the blood vessel wall and should transport enough NO inside the smooth
muscle layer to activate vasodilation compared to the commercial HBOC Oxyglobin® and cell-free bHb. How-
ever, NO scavenging in the arteriole lumen was unavoidable due to the intrinsic high NO dioxygenation rate
constant of the HBOCs being studied. This study also observed that all PolyHbs could potentially improve tis-
sue oxygenation under hypoxic conditions, while low O2 affinity PolyHbs were more effective in oxygenating
tissues under normoxic conditions compared with high O2 affinity PolyHbs. In addition, all ultrahigh molec-
ular weight PolyHbs displayed higher O2 transfer rates than the commercial HBOC Oxyglobin® and cell-free
bHb. Therefore, these results suggest that ultrahigh molecular weight PolyHb solutions could be used as safe
and efficacious O2 carriers for use in transfusion medicine. It also suggests that future generations of PolyHb
solutions should possess lower NO dioxygenation reaction rate constants in order to reduce NO scavenging,
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while maintaining high solution viscosity to take advantage of wall shear stress-induced NO production.
Taken together, we suggest that this mathematical model can be used to predict the vasoactivity of HBOCs
and help guide the design and optimization of the next generation of HBOCs for use in transfusion medicine.

© 2011 Elsevier B.V. All rights reserved.
1. Introduction

Hemoglobin (Hb)-based oxygen (O2) carriers (HBOCs) have been
under development as a universal readily-available O2 carrying solu-
tion to be used in transfusion medicine for patients suffering from
moderate to serve anemia [1–5]. Despite significant commercial
development, only the polymerized bovine Hb (bHb) product
Hemopure® (HBOC-201, OPK Biotech, Cambridge, MA) is approved
for clinical use in South Africa [6]. Recent late stage clinical results
showed that HBOCs elicit vasoconstriction in the microcirculation
and lead to the development of systemic hypertension [7–10]. One
possible reason for the occurrence of Hb-induced vasoconstriction
stems from the rapid scavenging of the vasodilatory molecule nitric
oxide (NO) by cell-free Hb in the circulation [11,12].

NO is an important messenger molecule in vivo, which plays impor-
tant roles in many physiological processes such as regulation of cellular
respiration [13,14] and vascular tone [15], induction of angiogenesis
[16,17], enhancement of wound healing [18,19], and facilitation of ner-
vous system signaling [20]. NO is mainly generated by the layer of endo-
thelial cells that comprise the blood vessel wall via both enzymatic and
non-enzymatic pathways [21–23]. When NO diffuses into the smooth
muscle cell layer of the blood vessel wall, NO can activate soluble guany-
late cyclase (sGC) [21]which converts guanosine triphosphate (GTP) into
3′,5′-cyclic guanosine monophosphate (cGMP) [24] and induces the re-
laxation (i.e. dilation) of the blood vessel. When it diffuses into blood,
NO can react rapidlywith heme-containingmacromolecules such as acel-
lular cell-free Hb and HBOCs [25] forming nitrate and methemoglobin
(metHb). Thus, cell-free Hb and HBOCs are usually considered as NO
sinks [26]. To further complicate matters, αβ dimers, tetrameric Hb and
small polymerized Hb molecules can extravasate out of the blood vessel
lumen through pores in the blood vessel wall, where these molecules
can scavenge NO thereby eliciting vasoconstriction and systemic hyper-
tension [26], which is one of the main side-effects hampering the clinical
use of currently commercially available HBOCs [7–10,18].

The bioavailability of NO derived from the endothelial cell layer can
be influenced by various extracellular factors such as the shear stress
acting on the blood vessel wall and various oxidative stresses [12,27].
Both experimental studies on in vitro cell cultures and animal models,
as well as, mathematical simulations have observed and predicted that
increasing the wall shear stress on the endothelium can increase the
production rate of NO [28–33]. In the physiological range of observed
blood vessel wall shear stresses ranging from 6 to 25 dyn/cm2, the rate
of release of NO was found to be linearly dependent on the shear stress
acting on the blood vessel wall [34,35]. To further emphasize the impor-
tance of shear stress-induced NO production, Cabrales et al. reported
that transfusion of high viscosity >500 kDa fraction of ultrahighmolec-
ular weight (MW) glutaraldehyde polymerized bHb (PolyHb) solutions
synthesized by our group [36,37] elicited little to no vasoconstriction in
a hamster top-load model [38] and in an exchange transfusion model
[39], while the commercial low MW polymerized HBOC Oxyglobin®
(average MW ~200 kDa) elicited severe hypertension [40], although
these various PolyHbs possessed NO dioxygenation rate constants that
were similar to that of cell-free Hb. Compared to Oxyglobin® (1.8 cP
at a total Hb concentration of 13 g/dL) [39], the viscosities of PolyHbs
synthesized by our group are much higher than that of Oxyglobin®
(3.6–14 cP at a total Hb concentration of 10 g/dL). Thus, it is reasonable
to hypothesize that high viscosity PolyHb solutions should be able to
enhance shear stress-induced production of NO, which should offset
the rapid NO scavenging ability of acellular HBOCs.
Therefore, investigating simultaneous NO and O2 transport in the
presence of PolyHb solutions, especially accounting for blood vessel
wall shear stress-induced production of NO due to transfused
HBOCs, can be beneficial in understanding and evaluating the
potential efficacy and safety of PolyHb solutions upon transfusion
and optimize their future design in order to mitigate the harmful va-
soconstrictive and hypertensive effects. In a previous study by our
group, a NO/O2 transport model was developed in order to investigate
NO/O2 transport in an arteriole and its surrounding tissues facili-
tated by various types of HBOCs [41]. However, shear stress-induced
generation of endothelial-derived NO was not taken into account,
which in turn may underestimate NO production upon transfusion
of HBOC solutions. In addition, to our knowledge, a mathematical
model of simultaneous NO/O2 transport in vivo facilitated by ultra-
high MW PolyHbs has never been conducted to date. We hypothesize
that PolyHb formulations with high solution viscosity and that corre-
spondingly yield high blood vessel wall shear stresses should help to
facilitate an increase in tissue oxygenation upon transfusion, while
maintaining adequate NO levels in the smooth muscle layer to induce
vasodilation.

More specifically in this study, we propose to develop an im-
proved NO and O2 transport model in a hamster arteriole exposed
to a mixture of hemodiluted RBCs (to simulate the anemic state)
and PolyHbs in order to investigate the effect of blood vessel wall
shear stress-induced NO production caused by transfusion of highly
viscous PolyHb solutions on NO transport and O2 transport in an arte-
riole and its surrounding tissues upon transfusion of various PolyHb
solutions having different biophysical properties such as MW, diffu-
sivity, O2 affinity, O2 dissociation kinetics and NO dioxygenation
rate constant. The commercially available polymerized HBOC product
Oxyglobin® and acellular bHb will be simulated for comparison.
2. Materials and methods

2.1. Computational methods

A mathematical model based on modification of the Krogh tissue
cylinder (KTC) model [41,42] was used to simulate mass transport
of NO and O2 in a single arteriole to the surrounding tissues upon
transfusion of PolyHb solutions (Fig. 1). The geometry of the arteriole
and the surrounding tissue region was subdivided into 7 regions:
1) the RBC-rich core (0≤r≤r1); 2) the RBC-poor plasma layer
(r1br≤r2); 3) a stagnant protein glycocalyx layer (G) (r2br≤r3);
4) the endothelial cell layer (E) (r3br≤r4); 5) the cell-free interstitial
space (IS) (r4br≤r5); 6) the smooth muscle cell layer (SMC)
(r5br≤r6) and 7) the tissue space (TS) (r6br≤r7) (Fig. 1.B). The arte-
riole was assigned a length (Lc) of 500 μm and a diameter of 60 μm
(Fig. 1.A). In this model, RBCs and PolyHb molecules flow through
the arteriolar region (0≤r≤r2) and enter the arteriole at Z=0 and
exit it at Z=Lc. O2 is assumed to be transported by the convective
flow of dissolved O2, oxygenated RBCs and PolyHbs as well as other
HBOCs in the blood. Due to the presence of the O2 gradient originat-
ing from the blood to the tissue space, O2 diffuses through the blood
vessel wall into the endothelial cell layer, smooth muscle layer and
tissue space where it is consumed, while NO is generated only by
the endothelial cell layer and diffuses into both the blood compart-
ment and surrounding smooth muscle cell layer and tissue. The ex-
travasation of PolyHb molecules through the blood vessel wall,



