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ABSTRACT

Hemoglobin (Hb) released into the circulation during hemolysis and chemically modified Hb proposed for use
as oxygen therapeutics exert toxic effects that are partially attributable to heme’s oxidant activity. Native ex-
tracellular Hb is scavenged by haptoglobin (Hp) after ��-subunit dimerization. In the absence of Hp, mono-
cyte/macrophage cell-surface CD163 binds and clears Hb. We evaluated several chemically modified Hbs to
establish the role of chemical cross-linking patterns and molecular sizes on binding and clearance by each
pathway. We found that Hbs possessing �-globin cross-linking, irrespective of polymerization, demonstrate
increased Hp affinity compared with �-globin–stabilized Hbs. These data suggest that Hb �-subunit accessi-
bility is critical for Hp binding in the absence of dimerization. �-Globin chain cross-linked tetramers/poly-
mers displayed strong polyvalent Hp binding with increased viscosity and formation of visible gel matrices.
Modified Hb interaction with CD163 and cellular uptake demonstrated an inverse relation with molecular
size, irrespective of � and � cross-linking. These findings were confirmed by HO-1 induction and intracellu-
lar ferritin accumulation in CD163-expressing HEK293 cells. Based on these results, a rational and system-
atic approach to HBOC design may be used to optimize interaction with endogenous Hb clearance and detox-
ification pathways. Antioxid. Redox Signal. 10, 1449–1462.
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INTRODUCTION

DETOXIFICATION and clearance of extracellular Hb from the
circulation has been described to occur through a plasma

protein–binding pathway in which Hb �� dimers initially bind
to haptoglobin (Hp). Subsequently, the circulating Hb-Hp com-
plex is recognized by the monocyte/macrophage scavenger re-
ceptor CD163 and cleared by endocytosis (16, 30). The plasma
Hp-binding capacity can be saturated during circumstances of
severe hemolysis when Hb exceeds the normal range of circu-
lating Hp concentrations (0.45–3 mg/ml) (16). In circumstance
of Hp depletion, an efficient pathway of Hb clearance appears
to be functional, as demonstrated in Hp-knockout mice (17) and
in humans with anhaptoglobinemia. Macrophage Hb uptake in

the absence of Hp involves a low-affinity binding site on
CD163, which allows efficient Hb endocytosis in cases of high
extracellular Hb concentrations (33). Beyond the scenario of
severe hemolysis, this pathway is presumed to be operational
after red blood cell extravasation and lysis, such as during in-
flammation and tissue injury (31).

The interactions between Hb and Hp and between Hb and
macrophage cell surface CD163 are each influenced indepen-
dently by unique physical and chemical properties of Hb. In the
case of Hp binding, specific amino acid regions within the Hb
�- and �-globin chains have been reported to be critical (14,
15, 19, 39). Whereas these studies delineate the specificity of
amino acid regions within each globin chain necessary for Hp
interaction, the dominant recognition site(s) remain undefined.
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In the case of Hp-independent Hb uptake by cell-surface
CD163, the specificity for receptor interaction is contained ex-
clusively within the �-globin chain (33).

Hemoglobin-based oxygen carriers (HBOCs) have been pro-
posed for a range of conditions, including surgical anemia, trau-
matic blood loss, ischemic events, sickle cell disease, and as
broad-scale substitutes for blood in the absence of a safe blood
supply. However, clinical advancement in these areas has been
slowed by significant adverse-event profiles associated with
several HBOCs (38). A critical and often overlooked concept
in the development of HBOCs is that each disease state requires
differing durations of HBOC exposure to achieve a desired ther-
apeutic effect with minimal or no toxicity. Therefore, optimiz-
ing exposure-response relations for specific disease states by
considering the endogenous mechanisms of Hb clearance in
HBOC design may enhance efficacy and safety. Relevant to
this concept is that candidate patients targeted for HBOC ther-
apies often experience one or several concomitant conditions
such as: tissue injury, inflammation, collagen and vascular dis-
orders, infection, and glucocorticoid treatment. In each condi-
tion, Hp and monocyte/macrophage cell-surface CD163 may be
increased in the short term (21, 36).

In general, chemical or recombinant modification to hemo-
globin (Hb) or both impart structural constraints within the cen-
tral cavity or on the surface of the protein or both. Ultimately,
modifications to Hb are directly translated to the heme pros-
thetic groups and redefine native Hb oxygen affinity and co-
operativity. Similarly, the toxicity associated with both native
extracellular and Hb subjected to modification can also be
traced back to the heme prosthetic groups (9, 12, 24). In the ab-
sence of intraerythrocytic biochemical and physical protective
mechanisms, Hb may be subjected to proxidative as well as ni-
trosylative/nitrosative processes, which typically result in vaso-
constriction, inflammation, and ultimately, tissue injury (8, 20).

Administration of HBOCs represents a unique circumstance
during which Hb exposure can exceed even the most severe
cases of hemolytic anemia. Interactions with one or both of the
endogenous Hb-scavenger pathways could thus critically influ-
ence the toxicity profile of specific HBOCs. Typically, chem-
ical modification to native human or animal source Hb gener-
ates individual HBOCs with either ��- or ��-globin chain
intramolecular cross-linking. Additional protein surface modi-
fications include polymerization or surface conjugation or both.
Intra- and intermolecular modification of Hb in the case of
HBOCs protects against dimer formation and extends circulat-
ing half-life, respectively. Although much research has been
performed to understand altered oxygen transport/delivery
properties, as well as detoxification processes focused on mod-
ulation of NO, the specific consequences of structural Hb mod-
ifications on the interaction with the endogenous Hb-scaveng-
ing pathways have not yet been investigated.

In the current study, we evaluated several HBOCs with dif-
fering intra- and intermolecular modifications on the interac-
tion with either the plasma protein–binding pathway (Hp) or
the cell surface–receptor pathway (cell surface CD163). By us-
ing �� versus �� cross-linking pattern and molecular size as
structural determinants, we suggest a simple model that might
predict functional properties of HBOCs related to preferential
interactions with each of the two scavenger systems. Based on
these results, a rational and systematic approach to HBOC de-

sign may be used to optimize efficacy and limit toxicity by ac-
counting for existing mechanisms of endogenous Hb-clearance
and detoxification pathways.

MATERIALS AND METHODS

Hemoglobin and haptoglobin substances

Several chemically modified Hbs were used in this study.
The nature, subunit-specific chemical modification, and com-
mercial and current abbreviations used in this study are indi-
cated: (a) highly purified Hb (HbA0) and (b) oxidized raffinose
polymerized HbA0 (Hemolink; �PolyHb A0) was obtained from
Hemosol (Missisauga, Ontario, Canada), (c) bis(3,5-dibromo-
salicyl)fumarate cross-linked human Hb between �-globin
(�DBBF; �XLHb), and (d) �-globin chains (�DBBF; �XLHb)
was provided by the United States Army (Washington, DC);
(e) the polyethylene glycol (PEG) polymerized and conjugated
form of bis(3,5-dibromosalicyl)fumarate cross-linked human
Hb �-globin chains (Poly DCLHb; �PolyXLHb) was provided
by Baxter Healthcare (Deerfield, IL), (f) benzene tetracar-
boxylate substituted dextran Hb (�DxHb) was provided by
Patrick Menu (University Henri Poincare-Nancy, France); and
(g) Oxyglobin (�PolyBvHb) was purchased from Biopure
(Cambridge, MA). Haptoglobin 1-1 and 2-2 was purchased
from Sigma Chemical (St. Louis, MO). 

Size-exclusion chromatography 
(molecular size distribution)

HBOC samples (50 �l) were evaluated by size-exclusion
chromatography (SEC) to compare the molecular size distribu-
tion of tetramer, multitetramer, and surface conjugated compo-
nents. Samples were run on a BioSep-SEC-S3000 (600 � 7.5
mm) SEC column (Phenomenex, Torrance, CA) attached to a
Waters 626 pump and Waters 2487 dual-wavelength detector,
controlled by a Waters 600s controller using Millenium32 soft-
ware (Waters Corp., Milford, MA). The running buffer con-
sisted of 0.1 M NaH2PO4, pH 6.5, pumped at rate of 0.5 ml/min,
and the absorbance was monitored at 405 nm. Molecular-size
ranges were previously determined by SEC coupled to multi-
angle laser light scattering (Wyatt Technology Corp., Santa Bar-
bara, CA).

Fractionation and purification of polymerized Hb

The heterogeneous mixtures making up �PolyHbA0 and
�PolyBvHb were separated into six and four individual frac-
tions, respectively. The mixture of components making up
�PolyHbA0 and �PolyBvHb were separated on a Biosep SEC
3000 (600 � 7.5 mm) size-exclusion HPLC column (Phe-
nomenex) attached to a Waters 626 pump and Waters 2487
dual-wavelength detector, controlled by a Waters 600s con-
troller by using Millenium32 software (Waters Corp.). The run-
ning buffer consisted of 0.1 M NaH2PO4, pH 6.5, pumped at
rate of 0.5 ml/min, and the absorbance was monitored at 405
nm. Distinct peaks in the chromatogram were collected by us-
ing a CF-1 fraction collector (Spectrum Laboratories, Roncho
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Dominquez, CA) and further refined to homogeneity. Collected
fractions were chromatographed individually by using size-ex-
clusion chromatography and recollected twice after the initial
separation and collection. Isolated fractions were buffer ex-
changed with five 10-ml volumes of 0.9% NaCl and concen-
trated by using Centricon YM-30 centrifuge tubes (Millipore,
Bedford, MA). Fractions molecular sizes and polydispersity
were evaluated by using SEC coupled to multiangle laser light-
scattering (SEC-MALLS). SEC-MALLS data were acquired
and analyzed by using a Wyatt Technology Corp. Dawn-DSP
with Astra version 4.73.04 software. The 100-�l sample vol-
umes were injected and separated on a Shodex OHPAK SB-
806HQ column (300 � 8 mm). The mobile phase consisted of
50 mM sodium phosphate, pH 6.9, pumped at a rate of 0.5
ml/min. For MALLS, samples were run through a dawn DSP
laser photometer. The samples then passed through an Optilab
DSP interferometric refractometer to determine concentration.
Each detector was set to a wavelength of 633 nm.

MALDI-MS (globin chain 
cross-linking determination)

HBOC samples (10 �l) were desalted by using C18 ZipTips
(Millipore) according to the manufacturer’s instructions. A 1-�l
aliquot was pipetted onto a stainless-steel MALDI-MS sample
plate and mixed with 1 �l of 3,5-dimethoxy-4-hydroxycinnamic
acid (sinapinic acid) (Sigma Chemical Co.) saturated in 50% ace-
tonitrile (AcCN)/0.1% trifluroacetic acid (TFA). The sample/ma-
trix was air dried and analyzed on a PerSeptive Biosystems DERP
MALDI-TOF mass spectrometer calibrated manually with puri-
fied human serum albumin (Sigma Chemical Co.) and by using
Voyager 5.1 software with Data Explorer (Applied Biosystems,
Framingham, MA) operated in linear mode.