Fig. 1. Model geometry of an arteriole. A: Side-view of the 500 μm long arteriole and sur-
rounding tissue used in the simulation. B: Schematic cross-section of the modified KTC
model geometry delineating each subregion: 1) RBC-rich core (0≤r≤r1); 2) RBC-poor
plasma layer (r1br≤r2); 3) stagnant protein glycocalyx layer (G) (r2b r≤r3); 4) endothe-
lial cell layer (E) (r3b r≤r4); 5) cell-free interstitial space (IS) (r4b r≤r5); 6) smoothmus-
cle cell layer (SMC) (r5b r≤r6) and 7) tissue space (TS) (r6b r≤r7). r: radius; Z, axial
coordinate.
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vasoconstriction and change of blood flow rate following transfusion
of the HBOCs was not considered in this model. This mathematical
model was numerically simulated using the Chemical Engineering
module of COMSOL Multiphysics software (Comsol, Burlington, MA).
2.2. Hb-O2 release/binding kinetics

The kinetics of gaseous ligand binding and release between dis-
solved O2 and Hb inside RBCs/HBOCs is reversible and can be derived
from a simplified reaction between one O2 molecule and one heme
group (Eq. (1)) of the Hb tetramer. Thus, all calculations in this chap-
ter will be based on the amount of heme groups present in RBCs and
HBOCs (Eq. (2)). The total amount of Hb is represented by the sum of
oxygenated Hb (HbO2, oxyHb) and deoxygenated Hb (Hb, deoxyHb)
(Eq. (3)), and the fractional saturation of Hb with O2 is defined as S
(Eq. (4)). The rate of formation of O2 from HbO2 (RO2) is described
by Eq. (5), where koff,O2 and kon,O2 are the O2 dissociation and associ-
ation rate constants of Hb, respectively. At equilibrium, when RO2 is
equal to zero, kon,O2 is given by Eq. (6), where Ye is the fractional sat-
uration of Hb with O2 at equilibrium. Ye was calculated using a 4-step
Adair model [43] (Eq. (7)), which is more accurate than the one-step
Hill model [44] in order to increase the physiological relevance of the
simulation [45], where a1–a4 represent the Adair constants for either
RBCs or HBOCs (listed in Table 3). After reorganizing the equations,
the expression for RO2 can be rewritten in the form of Eq. (8). There-
fore, the corresponding rates of formation of O2 from releasing of O2

from HbO2 contained inside RBCs and HBOCs are given as Eqs. (9)
and (10), respectively.

The rate of formation of HbO2 is given by the following equation
RHbO2=−RO2. The rate of formation of HbO2 in RBCs and HBOCs is
described by Eqs. (11) and (12), respectively.

O2 þ Hb←
kof f ;O2

→
kon;O2

HbO2 ð1Þ

Heme½ �HBOC ¼ HBOC½ �overall
MWHBOC

·
MWHBOC

MWbHb
·4 ¼ 4· HBOC½ �overall

MWbHb
ð2Þ

Hb½ �total ¼ Hb½ � þ HbO2½ � ð3Þ

S ¼ HbO2½ �
Hb½ �total

ð4Þ

RO2 ¼ kof f ;O2· HbO2½ �−kon;O2· O2½ �· Hb½ � ð5Þ

kon;O2 ¼ kof f ;O2·Ye

O2½ �· 1−Yeð Þ ð6Þ

Ye ¼
a1·pO2 þ 2a2·pO2

2 þ 3a3·pO2
3 þ 4a4·pO2

4

4 1þ a1·pO2 þ a2·pO2
2 þ a3·pO2

3 þ a4·pO2
4

� � ð7Þ

RO2 ¼ kof f ;O2· Hb½ �total·S−
kof f ;O2·Ye

1−Yeð Þ · Hb½ �total· 1−Sð Þ

¼ kof f ;O2· Hb½ �total· S− Ye

1−Ye
· 1−Sð Þ

� � ð8Þ

RO2;RBC ¼ kof f ;O2‐RBC· HbRBC½ �total· SRBC−
Ye;RBC

1−Ye;RBC
· 1−SRBCð Þ

" #
ð9Þ

RO2;HBOC ¼ kof f ;O2‐HBOC· HBOC½ �total· SHBOC−
Ye;HBOC

1−Ye;HBOC
· 1−SHBOCð Þ

" #
ð10Þ

RHbO2‐RBC ¼ kof f ;O2‐RBC· HbRBC½ �total·
Ye;RBC

1−Ye;RBC
· 1−SRBCð Þ−SRBC

" #
ð11Þ

RHbO2‐HBOC ¼ kof f ;O2‐HBOC· HBOC½ �total·
Ye;HBOC

1−Ye;HBOC
· 1−SHBOCð Þ−SHBOC

" #
ð12Þ

3. Mass balance on O2/NO with Hb encapsulated within RBCs
and HBOCs

3.1. Arteriole lumen (0≤ r≤ r2)

In the arteriole lumen, blood can be roughly considered as a solu-
tion of RBCs. The RBC concentration can be described as a function of
the hematocrit (hct), which is the percentage of the total blood vol-
ume occupied by packed RBCs [46]. However, due to the Fåhraeus
effect, RBCs tend to migrate toward the central axis of the blood ves-
sel, which generates a RBC-rich core with higher Hb concentration
and a RBC-poor plasma region with correspondingly lower Hb con-
centration [47,48]. In the RBC-rich core, the local hct is higher than
the discharge hct (HD) and is assumed to be a constant value (HC),
while in the RBC-poor plasma region, the hct decreases from the
core region toward the blood vessel wall and can be described by dif-
ferent concentration profiles ranging from step, linear and parabolic
profiles [32,49]. Chen et al. [49] investigated the effect of these
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three hct profiles on NO/O2 transport by mathematical modeling and
observed that the simulation results obtained by using a linear profile
to describe the hct in the RBC-poor region were in good agreement
with experimental data. Thus, in this chapter, a linear hct profile
and blood velocity (vz) profile (Fig. 2) will be used to define the
local blood velocity and hct at a given radius (r) (Eqs. (13) and (14)
where Uavg is the average blood velocity). HC will be calculated by
performing a mass balance on RBCs in the arteriole lumen
(Eq. (15)). Thus, the local concentration of Hb that is derived from
RBCs is given by Eq. (16), while the luminal HBOC concentration
will be determined by Eq. (17).

hct rð Þ ¼
Hc 0br≤r1

Hc·
r2–r
r2–r1

r1br≤r2

(
ð13Þ

vz ¼
Uavg 0br≤r1

Uavg·
r2–r
r2–r1

r1br≤r2

8<
: ð14Þ

2π·∫r2
0 hct rð Þ·vz·rdr ¼ 2π·HD·∫

r2
0 vz·rdr ð15Þ

HbRBC½ �total ¼ Hb½ �RBC‐overall·hct ð16Þ

HBOC½ �total ¼ HBOC½ �overall·
1−hct
1−HD

ð17Þ

O2 in the arteriole lumen will be transported by stead-state con-
vection and diffusion in the plasma and will reversibly bind to heme
groups in RBCs and HBOCs. Thus, the mass balance for the formation
of O2 inside the lumen is described by Eq. (18), where α is the solubil-

ity of O2 in aqueous media, DO2 is the diffusivity of O2. z′ ¼ z
Lc

� �
is the

dimensionless length and r′ ¼ r
Rc

� �
is the dimensionless radius.