Surface plasmon resonance (SPR) analysis

Surface plasmon resonance (SPR) analyses [for review, see
(26)] were performed by using a Biacore 3000 instrument (GE
Healthcare, Biacore AB, Uppsala, Sweden). For all ligands, CM5
Biacore sensor chips were activated with a 1:1 mixture of
EDC/NHS for 7 min. The analyses were carried out by using con-
ditions described previously for Hb and Hp binding (2, 16). Hap-
toglobin 1-1 was diluted to 5 �g/ml in 10 mM sodium acetate,
pH 4.5, and immobilized on the CM5 chip at a density of 200
RU. Haptoglobin 2-2 was diluted to 7.5 �g/ml in 10 mM sodium
acetate, pH 4.5, and immobilized at a density of 300 RU. CD163
was diluted to 50 �g/ml in 10 mM sodium acetate, pH 4.0, and
immobilized on the CM5 chip to a density of 6,500 RU. The re-
maining binding sites were blocked with 1 M ethanolamine, pH
8.2, for 7 min. The flow rate for activation, immobilization, and
blocking was 5 �l/min. A reference cell was made by perform-
ing the activation and blocking procedure only. Samples were di-
luted in the corresponding running buffer for the ligand. The run-
ning buffer for haptoglobin 1-1 and haptoglobin 2-2 was HBS-EP
(0.01 M Hepes, pH 7.4, 0.15 M NaCl, 3 mM EDTA, 0.005%
vol/vol Surfactant P20). For CD163, the running buffer was HBS-
P (0.01 M Hepes, pH 7.4, 0.15 M NaCl, 0.005% vol/vol Surfac-
tant P20) with 5 mM CaCl2. All samples were injected at a flow
rate of 30 �l/min for 5 min and analyzed for 15 min dissociation
time. For HP1-1, regeneration of the sensor chip after each anal-

ysis cycle was performed with two 60-s injections of 10 mM
glycine-HCl, pH 1.5. For HP2-2, regeneration was performed with
two 30-s injections of 10 mM glycine-HCl, pH 1.75. For CD163,
regeneration was performed with one 60-s injection of 1.6 M
glycine-HCl buffer, pH 3.0. All regenerations were performed at
a flow rate of 50 �l/min. The Biacore response was expressed 
in mass-equivalent response units (RUs) and analyzed with 
BIAevaluation v4.1 software.

Cell culture

Human embryonic kidney cells (HEK293; Invitrogen) were
cultured in Dulbecco’s modified Eagle medium (DMEM; In-
vitrogen) containing 10% fetal calf serum (FCS; Invitrogen).
CD163-transduced cells were produced as described (33) and
maintained with 5 �g/ml blasticidin (Invitrogen).

Quantification of Hb and Hb-Hp uptake by
CD163 expressing HEK293 cells

Hp phenotype 1-1 (Sigma) was labelled with the Alexa-633
protein-labeling kit (Molecular Probes, Eugene, OR). All uptake
assays were performed in cell-culture medium without serum. Flu-
orescent Hb–Hp complexes were generated by combining Hb and
Hp at a 1:1 ratio (wt/wt) 10 min before experimentation. After in-
cubation with fluorescent Hb-Hp (3 �g/ml) in the presence of the
indicated nonfluorescent competitors for 30 min, the cells were
trypsinized and washed 3 times with cold, Ca2�-free phosphate-
buffered saline (PBS) supplemented with EDTA to remove non-
ingested Hb–Hp complexes. Uptake of the fluorescent ligand was
then quantified with flow cytometry by using a FACScalibur (BD)
equipped with a 633-nm He-Ne laser (32).

For immunofluorescence, cells were grown on sterile, endo-
toxin-free 12-mm glass coverslips pretreated with poly-D-lysine
(Invitrogen): After incubation with Hb preparations, cells were
washed, fixed with paraformaldehyde, permeabilized with Tri-
ton X-100, and stained with polyclonal rabbit anti-Hb (1:1,000)
and Alexa594 conjugated goat anti-rabbit (1:1,000; Molecular
Probes) antibodies. We previously confirmed equal reactivity
of the polyclonal anti-Hb antibody with all tested HBOCs with
Western blot (data not shown). Samples were examined with a
Carl Zeiss epifluorescence Axioskope 2 equipped with an Ax-
ioCam MR digital camera and Axio Vision software.

Intracellular ferritin

Cells grown in six-well plates were washed 3 times with PBS
and subsequently scraped in PBS. After three freeze–thaw cy-
cles, cells were sonicated for 10 s and centrifuged at 16,000 g
for 15 min. Ferritin was determined in the supernatant with an
Advia Centaur automated chemiluminescence immunoassay
system (Bayer Health Care). In the same lysates, total protein
was determined according to the Bradford method.

RNA isolation and quantitative real-time reverse
transcription PCR (HO-1)

Total RNA was isolated by using the QIAgen RNAeasy Mini
Kit (Qiagen), and a DNAse digest was performed. Reverse tran-
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scription was performed with oligo(d)T primers and M-MuLV
Reverse Transcriptase by using the ProSTAR First Strand Kit
(Stratagene, Rotkreuz, Switzerland). HO-1 expression was
quantified with the LightCycler real-time PCR system (Roche
Diagnostics, Basel, Switzerland) and the Fast Start DNA Mas-
ter SYBR Green I (Roche Diagnostics), as described previously
(33). The primers used for gene-specific amplification were as
follows: heme oxigenase 1 (HO-1) forward: 5�-AGGGTGA-
TAGAAGAGGCCAAGACT-3�; reverse: 5�-TTCCACCGGA-
CAAAG TTCATGGC-3�; glyceraldehyde 3-phosphate dehy-
drogenase (GAPDH) 5�-AACAGCGA CACCCACTCCTC-3�,
5�-GGAGGGGAGATTCAGTGTGGT-3�. HO-1 mRNA levels
were normalized to GAPDH levels for each experimental sam-
ple. The final data were expressed as mRNA expression in
treated cells relative to the expression level in untreated cells.