pO2�′ ¼ pO2
P50‐RBC

� �h
is the dimensionless local O2 partial pressure,

where P50-RBC is the P50 of RBCs and vz 0 ¼ vz
Uavg

� �
is the dimensionless

blood velocity. Similarly, mass balances of luminal RBCs and HBOCs
are given by Eqs. (19) and (20), in which DHb-RBC and DHBOC represent
the diffusivity of Hb inside RBCs and diffusivity of HBOC molecules in
plasma, respectively; and koff,O2-RBC and koff,O2-HBOC represent the O2

dissociation rate constants of RBCs and HBOCs, respectively. On the
other hand, NO is transported via steady-state convection and
Fig. 2. Blood velocity profile in arteriole lumen [32,49].
diffusion but scavenged by Hb encapsulated in RBCs and HBOCs via
a first-order reaction (i.e. NO dioxygenation reaction represented by
Eq. (21)) where kox,NO-RBC and kox,NO-HBOC represent the NO dioxy-
genation rate constants of RBCs and HBOCs, respectively. Therefore,
the mass balance on NO is shown in Eqs. (22) and (23), where

NO�′ ¼ NO½ �
NO0½ �

�
is the dimensionless NO concentration, DNO is the diffu-

sivity of NO and [NO0] is the basal NO concentration and RNO is the
dioxygenation rate constant of NO with oxyHb in RBCs and HBOCs.
In this work, the oxidation reaction between NO and O2 is neglected
due to the low reaction rate in comparison to the reaction rate of
the NO dioxygenation reaction [50].

α·Uavg·P50‐RBC·v
′
z

Lc
·
∂O2

∂z′
¼ α·DO2·P50·½∇′2 pO2�′

h i

þkof f ;O2‐RBC· HbRBC½ �total· SRBC−
Ye;RBC

1−Ye;RBC
· 1−SRBCð Þ

" #

þkof f ;O2‐HBOC· HBOC½ �total· SRBC−
Ye

1−Ye
· 1−SRBCð Þ

� �
ð18Þ

Uavg

Lc
·v′z·

∂SRBC
∂z ¼ DHb‐RBC· ∇2SRBC

h i

þ kof f ;O2‐RBC·
Ye;RBC

1−Ye;RBC
· 1−SRBCð Þ−SRBC

" #
ð19Þ

Uavg

Lc
·v′z·

∂SHBOC
∂z ¼ DHBOC· ∇2SHBOC

h i

þ kof f ;O2‐HBOC·
Ye;HBOC

1−Ye;HBOC
· 1−SHBOCð Þ−SHBOC

" #
ð20Þ

HbþNO→
kox‐NO

HbNO ð21Þ

Uavg· NO0
h i
Lc

·v′z·∂
NO�′

∂z ¼ NO0
� 	

·DNO· ∇′2 NO�′� 	
−RNO

h
2
4 ð22Þ

RNO ¼ kox;NO‐RBC· NO�′· HbRBC½ �total þ kox;NO‐HBOC· NO�′· HBOC½ �total
hh

ð23Þ

3.2. Glycocalyx layer (r2b r≤ r3)

The glycocalyx layer consists of a macromolecular mesh lining
the surface of the luminal side of the endothelial cell layer [51],
which is structurally composed of a complex network of polysaccha-
rides and associated proteins such as albumin [52]. The thickness of
the glycocalyx layer is estimated to be 0.5 μm [53]. As mentioned
earlier, extravasation of Hb/HBOC through the blood vessel wall
will be neglected in this model. Thus, O2 and NO simply diffuse
through this region without reaction. The steady-state transport of
O2 and NO is described by Eqs. (24) and (25).

0 ¼ α·P50‐RBC·DO2· ∇′2 pO2�′
h ih

ð24Þ

0 ¼ NO½ �0·DNO· ∇′2 NO�′
h ih

ð25Þ

3.3. Endothelial cell layer (r3br≤ r4)

In the endothelial cell layer, the NO production rate was repre-
sented by RNO′ while the O2 consumption rate was assumed to be
twice the NO production rate [54,55] (Eq. (26)), while NO is generat-
ed proportional to the shear stress on the blood vessel wall in the
range of 6–25 dyn/cm2 [35] (Eqs. (27) and (28)), where Q is the

image of Fig.�2


Table 1
Biophysical properties of PolyHbs and other HBOCs used in this study.

Solutions P50
(mm Hg)

n koff,O2
(s−1)

kox,NO
(μM−1 s−1)

Ref.

RBCs 29.3 2.2 4.4 [83] 0.14 [57,84]
20:1 L-PolyHb 37.1 1.05 58.6 17.1 [37]
20:1 H-PolyHb 2.18 0.6 29.7 16.4 [37]
30:1 L-PolyHb 41 1.01 57.1 18.7 [37]
30:1 H-PolyHb 1.84 0.69 24.7 17.5 [37]
40:1 H-PolyHb 0.66 0.57 22 17.5 [37]
50:1 L-PolyHb 41 0.87 53 18.9 [85]
Oxyglobin® 38 1.2 60 15 [86]
bHb 27 2.7 36.1 18 [37,87]
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volumetric flow rate (ml/s) and η is the apparent solution viscosity.
The blood vessel wall shear stress under normal physiological condi-
tions consisting of blood velocity of 0.5 cm/s and apparent blood vis-
cosity of 3.0 cP in an arteriole with a diameter of 50 μm was about
24 dyn/cm2 [56] and is represented by Shear_con, while the shear
stress upon transfusion of HBOCs is represented by Shear_Exp.

RO2 ¼ −2·R′
NO ð26Þ

R′
NO ¼ RNO;control·

ShearXExp
ShearXcon

ð27Þ

ShearXexp ¼ 4·η·Q
π·r2

3 ð28Þ

The basal release rate of NO is assumed to be
5.3∗10−12 mol*cm−2 s−1 at a normal blood vessel wall shear stress
of 24 dyn/cm2 under the action of a physiologically normal blood
velocity of 0.5 cm/s and apparent blood viscosity of 3.0 cP in an arteri-
ole with a diameter of 50 μm [56]. The endothelial layer in this chapter
is assumed to have a thickness of 1 μmand length of 500 μm. Thus, the
baseline NO release rate (RNO, control′) is estimated to be 106 nM/s.

3.4. Interstitial layer (r4br≤ r5)

Similar to the glycocalyx layer, there is no Hb or RBCs present in
the interstitial layer. O2 and NO simply diffuse through this region
and their steady-state transport is described by Eqs. (29) and (30).

0 ¼ α·P50‐RBC·DO2· ∇′2 pO2½ �′
h i

ð29Þ

0 ¼ NO½ �0·DNO· ∇′2 NO½ �′
h i

ð30Þ
Table 2
Diffusivity and Adair constants of PolyHbs and other HBOCs used in this study.

Solutions Diffusivity
(cm2/s)

Adair parametersa

a1 a2

RBCs f(Hb) 2.59∗10−3 1.
20:1 L-PolyHb 2.01∗10−7b 1.03∗10−1 4.
20:1 H-PolyHb 1.74∗10−7b 14.139 7.
30:1 L-PolyHb 1.54∗10−7b 9.73∗10−2 3.
30:1 H-PolyHb 7.57∗10−8b 8.2511 7.
40:1 H-PolyHb 3.91∗10−8b 9.0158 24.
50:1 L-PolyHb 4.84∗10−8b 1.47∗10−1 5.
Oxyglobin® 3.69∗10−7b 3.39∗10−2 2.
bHb 6.21∗10−7b 6.98∗10−3 2.

a Adair parameters were curve fitted from O2-HBOC equilibrium curves given in referenc
b HBOC diffusivity was calculated using Eq. (35).
3.5. Smooth muscle cell layer (r5b r≤ r6)

O2 and NO diffuse into the smooth muscle cell layer and are con-
sumed by the smooth muscle cells. The consumption of O2 by smooth
muscle cells is controlled by Michaelis–Menten (M–M) kinetics and
inhibited in the presence of NO (Eq. (31)), where Qmax,sm is the max-
imum O2 consumption rate constant and Ksm is the M–M kinetic con-
stant without NO present. The steady-state consumption of NO by the
smooth muscle cells follows first-order kinetics (Eq. (32)) with kNO-sm
as the first order NO reaction rate constant.

0 ¼ α·P50‐RBC·DO2· ∇′2 pO2½ �′
h i

−Qmax;sm·
pO2½ �

pO2½ �′ þ Ksm·
1þ NO½ �′
0:027 μM

� �� � ð31Þ

0 ¼ NO0
h i

·DNO· ∇02 NO½ �0
h i

−kNO−sm· NO½ �0 ð32Þ

3.6. Tissue space (r6b r≤ r7)

In the tissue space, O2 and NO are transported by diffusion and are
consumed by the tissue cells. Similarly, the consumption of O2 in the
tissue space follows M–M kinetics and is inhibited by the presence of
NO (Eq. (33)), where Qmax,ts is the maximum O2 consumption rate
constant in the tissue space and Kts is the M–M kinetic constant in
the tissue space in the absence of NO. The consumption of NO in the
tissue space follows first-order kinetics (Eq. (34)), where kNO-ts is
the first order NO reaction rate constant.

0 ¼ α·P50‐RBC·DO2· ∇′2 pO2½ �′
h i

−Qmax;ts·
pO2½ �′

pO2½ �′þ Kts·
1þ NO½ �′
0:027 μM

� �� � ð33Þ

0 ¼ NO½ �0·DNO· ∇′2 NO½ �′
h i

−kNO‐ts· NO½ �′ ð34Þ

3.6.1. Biophysical properties of PolyHbs used in this model
Two distinct types of PolyHb solutions, i.e. low O2 affinity PolyHb

(L-PolyHb) and high O2 affinity PolyHb (H-PolyHb), which were syn-
thesized with varying molar ratios of glutaraldehyde (cross-linker) to
bHb (G:Hb) ranging from 20:1 to 50:1 [36,37], were evaluated in this
model. The biophysical properties of PolyHbs and RBCs used in this
work are listed in Tables 1 and 2. The diffusivities of PolyHbs and
other HBOCs were calculated using Eq. (35), while the diffusivity of
Hb encapsulated within RBCs was estimated using Eq. (36) [57]. We
compared our results to simulations performed with the commercial-
ly available PolyHb Oxyglobin® and cell-free bHb.

D ¼ 1:013� 10−4 MWð Þ−0:46 cm2
=s

� �
ð35Þ
Ref.

a3 a4

77∗10−3 1.86∗10−11 1.39∗10−6 [41]
21∗10−3 7.52∗10−5 5.27∗10−7 b
7835 2.753 4.17∗10−2

43∗10−3 5.41∗10−5 3.1∗10−7

5548 6.4383 5.98∗10−1

717 27.613 1.1931
20∗10−3 8.48∗10−5 3.40∗10−7

49∗10−3 2.79∗10−5 6.55∗10−7 [86]
15∗10−3 5.00∗10−6 1.88∗10−6 [86]

es [37,85] using the Adair equation.



Table 4
Blood viscosity and blood vessel wall shear stress after transfusion of PolyHb solutions.

Solution Blood viscosity (cP) Wall shear stress (dyn/cm2)

11% hct 1.5 8.4
18% hct 1.9 10.9
20:1 L-PolyHb 4.1a 23.3
20:1 H-PolyHb 3.8a 21.6
30:1 L-PolyHb 4.6a 26.2
30:1 H-PolyHb 4.4a 25.1
40:1 H-PolyHb 2.5[39] 15.2[39]
50:1 L-PolyHb 2.9[39] 16.8[39]
Oxyglobin® 1.5 (11% hct) 8.4 (11% hct)

1.9 (18% hct) 10.9 (18% hct)
bHb 1.5 (11% hct) 8.4 (11% hct)

1.9 (18% hct) 10.9 (18% hct)

a Experimental results were obtained from Dr. Pedro Cabrales, Department of Bioen-
gineering, University of California, San Diego.
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DHb ¼ 9:74 � 10−7 � 1− Hb½ �RBC � hct
46


 �
� 10

− Hb½ �RBC�hct=128 ð36Þ

3.6.2. Model parameters
The constants and parameters used in this model are listed in

Table 3. The arteriole diameter, average blood velocity and discharge
hct (HD) for these simulations were taken from experimental data
reported in reference [39] and personal communications from Dr.
Cabrales (Bioengineering Department) at the University of California,
San Diego (UCSD): the HD was set to 11% to mimic animal studies con-
ducted using 50:1 L-PolyHb and 40:1 H-PolyHb solutions, while the HD

was set to 18% to mimic animal studies conducted using 20:1 and 30:1
L- and H-PolyHb solutions. The radius of the RBC-rich region (r1)
changes proportionally with the HD [58,59], and the r1 value used in
this work was extrapolated from values of r1 measured at hcts of 20%,
30% and 40% that were obtained from the literature [59]. For the calcu-
lation of NO transport, an inlet pO2 of 60 mmHg was chosen to mimic
the inlet pO2s reported in the literature [39]. For the simulation of O2

transport facilitated by HBOCs, inlet pO2 values were varied from 10
to 150 mmHg to simulate both hypoxic and normal physiological
conditions. The diffusivities of O2 (DO2) and NO (DNO) in the solid
phase (i.e. endothelial cell layer, smooth muscle cell layer and tissue
space) were reported to be half of the values reported in free solution
[60,61]. Thus in this work, DO2 and DNO in these regions were assumed
to be half of the values reported in blood phase. The overall concentra-
tion of HBOCs used in these simulations was estimated from animal
studies described in the literature [39].

The viscosity of blood after transfusion with PolyHbs and other
HBOCs was taken from reference [39] and personally communicated
experimental results from Dr. Cabrales. The blood vessel wall shear
stress upon transfusion of 20:1 and 30:1 PolyHbs was calculated
using Eq. (28) and listed in Table 4, while the blood vessel wall
Table 3
Constants and parameters used in the simulations.

Symbol Simulation parameter

Lc Length of arteriole
Rc Radius of arteriole
Uavg Average blood velocity
[Hb]RBC Concentration of Hb inside RBC
[Hb]RBC-overall Overall molar concentration of Hb in RBC: [heme]
[HbRBC]total/[HBOC]total Local molar concentration of Hb in RBC or HBOC

HD Discharge hct
HC Hct of RBC-rich core

[NO]0 Basal NO concentration
αO2 (blood) Solubility of O2 in blood vessel
αO2 (glycocalyx) Solubility of O2 in glycocalyx
αO2 (endothelial) Solubility of O2 in endothelial cell layer
αO2 (interstitial) Solubility of O2 in interstitial layer
αO2 (smooth) Solubility of O2 in smooth muscle cell layer
αO2 (tissue) Solubility of O2 in tissue
r1 Radius of RBC-rich core

r2 Outer radius of RBC-poor region
r3 Outer radius of glycocalyx
r4 Outer radius of endothelial cell layer
r5 Outer radius of interstitial layer
r6 Outer radius of smooth muscle cell layer
r7 Outer radius of tissue
DO2 Diffusivity of O2

DNO Diffusivity of NO
[HBOC]overall Overall concentration of PolyHb in vivo
Qmax,sm Maximum O2 consumption rate constant in smooth muscle cell
Ksm M–M constant of O2 consumption in smooth muscle cell layer
kNO-sm First order NO reaction rate constant in smooth muscle cell laye
Qmax,ts Maximum O2 consumption rate constant in tissue
Kts M–M constant of O2 consumption in tissue
kNO-ts First order NO reaction rate constant in tissue

a Personal communication from Dr. Pedro Cabrales, Department of Bioengineering, Unive
shear stresses upon transfusion of 40:1 H and 50:1 L PolyHb solutions
were taken from the experimental results contained in reference [39].
The viscosity of blood at hcts of 11% and 18% was estimated from the
literature [62]. The effect of transfusion of Oxyglobin® and bHb on the
resultant viscosity of blood was neglected in this study, since Oxyglo-
bin® and bHb possess viscosities of 1.8 [39] and 1.6 [37] cP, respec-
tively, even at concentrations higher than 10 g/dL.