Gel formation/viscosity

The viscoelastic properties of the gels have been character-
ized in a Couette cell attached to a MCR 300 (Paar Physica,
Germany) stress-controlled rheometer. The rotating inner body
of the Couette cell has been modified to allow measurements
with only 1.5 ml of fluid in a shear gap 0.3 mm wide. The tem-
perature was controlled by a Peltier element to within �0.01°C.
After loading at 20°C, the sample was presheared at 1,000/s for
10 s to destroy any structures from loading. Then the sample
was left at rest for 6 h to form the gel structure. Two parame-
ters characterize a gel: The shear modulus G (slope in the ini-
tial linear part of a stress/strain plot), its stiffness and the yield
stress �y (when the linear regimen is left), its resistance against
rupture. These two parameters were obtained from a stress-ramp
test (stress 0 � � � 20 Pa, with a strain limit of 100 to prevent
runaway). For a weak gel, both stress and strain in the linear
regimen are at the resolution limit of the rheometer. For weak
systems, large amplitudes are required to enhance the measur-
ing signal, but these destroy the gel network. High frequencies
are prohibited by the inertia of the tool. The flow behavior of
the fluidized gels was subsequently tested in a shear-rate ramp
test (shear rate, 10,000 � �̇ � 0.1/s). With the decreasing shear
rate, a regelation of the system can be observed. The viscos-
ity–shear-rate curve approaches a slope of �1 at low rates in-
stead of 0 for a nongelling system. In this test mode, large strains
and stresses are applied to the sample. The two tests were re-
peated at 37°C, after another 6 h of rest time for regelation.
Drying of the sample was prevented by a moistened tissue used
as a sealing cover.

RESULTS

HBOC structural properties

Intramolecular cross-linking. MALDI-MS spectra
of HbA0 demonstrate an �-globin chain [M�H]1� ion at m/z 	
15123.17 and a �-globin chain [M�H]1� ion at m/z 	
15,863.95 [Fig. 1A1 & B1]. These ions are identical to the the-
oretic masses of �- and �-globin chains for human HbA0. The
ionization patterns of �-� cross-linked HBOCs with a loss of
the � globin chain [M�H]1� ion is observed in �XLHb (Fig.

1A2) �PolyBvHb (Fig. 1A3) and �PolyXLHb (Fig.1A4). Loss
of the �-globin chain is observed in �XLHb (Fig.1B5), �DxHb
(Fig. 1B6), and �PolyHbA0 (Fig. 1B7). These data confirm that
�� cross-linking of Hbs tetramers leads to internalization of
these subunits and subsequent exposure or accessibility of their
��-subunits counterpart, regardless of the size of Hb. Cross-
linking the �� subunits, conversely, will expose ��-subunits
to solvent.

Molecular size. The molecular size distribution, as de-
termined by analytic size-exclusion chromatography is shown
in Fig. 1B. Table 1 indicates molecular size, modifying reagent,
and general structural properties of HBOCs evaluated in the
present study. Of the seven Hbs evaluated, HbA0 is tetrameric
(64 kDa) and nonchemically or genetically stabilized; �XLHb
and �XLHb are tetrameric Hbs, each stabilized by a bis(3,5-di-
bromosalicyl)fumarate cross-link between �- and �-globin
chains, respectively. Both �PolyBvHb and �PolyHbA0 are 
heterogeneous mixtures of intramolecularly stabilized tetra-
meric and multitetrameric Hb fractions. In �PolyBvHb and
�PolyHbA0 the tetrameric fraction predominates over specific
multitetrameric fractions. As a more-extensive evaluation, the
two heterogeneous HBOCs were separated into their fractional
components to correlate CD163 affinity and uptake with the
molecular size of each isolated fraction (see later) �DxHb and
�PolyXLHb possess unique molecular-size characteristics in
that they are each void of a tetramer with �DxHb demonstrat-
ing a weighted average molecular mass of 300 kDa (13, 25)
and �PolyXLHb demonstrating a weighed average molecular
mass of 869 kDa (5). Each of these HBOCs demonstrates elu-
tion times beginning at the SEC column void volume, thus in-
dicating that even large-molecular-size species are likely pres-
ent. The molecular-size distribution of fractionated PolyBvHb
and �PolyHbA0 were collected initially from each mixture and
then chromatographed an additional 2 times and collected to re-
fine the fractions. Homogeneity was evaluated with size-ex-
clusion chromatography coupled to laser light scattering (Fig.
2A and B and Table 2).