4. Results

4.1. Effect of PolyHb on NO profiles

Vasoconstriction elicited by the transfusion of commercial HBOCs
due to the undesired rapid scavenging of NO by HBOCs has long been
considered one of the major side-effects hampering the clinical use of
Value Units Ref

500 μm [41]
30 μm [39]
0.42 cm/s [39]
34 g/dL [41]
21,250 μM [29]
Calculated from Eqs. (16)
and (17)

μM

11% [39] and 18%a [39]
0.13 for HD 11% Calculated from Eqs. (4)–(17)
0.20 for HD 18%
0.01 μM [41]
1.34 μmol/(L*mm Hg) [49]
1.34 μmol/(L*mm Hg) [49]
1.34 μmol/(L*mm Hg) [49]
1.10 μmol/(L*mm Hg) [57]
1.34 μmol/(L*mm Hg) [49]
1.52 μmol/(L*mm Hg) [49]
17.7 (HD 11%) μm Extrapolated from Ref. [59]
19.8 (HD 18%)
29.5 μm [49]
30 μm [49]
31 μm [49]
31.5 μm [49]
37.5 μm [49]
135 μm [49]
0.000028 or 0.000014 cm2/s [49,88]
0.000033 or 0.0000165 cm2/s [49,88]
3.5 or 10 g/dL [39]

layer 1 μM/s [49]
1 mm Hg [49]

r 0.05 1/(μM*s) [12,84]
20 μM/s [49]
1 mm Hg [49]
0.05 1/(μM*s) [12,84]

rsity of California, San Diego, CA.
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HBOCs in transfusion medicine [8–10,63–65]. However, it has been
demonstrated experimentally that transfusion of ultrahigh MW
PolyHb solutions with high viscosity into animals exhibited less
vasoactivity upon transfusion compared to the commercial PolyHb
Oxyglobin® [38,39]. This is partly because administration of high vis-
cosity solutions increases blood vessel wall shear stress, which in-
duces the endothelium to produce the vasodilator NO [28,66–70] so
as to offset the intrinsic NO scavenging effect of HBOCs. Thus in this
work, we are also going to study the NO generating effect obtained
via transfusion of high viscosity PolyHb solutions by computer simu-
lation. In order to compare our results with 35% exchange transfusion
experiments that were reported in the literature [39], the overall
PolyHb concentration in our calculations was set to 3.5 g/dL and the
inlet pO2 was set to 60 mm Hg.

The effect of increasing blood vessel wall shear stress due to
transfusion of high viscosity PolyHb solutions on the steady-state ra-
dial NO concentration profiles at hcts of 11% and 18% is shown in
Fig. 3 and compared to radial NO concentration profiles without con-
sidering the influence of blood vessel wall shear stress-induced NO
production. Hemodiluted blood at a hct of 11% [39] and 18% in the
absence of HBOCs was used as controls. The radial NO concentration
profiles displayed in Fig. 3 represent the NO concentration distribu-
tion at the axial midpoint of the arteriole (Z=250 μm) and at an
inlet pO2=60 mm Hg. These results indicate that although the sim-
ulated steady-state radial NO concentration profiles upon transfu-
sion of PolyHb solutions were very low inside arteriole lumen
region (b0.2 nM) and lower than that of the control at both hcts,
the NO-inducing effect of blood vessel wall shear stress greatly in-
creased the overall steady-state concentration of NO across the
Fig. 3. The effect of increasing blood vessel wall shear stress upon transfusion of
PolyHb solutions on the steady-state radial NO concentration profiles at an pO2

inlet=60 mm Hg: A: NO profile at hct=11%; B: NO profile at hct=18%. The vertical
dashed lines represent the RBC-rich region, RBC-poor region, glycocalyx, endothelial
cell layer, interstitial layer, smooth muscle cell layer and tissue space, respectively
from left to right.
region spanning the endothelial cell layer to the surrounding tissue
space compared to not considering the NO-inducing ability of
blood vessel wall shear stress. In addition, the overall computed
steady-state NO concentration profile upon transfusion of ultrahigh
MW PolyHbs was much higher than that of either Oxyglobin® or
cell-free bHb.

The average NO concentration in the smooth muscle layer of the
control and PolyHb-transfusion groups was calculated and compared
in Fig. 4. Similarly, the control groups had the highest average NO
concentration at the two hcts with the NO concentration at a hct of
18% slightly higher than that at a hct of 11%, due to the higher wall
shear stress at a hct of 18%. However, when considering the NO-
inducing effect of blood viscosity, the average NO concentration of
the PolyHb-transfusion groups reached 50% (hct=11%) and 70%
(hct=18%) of the control group regardless of the P50 and n of the
PolyHb, while the NO concentration of no-shear-stress PolyHb solu-
tions, Oxyglobin® and cell-free bHb groups was only about 20–30%
of the control groups, indicating that the NO-inducing effect due to
the induction of higher blood vessel shear stress caused by the trans-
fusion of high viscosity PolyHb solutions can offset the harmful NO
scavenging effect of HBOCs. Similarly, the concentration of NO inside
the endothelial cell layer reached 45–70% of the control (i.e. includes
RBCs but no HBOC) upon transfusion of high viscosity PolyHb (Fig. 5).
Fig. 6 shows the relationship between the blood vessel wall shear
stress and the average NO concentration in the arteriole region
(Fig. 6.A) and the endothelial cell layer (blood vessel wall region)
(Fig. 6.B) for all HBOCs. In both regions, the average NO concentration
increased with blood vessel wall shear stress in an almost linear fash-
ion, regardless of the kox,NO values.

4.2. pO2 profiles upon transfusion of Hb/PolyHb solutions

Figs. 7 and 8 display the steady-state radial O2 tension profile
under varying inlet pO2s at the midpoint of the arteriole
(Z=250 μm) after transfusion of PolyHb solutions, with Oxyglobin®
and cell-free bHb as negative controls for comparison. Diluted blood
with a hct of 11% [39] and 18% in the absence of HBOC was used as
a control. The inlet pO2 levels were chosen to represent hypoxia
(10 mm Hg), in vivo experimental conditions during hemodilution
(60 mm Hg), normal physiological pO2 in an arteriole before hemodi-
lution (100 mm Hg) and room air levels of O2 (150 mm Hg). The
HBOC concentration used in the simulations was set to 3.5 g/dL [39]
which was the overall HBOC concentration in a 35% exchange transfu-
sion and 10 g/dL which is close to normal physiological Hb concen-
tration [71]. NO production was assumed to be identical for both
PolyHb concentrations. First at both hcts, transfusion of L-PolyHb so-
lutions increased the in vivo oxygen tension from the arteriole
lumen to the tissue space at all inlet pO2 levels, in a dose-dependent
manner especially in the RBC-poor region of the arteriole. In addition,
transfusion of HBOCs increased the pO2 profiles higher at a hct of 11%
than at a hct of 18%, suggesting that L-PolyHb solutions could im-
prove in vivo O2 transport under conditions of serious blood loss.
However, transfusion of too much PolyHb may cause an excessive
rise in blood viscosity, which can cause a viscosity dependent rise
in blood flow resistance and systemic hypertension [31]. Thus,
more experiments should be conducted to optimize the concentra-
tion of L-PolyHb to be used in a clinical setting. Second, simulated
pO2 profiles are affected by the O2 affinity of the PolyHb solution,
which regulates the O2 dissociation rate constant. All H-PolyHb solu-
tions (P50s ranging from 0.66 to 2 mm Hg) could improve O2 trans-
port to the tissue space to the same level as L-PolyHb solutions (P50s
ranging from 37 to 41 mmHg), Oxyglobin® (P50 of 38 mmHg) and
cell-free bHb (P50 of 27 mm Hg) under hypoxic conditions (inlet
pO2=10 mm Hg) regardless of PolyHb molecular size and hct. How-
ever, H-PolyHbs exhibited less of an ability to improve O2 transport
than either L-PolyHb or Oxyglobin® at experimental hemodilution
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Fig. 4. The average NO concentration in the smooth muscle cell layer. A: Hct=11%, L 50:1′ and H 40:1′ represent the groups that did not consider shear stress-induced production of
NO by the endothelium; B: Hct=18%, L 20:1′, L 30:1′ and H 20:1′, H 30:1′ represent the groups that did not consider shear stress-induced production of NO by the endothelium.
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(60 mm Hg), normal physiological or supraphysiological (100 and
150 mm Hg) inlet pO2 levels (Fig. 7B/C/D/F/G/H and Fig. 8B/C/D/F/
G/H). In fact, increasing the O2 affinity of H-PolyHb solutions reduced
its ability to improve O2 transport to the tissues upon transfusion.
These results are in agreement with previous predictions in the liter-
ature [36,37], which showed that H-PolyHb solutions with extremely
high O2 affinity and low O2 dissociation rate constant can potentially
oxygenate hypoxic tissues, which is similar to that of MP4 [72,73],
but is not effective at oxygenating tissues under normoxic condi-
tions. In contrast, all L-PolyHb solutions possessed an enhanced abil-
ity to improve O2 transport in the tissue space compared to H-PolyHb
solutions and cell-free bHb and could increase the O2 tension to a
similar level as Oxyglobin® at all PolyHb concentrations and inlet
pO2s. These computer simulation results confirm the prediction
that L-PolyHbs have the same O2 transport ability as Oxyglobin®.
In addition, cell-free bHb exhibitedmuch less of an ability to improve
O2 transport than either L-PolyHb or Oxyglobin® at high inlet pO2s
(100–150 mm Hg, Fig. 7.D/G/H, Fig. 8.D/G/H) and was able to im-
prove O2 transport no better than 40:1 and 30:1 H-PolyHbs, which
had the highest O2 affinities among the HBOCs studied, at an inlet
pO2 of 150 mm Hg and at a hct of 18% especially at high HBOC con-
centrations (Figs. 7.H and 8.H). This phenomenon can be ascribed
to two reasons. First, bHb possessed a lower O2 dissociation rate
constant (36.1 s−1) compared to the PolyHbs (53–58 s−1) and
Oxyglobin® (60 s−1). Second, because of the higher cooperativity
(2.7) and O2 association rate constant of bHb [37] compared to L-
PolyHbs, bHb has a better chance of binding O2 instead of releasing
O2 at high inlet pO2s compared to L-PolyHbs.

4.3. O2 transfer rate of PolyHbs

The O2 transfer rates at steady-state after administration of HBOC
solutions at varying inlet pO2s from 10 to 150 mm Hg were calculated
as the difference in the O2 flux between the entrance and exit of
the arteriole lumen and shown in Fig. 9 in comparison with those of
Oxyglobin® and cell-free bHb. The O2 transfer rates of RBCs in diluted
blood at hcts of 11% and 18% were used as controls. At both hcts, the
O2 transfer rates of all simulation groups increased with increasing
inlet pO2 and reached a plateau when the inlet pO2 was higher than
130 mm Hg. At a hct of 11% and at all inlet pO2s (Fig. 9A), L- and H-
PolyHbs exhibited higher calculated O2 transfer rates than that of
the control and any other HBOC. Interestingly, although H-PolyHb
didn't enhance oxygenation of the tissue as effectively as L-PolyHb,
40:1 H-PolyHb had a slightly higher O2 transfer rate than 50:1 L-
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Fig. 5. The percentage average NO concentration inside the endothelial cell layer. A: Hct=11%, L 50:1′ and H 40:1′ represent the groups that did not consider shear stress-induced
production of NO by the endothelium; B: Hct=18%, L 20:1′, L 30:1′, H 20:1′ and H 30:1′ represent the groups that did not consider shear stress-induced production of NO by the
endothelium.
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PolyHb at inlet pO2s lower than 60 mm Hg, while L-PolyHb trans-
ferred O2 faster at inlet pO2s higher than 70 mm Hg. In contrast, Oxy-
globin® and bHb had lower O2 transfer rates than the control at inlet
pO2s lower than 70 mm Hg. When the inlet pO2 was higher than
70 mm Hg, the O2 transfer rates of Oxyglobin® and bHb rose to a sim-
ilar level to that of H-PolyHb, which is consistent with the lower ox-
ygenation ability of H-PolyHb. Similarly, at a hct of 18% (Fig. 9.B),
two H-PolyHbs had similar O2 transfer rates, which were higher
than that of the control and any of the other HBOCs at low to medium
inlet pO2s (10–70 mm Hg). The O2 transfer rates of both L-PolyHbs
rose to a higher level than the control when the inlet pO2 was higher
than 60 mm Hg and to a similar level to H-PolyHb at an inlet pO2

higher than 70 mm Hg. Again, the O2 transfer rates of Oxyglobin®
and bHb were the lowest when the inlet pO2 was lower than
80 mm Hg and rose to a higher level compared to the control at an
inlet pO2 higher than 80 mm Hg. Interestingly, when the inlet pO2

was lower than 70–80 mm Hg, the O2 transfer rates were inversely
related to the HBOC concentration at both hcts, while at an inlet pO2

between 80 and 120 mm Hg, O2 transfer rates increased with HBOC
concentration at a hct of 11% but mainly remained unaffected by
HBOC concentration at a hct of 18%.
5. Discussion

This work is aimed at predicting the effect of PolyHb's biophysical
properties, for example O2 affinity and viscosity, on the transport of
NO and O2 in an arteriole to primarily evaluate the efficacy and safety
of PolyHbs in clinical applications via a mathematical model based on
modification of the KTC model. An ideal HBOC should be able to
improve tissue oxygenation, as well as, maintain adequate NO levels
inside the smooth muscle layer to maintain vasodilation. In order to
simulate the structure of an arteriole and blood flow, the physiologi-
cal parameters of an arteriole such as hct, average blood velocity, di-
ameter of arteriole lumen and blood viscosity after transfusion were
all taken from in vivo experiments on PolyHb solutions [39]. The effect
of endothelial-derived NO production induced by the high wall shear
stress generated by the flow of high viscosity PolyHb solutions on NO
transport was also investigated in this study.

In vivo, radial concentration profile of NO across the arteriole
lumen to surrounding tissues should be determined by the balance
of the NO scavenging rate of heme-containing macromolecules and
the NO production rate of the endothelial cell layer. High viscosity
PolyHb solutions tend to elevate blood and plasma viscosity in the
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Fig. 6. The relationship between blood vessel wall shear stress and average NO concen-
tration in the arteriole lumen (A) and the endothelial cell layer (B) for all PolyHb
solutions.
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systemic circulation, which was previously considered to be harmful,
since blood viscosity was reported to be related to the physiopathol-
ogy of hypertension and heart disease [30,74–77]. However, recent
experiments and a mathematical model have demonstrated that
slight elevation in blood viscosity, e.g. due to a slight increase in the
hct by less than 19%, could lower the mean arterial pressure due to
blood vessel wall shear stress-mediated production of the vasodila-
tor NO [31,32,69]. The PolyHb solutions studied in this work in-
creased the apparent blood viscosity after transfusion but didn't
overly surpass the normal physiological blood viscosity (Table 4).
Thus, transfusion of high viscosity PolyHb solutions is expected to in-
crease the production of NO without excessively increasing blood
flow resistance. On the other hand, all PolyHb solutions possess
high NO dioxygenation rate constants compared to RBCs. Therefore,
the NO concentration profile in the arteriole will be affected by the
combined effects of the aforementioned two factors.