HBOC interaction with CD163 and haptoglobin

Haptoglobin binding. The role of HBOC chemistries
as they influence affinities for binding to Hp (1-1) and (2-2)
were determined by surface plasmon resonance analysis. Hb-
Hp binding studies are represented as relative binding (Fig. 3A)
and clearly show that nonstabilized (HbA0) as well as cross-
linked and polymerized Hbs bind Hp with varying affinity, ir-
respective of whether dimerization can occur. Relative binding
affinities for individual HBOCs were concentration dependent
and displayed the same pattern of affinity to both the Hp 1-1
(Fig. 3B) and Hp 2-2 (Fig. 3C) isoforms. The nearly fourfold
lower binding affinity to Hp 2-2 seen with all of Hbs compared
with Hp 1-1 is consistent with the low-affinity high-capacity
binding properties of the Hp 2-2 isoform. HbA0, as expected,
demonstrated the greatest affinity for both Hp isoforms,
whereas �PolyXLHb demonstrated no Hp binding at any con-
centration (0.1–200 nM). The affinity of HBOCs for Hp iso-
forms followed a distinct pattern of binding that was entirely
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FIG. 1. (A) MALDI-MS showing (A) �-glo-
bin chain cross-linked HBOCs where (1)
HbA0 �-globin chain ions [M�H]� � 15,123
m/z and the �-globin chain ions [M�H]� �
15,164 m/z; (2) �XLHb (�-globin chains
[M�H]� 	 15,864 m/z), (3) �PolyBvHb (�-
globin chains [M�H]� 	 16,077 – 16679 m/z);
and (4) �PolyXLHb (�-globin chains
[M�H]� 	 15,862 m/z and PEG �-globin chain
conjugates [M�H]� 	 19,227 m/z). (B) �-Glo-
bin chain cross-linked HBOCs where (1) HbA0
�-globin chain ions [M�H]� 	 15,123 m/z and
the �-globin chain ions [M�H]� 	 15,164 m/z;
(2) �XLHb (�-globin chains [M�H]� 	
15,123 m/z); (3) �DxHb (�-globin chains
[M�H]� 	 15,124 m/z); and (4) �PolyHbA0
(�-globin chains [M�H]� 	 15,123–15,382
m/z. (B) Size-exclusion chromatography of
HBOCs fitting into three categories: (A) poly-
tetrameric/conjugate (no tetramer), (B) hetero-
geneous poly-tetrameric � tetrameric, and (C)
Tetrameric. Blue, ��-cross-linked Hbs; red, ��-
cross-linked Hbs. (For interpretation of the ref-
erences to color in this figure legend, the reader
is referred to the web version of this article at
www.liebertonline.com/ars).
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TABLE 1. HBOC GENERAL CHARACTERISTICS

Molecular
Hemoglobin size (kDa) % Tetramer Chemical modifier General structure(s)

HbA0 64–70 (5) 100 None

�XLHb 64–70 (5) 95
(�5% ditetramer)

�XLHb 64–70 95\
(�5% ditetramer)

�PolyXLHb 300–4,000 0

�DxHb 300 (25) 0
(64 to �600)

�PolyHbA0 32 to �600 32.7
(�5% dimer/
unstabilized

tetramer) (22)

�PolyBvHb 87.2–502.3 (4) 37.2

Molecular sizes are based on size-exclusion chromatography coupled to multiangle laser light scattering, or published studies
where indicated. Grey wedges, �-globin chain; black wedges, �-globin chain; general structures adapted from ref. 27.



consistent with intramolecular cross-linking in the following order
(HbA0 � �XLHb 	 �DxHb � �PolyHbA0 � �XLHb 	 �Poly-
BvHb � �PolyXLHb). The ��-cross-linked Hbs demonstrated a
15–30% reduction, whereas the ��-cross-linked Hbs demonstrated
50–95% reduction in Hp 1-1 binding affinity compared with HbA0.
Taken together, these data suggest that an accessible unconstrained
�-globin chain is an important structural feature for Hp interaction
when Hb protein dimerization is not possible.

CD163 interaction. The Hp-independent interactions
of HBOCs with CD163 were evaluated by using surface plas-
mon resonance analysis to determine Hb relative receptor affini-
ties, and the previously described cell-based endocytotic assay
(33) was used to determine the extent of Hb- and HBOC-me-
diated competition of fluorescent Hb-Hp uptake in CD163-ex-
pressing cells. A low-affinity method for direct Hb binding to
CD163 has previously been reported by using SPR analysis

(23); however, the competitive cellular endocytosis assay al-
lows a more-specific evaluation of the low-affinity interactions
between native Hb and HBOC with the CD163 receptor. Rel-
ative binding affinities of each Hb to CD163 and the results of
the competitive uptake assay with the different Hbs were eval-
uated (Fig. 4A and B). Hbs with molecular sizes of �64 kDa
(tetramer) bind to CD163 with the highest affinity and, ac-
cordingly, were among the most potent inhibitors of Hp-Hbfl

uptake in CD163-expressing cells. Hbs with intermediate
CD163 binding affinity, �PolyHbA0 and �PolyBvHb, demon-
strated Hb-Hp competition properties similar to those of
tetrameric HBOCs—the likely cause being the presence of
�30–40% tetramer in solution. Conversely, the exclusively
nontetrameric Hbs, �DxHb and �PolyXLHb, bound to CD163
with the lowest affinity and were minimally taken up by CD163-
expressing cells. The order of uptake was as follows: HbA0 �
�XLHb 	 �XLHb � �PolyHb 	 �PolyHbBv � DxHb 	
�PolyXLHb. Further to confirm that the CD163 receptor affin-
ity and cellular-uptake results observed were molecular size
dependent, the two heterogeneous-molecular-size HBOCs
(�PolyBvHb and �PolyHbA0) were fractionated (see Fig. 2 and
Table 2), and individual fractions were then evaluated in the
competition assay. This allowed molecular-size comparison
while controlling for the chemical modifier. Four and six dis-
tinct fractions were collected from �PolyBvHb and �PolyHbA0

mixtures, respectively. Fractions ranged in molecular size from
32 kDa (�5% in each Hb mixture) to 400 kDa (�PolyBvHb)
and �600 kDa (�PolyHbA0). Each fraction in �PolyHbA0 and
�PolyBvHb demonstrates a concentration-dependent inhibition
of Hp-Hbfl cellular uptake (Fig. 5A and B). Similar to the non-
tetramer containing Hbs, the largest molecular-size fractions
demonstrate the least Hp-Hbfl uptake inhibition. The range of
molecular sizes from all chemically modified Hbs confirms a
highly correlated (r2 	 0.80) inverse relation between molecu-
lar size and uptake competition (Fig. 5C), which was (as op-
posed to Hp binding) not related to the globin chain involve-
ment in intramolecular cross-linking (�� vs. ��). This model
may be applied in the design of new HBOCs site-specifically
modified with structural features to facilitate enhanced or im-
peded removal by these pathways. In all binding and cellular-
uptake experiments, serum/plasma-free buffers and media were
used. The influence of serum and plasma components in these
studies would have confounded results, likely by increasing Hp
or soluble CD163 concentrations.
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TABLE 2. HBOC COLLECTED FRACTION CHARACTERISTICS

Mn Mw Tetramer Mn Mw Tetramer
�PolyBvHb(4) (kDa) (kDa) Mw /Mn replicate �PolyHbA0 (kDa) (kDa) Mw /Mn replicate

Fraction 1 491.5 502.3 1.022 4–6 Fraction 1 
600a 
600a — 
8
Fraction 2 271.3 272.4 1.007 3 Fraction 1 450 450 1.00 6
Fraction 3 184.4 185.9 1.008 2 Fraction 3 220 220 1.00 3
Fraction 4 86.5 87.2 1.008 1 Fraction 4 150 150 1.00 2

Fraction 5 71.0 71.0 1.00 1
Fraction 6 32–71b 32–71b — 0.5–1

Collected fractions from the initial run were chromatographed and recollected an additional 2 times. Collection occurred at the
center of the eluted peak. The initial and tail elution volumes were avoided.

aFractions were collected at elution volumes approaching the Biosep 3000S SEC column void volume (600 kDa).
bCollection included stabilized and nonstabilized tetramer as well as dimer.

FIG. 2. Size-exclusion chromatography of purified fractions
isolated from the heterogeneous mixtures of (A) �PolyBvHb
and (B) �PolyHbA0. Blue, ��-cross-linked Hbs; red, ��-
cross-linked Hbs. (For interpretation of the references to color
in this figure legend, the reader is referred to the web version
of this article at www.liebertonline.com/ars).
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FIG. 3. Surface plasmon reso-
nance-binding analysis of sta-
tionary phase-bound Hp 1-1
and Hp 2-2 with soluble-phase
HBOCs. (A) High and low 
Hp 1-1 relative-binding-affinity
HBOCs at concentrations from 1
to 200 nM heme. (B) Relation in
relative Hp 1-1 binding of �� and
�� globin cross-linked HBOCs at
200 nM. (C) Relation in relative
Hp 2-2 binding of �� and �� glo-
bin cross-linked HBOCs at 200
nM. Blue, ��-cross-linked Hbs;
red, ��-cross-linked Hbs. (For
interpretation of the references to
color in this figure legend, the
reader is referred to the web 
version of this article at www.
liebertonline.com/ars).



HBOC biologic and biophysical properties

Endocytosis and ferritin induction in CD163-HEK
cells. To explore whether differences in HBOC interactions
with the Hb scavenger receptor results in different endocytosis
by CD163 expressing cells, we compared the cellular uptake of
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FIG. 4. Relation between CD163-receptor affinity and com-
petitive uptake inhibition of fluorescently labeled Hb–Hp
complex. (A) Surface plasmon resonance-binding analysis of
stationary phase–bound CD163 with soluble-phase HBOCs at
10 �M. (1) tetrameric: HbA0 (black), �XLHb (blue), �XLHb
(red); (2) multitetrameric: �DxHb (red), �PolyXLHbA0 (blue);
and (3) tetrameric � multitetrameric: �PolyHbA0 (red), �Poly-
BvHb (blue). Buffer (10 mM HEPES, 150 mM NaCl, and 0.5
mM CaCl2, pH 7.4). (B) Uptake of fluorescent Hb–Hp in the
presence of increasing concentrations of nonlabeled HBOCs as
competitor (competitor concentrations are given as �M heme).
Data are given as percentage fluorescent signal relative to
Hb–Hp uptake in the absence of any competitor and indi-
cate mean � SD of three experiments. Blue, ��-cross-linked
Hbs; red, ��-cross-linked Hbs. Grey line, running buffer 10
mM HEPES, 150 mM NaCl, and 0.5 mM CaCl2, pH 7.4. (For
interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article at
www.liebertonline.com/ars).