Table 5 lists the blood vessel wall shear stress reported in the
literature with the calculated results using Eq. (28). It is evident
that the calculated results are in good agreement with the experi-
mental results. Thus, Eq. (28) was accurate in estimating the blood
vessel wall shear stress for this simulation.
In our simulations, the two controls without HBOC had the highest
radial NO concentration profiles across the arteriole into the tissue
space at each respective hct (Figs. 3 to 5). Interestingly, the radial
[NO] profiles and average NO concentrations of the two control
groups in the arteriole lumen, endothelial cell layer and smooth mus-
cle layer (Figs. 3 to 5) increased with increasing hct, although there
were more RBCs present in the lumen of blood vessels at a hct of
18% to consume NO, indicating that when the NO consumption rate
is low, enhancement in the NO production rate can offset the in-
creased NO consumption by the increased hct. For PolyHbs, although
their computationally calculated radial NO profiles were lower than
those of the controls no matter whether the blood vessel wall shear
stress was taken into account or not, the radial NO concentration pro-
file upon transfusion of PolyHb solutions was observed to be much
higher than that of Oxyglobin® and cell-free bHb. Transfusion of
PolyHb solutions increased the NO release rate from the blood vessel
wall 2–2.5 times compared to that of the control, since the NO pro-
duction rate is linearly dependent on the blood vessel wall shear
stress [34] within the physiological wall shear stress range of
6–25 dyn/cm2 [35]. However, the NO dioxygenation rate constant
(kox,NO) of PolyHbs and other HBOCs are two orders of magnitude
higher than that of RBCs due to the presence of RBC membrane,
which acts as a significant intracellular barrier against NO diffusion
[78]. This explains why the radial NO concentration profiles of the
controls were higher than that of the PolyHb solutions and other
HBOCs with high NO dioxygenation rate constants. However, this re-
sult demonstrated that the enhanced NO production rate due to
transfusion of high viscosity PolyHbs offsets the NO scavenging effect
of the PolyHbs to a large extent. The calculated NO concentration
upon transfusion of PolyHb solutions in the endothelial cell layer
and smooth muscle layer was proportional to the blood vessel wall
shear stress and could reach over 70% of the control values when
the NO-inducing effect of high wall shear stress due to the high vis-
cosity of PolyHb solutions was considered, while that of Oxyglobin®
reached about 30% of the control (≤27 nM). Condorelli and George
reported that the median activation concentration of sGC in the
smooth muscle layer by NO is approximately 23 nM [79]. Upon trans-
fusion of PolyHb solutions, the simulated NO concentration inside the
blood vessel wall ranged from 40 to 60 nM. Thus, transfusion of
PolyHb solutions is expected to leave enough NO in the blood vessel
wall for vasodilation compared to Oxyglobin®. This is consistent
with published results of animal tests with high MW and high viscos-
ity PolyHb solutions, in which a little to mild rise in mean arterial
pressure was observed after transfusion of the >500 kDa fraction of
ultrahigh MW PolyHb solutions [38,39], while transfusion of Oxyglo-
bin® and PolyHb fractions smaller than 500 kDa with lower viscosity
(1.0–1.4 cP) elicited a significant rise in mean arterial pressure
[9,38,39]. Additionally, although it was expected that the extremely
low diffusivities of PolyHbs in solution due to their ultrahigh MW
could retard scavenging of NO by PolyHb in the arteriole lumen, sim-
ulation results showed that the NO concentration in the arteriole
lumen upon transfusion of PolyHb was lower than 0.2 nM due to
the high NO dioxygenation rate constant, which masked the effects
of retarded diffusion of PolyHbs. In summary, according to our simu-
lation results, the [NO] profile is primarily a function of the balance
between the blood vessel wall shear stress-mediated NO production
rate and the rate of NO scavenging. Another key result is that quench-
ing of NO inside the arteriole lumen is unavoidable. However, it is
possible to maintain adequate NO levels in the smooth muscle cell
layer by increasing blood vessel wall shear stress. The blood vessel
wall shear stress increases proportionally with the viscosity of
blood, which depends on the concentration of PolyHb in the blood.
However, an excessive increase in the viscosity of blood, e.g. higher
than 50%, may offset the vasodilatory effect of shear stress-induced
NO production via the viscosity dependent rise of blood flow resis-
tance, which may cause hypertension [31]. Thus, more research
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Fig. 7. Steady-state radial pO2 profiles upon transfusion of PolyHb at hct=11% and varying inlet pO2s. A–D: PolyHb=3.5 g/dL, inlet pO2=10, 60, 100, 150 mm Hg; E–H:
PolyHb=10 g/dL, inlet pO2=10, 60, 100, 150 mm Hg. The vertical dashed lines represent the RBC-rich region, RBC-poor region, glycocalyx, endothelial cell layer, interstitial
layer, smooth muscle cell layer and tissue space, respectively from left to right.
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Fig. 8. Steady-state radial pO2 profiles upon transfusion of PolyHb at hct=18% and varying inlet pO2s. A–D: PolyHb=3.5 g/dL, inlet pO2=10, 60, 100, 150 mm Hg; E–H:
PolyHb=10 g/dL, inlet pO2=10, 60, 100, 150 mm Hg. The vertical dashed lines represent the RBC-rich region, RBC-poor region, glycocalyx, endothelial cell layer, interstitial
layer, smooth muscle cell layer and tissue space, respectively from left to right.
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Fig. 9. O2 transfer rate across the arteriole at different hcts and inlet pO2s. A: O2 transfer rate at a hct of 11% at [HBOC]=3.5 g/dL and 10 g/dL, respectively. B: O2 transfer rate at a hct
of 18% at [HBOC]=3.5 g/dL and 10 g/dL, respectively.
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must be conducted to lower the intrinsic reactivity of PolyHb with
NO, while maintaining the post-transfusion blood viscosity to
3–4 cP in order to induce blood vessel wall shear stress-dependent
NO production. Additionally, the PolyHb concentration should also
Table 5
Comparison of estimated blood vessel wall shear stress against experimentally mea-
sured blood vessel wall shear stress.

Blood sample Calculated wall shear stress
(dyn/cm2)

Measured wall shear stress
(dyn/cm2)

Baseline (hct 48%)[39] 26.2 27.5[39]

Normal (hct 45%)[56] 23.9 24[56]

50:1 L-PolyHb 16.5 16.8[39]

40:1 H-PolyHb 14.2 15.2[39]
be optimized in order to not only maintain shear stress-induced NO
production, but also to avoid viscosity-induced hypertension.

The radial pO2 profiles are reported to be affected by the hct pro-
file, blood velocity profile, radial distribution of HBOC and P50 [49].
Simulation results of the radial pO2 distribution (Figs. 7 and 8)
showed that transfusion of HBOC increased the pO2 profiles most
efficiently in the RBC-poor region of the arteriole at all inlet pO2s
and hcts. This is because HBOCmolecules contribute a significant frac-
tion of the total Hb concentration present in the RBC-poor region
(Eq. (17)) due to the behavior of the paucity of RBC in this region.
Thereby, more O2 was released in this region than in the RBC-rich
core. However, although the concentration of HBOC in the RBC-poor
region increased with increasing r according to Eq. (17), the pO2

dropped rapidly from the RBC-rich core to the glycocalyx layer

image of Fig.�9
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instead of increasing with HBOC concentration due to the rapid diffu-
sion of O2 into the neighboring endothelial cell layer where O2 was
rapidly consumed by these cells.

Comparing the simulation results using different HBOCs at vary-
ing concentrations and inlet pO2s with in vivo measurements, all
HBOCs only slightly improved oxygenation of the surrounding tis-
sues, while either 50:1 L-PolyHb or 40:1 H-PolyHb could increase
the average pO2 in the arteriole by 30–60 mm Hg [39]. This discrep-
ancy between simulation and experiments may be because in the
model the HBOCs are assumed to be equilibrated with the inlet
pO2, while in the in vivo studies the PolyHb solutions, which were
equilibrated with room air (pO2≈144 mm Hg), may contain large
amounts of O2 upon transfusion. Thus, the HBOC in the computer
simulations can be much less O2 saturated than those in the in
vivo experiments, especially the L-PolyHbs, and the inlet concentra-
tion of O2 carried by blood in the simulation can be much lower
than that of the in vivo experiments, so that the amount of O2

which can be offloaded to tissues may be underestimated in the
simulations.

The O2 affinity which is quantified by the P50 is another important
factor that determines the efficacy of PolyHb solutions. Under hypoxic
conditions (e.g. 10 mm Hg, Fig. 7.A/E and Fig. 8.A/E), H-PolyHb could
obviously improve oxygenation of the surrounding tissues as effi-
ciently as other HBOCs, while under normoxic conditions H-PolyHb
hardly increases the pO2 profile. The efficiency of tissue oxygenation
displayed by high O2 affinity PolyHb solutions in hypoxic regions is
in agreement with results of previous simulations with low P50
HBOCs in a hepatic hollow fiber bioreactor [37]. Therefore, it is possi-
ble to use a mixture of L- and H-PolyHb for formulating the transfu-
sion solution, in which H-PolyHb would oxygenate the extremely
hypoxic tissues while L-PolyHb would oxygenate normoxic tissues.
However, there is debate on the efficacy of low P50 HBOCs to oxygen-
ate tissues under normoxic conditions. Sakai et al. [80] and Cabrales et
al. [81] reported that transfusion of vesicle encapsulated Hb with high
O2 affinities oxygenated tissues better than vesicles with low O2 affin-
ities at an inlet pO2 of 60 mm Hg. Tsai et al. [82] reported that MP4
(P50≈5 mm Hg) could releasemore O2 in the capillaries than Oxyglo-
bin®. On the other hand, recently, Cabrales et al. [39] observed in an-
imal tests that high O2 affinity H-PolyHb was much less effective in
oxygenating tissues surrounding arterioles than L-PolyHb. Our simu-
lation results support the in vivo results obtained on transfusion of
ultra-high MW PolyHbs. The discrepancy between our simulation re-
sults and in vivo results of transfusion of MP4 and Hb vesicles posses-
sing high O2 affinity may be caused by the different intrinsic
biophysical properties of these HBOCs.

In contrast, all L-PolyHbs could obviously increase the in vivo pO2

profiles to a similar level to that of Oxyglobin® at all inlet pO2s
(Figs. 7 and 8), irrespective of the cross-link density. The tissue oxy-
genation abilities of 20:1 and 30:1 PolyHbs were almost identical,
which is consistent with their similar O2 affinities and O2 dissocia-
tion rate constants. However, the pO2 profiles of cell-free bHb were
slightly higher than those of L-PolyHbs at inlet pO2s of 0 and
60 mm Hg at both hcts (Figs. 7A/B/E/F and 8), while the pO2 profiles
of Oxyglobin® were also higher than that of L-PolyHb at inlet pO2s
ranging from 10 to 100 mm Hg at a hct of 11% (Fig. 7.A/B/C/G/E/F,
Fig. 8.A/B/C/G/E/F). This phenomenon is similar to O2 transport sim-
ulation results obtained in hepatic hollow fiber bioreactors [37].
These results indicated that at low to medium in vivo pO2s, the diffu-
sion of HBOC molecules can have more of an influence on blood
vessel and tissue oxygenation than the HBOC O2 affinity and O2 dis-
sociation rate constant. Thus, confirming that the limited diffusion
of PolyHb due to its ultrahigh MW may slightly retard offloading of
O2 to tissues. Therefore, these simulation results suggest that
although high MW PolyHbs can help to eliminate the harmful ex-
travasation of HBOC through the blood vessel wall and prolong the
in vivo circulation time, the MW should be engineered to obtain
optimum tissue oxygenation and the longest circulation time at all
blood vessel inlet pO2 levels.

Compared with the controls, Oxyglobin® and cell-free bHb, both
L- and H-PolyHbs displayed higher O2 transfer rates (Fig. 9). Patton
and Palmer [57] predicted in a model of O2 transport in a capillary
that the release of O2 from RBCs and HBOCs is affected by the
HBOC/RBC O2 affinity, cooperativity and HBOCs can compete with
RBCs for O2 and behave as sink for O2 depending on the relative O2

saturation of the RBCs and HBOCs. Our simulation results showed
that the O2 consumption rate, which was affected by the NO produc-
tion rate, played a more important role in regulating the rate of O2 de-
livery. For example, bHb has a higher O2 saturation than L-PolyHb and
Oxyglobin® at any pO2, but lower O2 transfer rate than those HBOCs
under low to medium inlet pO2s. In our simulations, Oxyglobin®
and bHb had a lower O2 transfer rate than the control and PolyHbs
at inlet pO2s ranging from 20 to 60 mm Hg. In this low inlet pO2

range, HBOCs were partially O2 saturated. Patton and Palmer [57] sug-
gested that when the tissue including the endothelial cell layer,
smooth muscle cell layer and surrounding tissue had low O2 con-
sumption, unconsumed O2 could diffuse back into the arteriole
lumen and bind to any heme-containing molecules with available
O2 binding sites. In our simulations, the NO production rate deter-
mines the O2 consumption rate in the endothelium (Eq. (26)). Thus,
Oxyglobin® and bHb possessed lower O2 consumption rates com-
pared to PolyHbs and behaved more like an O2 sink. Cell-free bHb
exhibited this O2 sink effect more than Oxyglobin® in this inlet pO2

range, since its higher cooperativity (2.7) and O2 association rate
constant which increases with increasing pO2 made bHb more readily
able to bind O2. The O2 “sink” effect of these HBOCs can be more pro-
nounced at higher HBOC concentrations whenmore HBOC is available
to bind O2. When the inlet pO2 was higher than 70 mm Hg, the O2

“sink” effect of the HBOCs started to be gradually counteracted by
the increasing amount of transported O2 and the high O2 dissociation
rate constants of these HBOCs. Therefore, the HBOC's O2 transfer rates
increased significantly and surpassed that of the control, when the
inlet pO2 was higher than 70 mm Hg. On the other hand, O2 diffusion
from the plasma layer to the blood vessel wall could be improved
2–2.5 fold after transfusion of L- and H-PolyHbs compared to transfu-
sion of other HBOCs due to the high NO production rate in the endo-
thelial cell layer, which also increased the release of O2 from PolyHbs
regardless of their O2 affinity and saturation. Therefore, PolyHbs dis-
played higher O2 transfer rates compared to the control and the com-
mercial HBOC Oxyglobin® or bHb.
6. Conclusions

NO and O2 transport in an arteriole in the presence of RBCs and
HBOCs under anemic conditions were studied in this work with a
mathematical model. According to the simulation results, adminis-
tration of high viscosity ultrahigh MW PolyHb solutions should yield
less vasoconstriction by promoting blood vessel wall shear stress-
dependent generation of the vasodilator NO, especially in the blood
vessel walls compared to the commercial PolyHb Oxyglobin®. How-
ever, quenching of NO by PolyHb molecules in the arteriole lumen is
inevitable due to the high NO dioxygenation rate constant of the
PolyHb molecules. Under hypoxic conditions, all PolyHbs could im-
prove tissue oxygenation under anemic conditions as effectively as
the commercial HBOC Oxyglobin®, while L-PolyHb solutions were
more effective in delivering O2 than H-PolyHb solutions under nor-
moxic conditions. In addition, all ultrahigh MW PolyHb displayed
higher O2 transfer rates than the commercial HBOC Oxyglobin®.
Taken together, the simulation results indicate that a safe and effica-
cious HBOC should possess high viscosity and a low NO dioxygenation
rate constant in order to reduce the side-effects associated with previ-
ous generations of acellular HBOCs.
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