FIG. 5. Uptake of fluorescent Hb–Hp in the presence of
increasing concentrations of nonlabeled HBOCs as competi-
tor (competitor concentrations are given as �M heme). Data
are given as percentage fluorescent signal relative to Hb–Hp up-
take in the absence of any competitor and indicate mean � SD of
three experiments. (A) The competitors represent individual frac-
tions of �PolyHbA0 (1, largest molecular size; 6, smallest molec-
ular size), whereas in (B), the competitors represent individual frac-
tions of �PolyBvHb (1, largest molecular size; 4, smallest
molecular size). C: Relation between molecular size of individual
HBOCs and size-defined fractions thereof with fluorescent Hb–Hp
uptake in the presence of a 100-fold excess concentration of the
respective Hb preparation. (For interpretation of the references 
to color in this figure legend, the reader is referred to the web 
version of this article at www.liebertonline.com/ars).
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tetrameric �XLHb with two multitetrameric HBOCs (�DxHb
and �PolyXLHb) by CD163-expressing HEK293 cells
(CD163-HEK cells). Incubation of CD163-HEK cells with
equal concentrations of �DxHb and �PolyXLHb for 60 min re-
sulted in a considerably lesser amount of intracellular im-
munoreactive Hb than was observed after incubation with
�XLHb (Fig. 6A). No difference was observed when compar-
ing CD163-mediated uptake of ��– and ��–cross-linked
tetrameric Hb (data not shown). To confirm that the differences
in immunostaining are indeed a result of reduced intracellular
Hb and not due to altered antibody reactivity, we demonstrated
identical antibody reactivity for all three HBOCs by Western
blot (not shown). Accordingly, treatment of CD163-HEK cells
with �DxHb and �PolyXLHb resulted in a markedly reduced
intracellular accumulation of ferritin after 12 h (Fig. 6B). 
Compatible with lower CD163-receptor–binding affinities of
�DxHb and �PolyXLHb, the differences in uptake and ferritin
accumulation were most pronounced at the lower Hb concen-
trations tested (i.e., 2 �M).

HO-1 induction in CD163-HEK cells. We re-
cently described that increased expression of the inducible
heme-breakdown enzyme heme oxygenase (HO-1) is the
principle cellular response to CD163-mediated Hb endocyto-
sis (29). We thus compared HO-1 mRNA induction by dif-
ferent HBOCs in CD163-HEK cells. Although the tetrameric
(Fig. 6A) and mixed tetrameric/multitetrameric (Fig. 6B) mo-
lecular-size HBOCs all induced comparable HO-1 mRNA af-
ter 8 h, the dose-dependent HO-1 induction was considerably
less for the multitetrameric molecular-size HBOCs, which
display low CD163 interaction and minimal CD163-mediated
endocytosis (�DxHb and �PolyXLHb (Fig. 7C). Lower HO-
1 induction by large-molecular-size modification of Hb was
most pronounced at low extracellular Hb-heme concentra-
tions (1–2 �M), an observation that is compatible with the
low CD163-binding affinity of these molecules. Only mini-
mal HO-1 mRNA induction was induced by all HBOCs in
CD163-negative HEK293 cells (data not shown).
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FIG. 6. (A) CD163-expressing HEK293 cells were incubated
for 30 min with the indicated concentrations of a tetrameric
Hb (�XLHb) and two different polymeric Hbs (�DxHb and
�PolyXLHb). After 30 min, cells were washed and stained
with a polyclonal antibody to human Hb. Compared with the
tetrameric Hb, considerably less uptake could be observed af-
ter incubation with equal concentrations of either polymeric Hb.
No Hb uptake could be observed into CD163-negative cells
(top). (B) CD163–HEK293 cells were incubated with the indi-
cated tetrameric and large polymeric Hbs, and intracellular fer-
ritin concentrations were determined after 12 h.

FIG. 7. CD163-HEK293 cells were incubated with the in-
dicated HBOCs for 8 h, and HO-1 mRNA expression was
determined by real-time PCR. (A) Tetrameric HBOCs:
�XLHb (blue), �XLHb (red). (B) Tetrameric � multitetra-
meric: �PolyHbA0 (red), �PolyBvHb (blue). (C) Multitetra-
meric: �DxHb (red), �PolyXLHbA0 (blue). In (A) and (B),
values for non–cross-linked HbAo are given for comparison.
HO-1 mRNA levels are corrected for changes in GAPDH lev-
els and are given as fold expression relative to the mRNA
level of nontreated cells. Data represent mean � SD of three
experiments.
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Polyvalent high-affinity Hb-Hp interaction results
in the formation of Hb-Hp gels. We hypothesized that
polymerization of Hb under conditions that preserve Hp bind-
ing could result in polyvalent Hp-binding molecules. Hp con-
tains two (Hp 1-1 phenotype) or more (Hp 2-2) Hb-binding
sites, which allow the formation of large three-dimensional
HBOC-Hp macromolecular assemblies (Fig. 8A). Compatible
with this model, we performed a rheologic analysis of equimo-
lar mixtures of tetrameric or polymeric HBOCs with Hp (mixed
phenotype), which revealed biophysical properties compatible
with the formation of three-dimensional macromolecular gel
structures in case of �� cross-linked Hbs. In contrast, Hb–Hp

complexes including native HbA0 (a monovalent Hp-binding
molecule in its dimeric form) displayed pure fluid characteris-
tics with no detectable gelation, indicating the importance of
the unique structural properties of certain HBOCs as polyva-
lent Hp-binding molecules. With rheologic assessment of shear
stress–strain relations (Fig. 8B), we found that the strong Hp
interaction with �� cross-linked HBOCs (�XLHb and �DxHb)
was associated with the formation of much stronger/less de-
formable macromolecular structures, compared with the weak
Hp binding of �� cross-linked HBOCs (�XLHb). The strong
polyvalent intramolecular interactions in �� cross-linked
HBOCs result in the buildup of large three-dimensional macro-
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FIG. 8. (A) Proposed model of the putative mul-
timeric Hp binding of �� cross-linked Hb,
which is expected to result in the buildup of
three-dimensional gel-like structures. Mono-
valent Hp interaction with HbA0 shows that bind-
ing is terminated at the �-globin chain interaction
of the �-� dimer. The same is true for nondisso-
ciable �� cross-linked Hb, because only weak in-
teraction occurs with a free �-globin chain. In the
case of nondissociable �� cross-linked Hb, a
strong interaction occurs with the free �-globin
chain, and the additional �-globin chain can in-
teract with another Hp. Over time, Hp and ��
cross-linked Hb forms a nonterminating chain or
matrix. (B) The strain–shear-stress relation shows
a much higher deformability of �XLHb-Hp (blue)
compared with both �-cross-linked Hbs (�XLHb-
Hp and �DxHb-Hp, red) at any given shear stress.
G, The shear-stress modulus, which is a quantita-
tive measure of the gel stiffness (defined as the
slope in the initial linear part of a stress/strain plot,
shown in the insert). (C) The shear rate–viscosity
relation. Compatible with the formation of gel-like
macromolecular assemblies, higher viscosity is
measured in mixtures of Hp with the two �-cross-
linked Hbs (�XLHb-Hp and �DxHb-Hp). As is
characteristic for gel structures, the viscosity in-
creases at low shear rates, but even at very high
shear rates, the viscosity remained increased com-
pared with the nongelating Hb–Hp mixtures. The
changes in viscosity at high and low shear-stress
rates reproducibly vary with both increasing and
decreasing shear-stress rates. This indicates a re-
versible cycle of primary gelation–gel disruption
(at high shear rate) and subsequent regelation (at
decreasing shear rate). In contrast, only minimal
differences were found in the measured viscosity
between mixtures of Hp with either �XLHb or
HbAo or HbAo alone (without Hp). In the absence
of Hp, no differences in viscoelastic properties
were seen among all HBOCs tested. (Data are pre-
sented as mean � SD of three measurements;
open symbols, measurements at 37°C; solid sym-
bols, measurements at 20°C).
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molecular assemblies, visible to the observer as the formation
of solid gels (Fig. 8A, inset). The very weak gelation charac-
teristics within �XLHb mixtures result in a small yield stress
and did not result in visible gel formation. Interestingly, gel for-
mation after mixing equimolar concentrations of Hp with
�XLHb was considerably slower (several hours) compared with
the immediate gel formation observed on mixing �DxHb with
Hp (Fig. 8C). The different kinetics in the buildup of stable
macromolecular assemblies for these two �� cross-linked
HBOCs may be related to the higher number of putative Hp-
binding sites within the highly polymerized DxHb.

DISCUSSION

HBOCs, also known as “blood substitutes,” display a diver-
sity of intra- and intermolecular cross-linking as well as mo-
lecular sizes, which leads to differences in oxygen affinity and
redox reaction properties. These diverse physicochemical char-
acteristics likely translate to differing physiologic responses,
such as hypertension, oxidative toxicity, and clearance mecha-
nisms. In this study, we introduced a novel concept in which a
classifiable structure–function relation based on HBOC intra-
and intermolecular stabilization can be used to predict HBOC
interaction and clearance by established scavenging pathways
for circulating extracellular Hb.

Chemical modification of Hb involves intramolecular cross-
linking to promote tetramer stabilization and the enhancement
of oxygen delivery to tissues. Although not systematically stud-
ied, it is known that different cross-linking reagents and reac-
tion conditions (e.g., the initial starting material oxy vs. deoxy
Hb) favor modification of either the �- or �-chains. Increasing
the molecular size of Hb via chemical conjugation and poly-
merization is used as a common approach to minimize NO in-
teraction and prolong intravascular retention times.

In the current investigation, by using HPLC and mass spec-
trometry, we identified with certainty HBOCs that are predomi-
nantly cross-linked between either their �- or �-globin chains and
are either exclusively low (tetrameric), high (multitetrameric), or
a mixture (tetrameric � multitetrameric) of molecular sizes. We
classified these HBOCs according to their ability to interact with
the only two known and well-characterized Hb scavenger sys-
tems: the plasma-based soluble protein Hp and the monocyte/mac-
rophage-associated scavenger receptor CD163. A surface plas-
mon-resonance analysis was used to determine relative binding
affinities and to rank the extent of interaction between each HBOC
and Hp. Similarly, for HBOC interactions with CD163, we addi-
tionally used a competitive endocytosis assay, which proved to
be highly sensitive to detect the lower-affinity interactions be-
tween HBOCs and the cell-surface scavenger receptor.

By mutual integration of structural characteristics and scav-
enger protein–interaction properties of each HBOC, we were
able derive a model that describes the interaction of HBOCs with
Hb-scavenger systems based on cross-linking pattern and mo-
lecular size: (a) �� cross-linking is associated with higher-affin-
ity binding to Hp than cross-linking between Hb � chains; (b)
increasing the molecular size of an HBOC decreases its inter-
action with CD163 (Fig. 9). Based on this model, an HBOC af-
fording short exposure at local tissue sites may be achievable

by creating a smaller-molecular-size HBOC with cross-linking
between �-globin chains, thus, favoring clearance by CD163
(small molecular size) and rapid Hp clearance (� cross-linking).
If longer exposure times are desired, a large-molecular-size
HBOC with internal � cross-linking would tend to limit local
tissue clearance by CD163 and Hp, respectively. Notably, these
two structure–function relations appear not to be interrelated,
and no specific association with the type of chemistry used to
modify Hb seems to be present. An exception to this general ob-
servation may be with PEG-based Hb modifications. Several ap-
proaches have been used to modify Hb with differing PEG mol-
ecules, which either create exclusively tetrameric conjugates
(18) or polymer conjugates (10, 11), and each imparts very dif-
ferent physical properties, such as colloid osmotic pressure, vis-
cosity, radius of hydration, and potential for dimerization (35).
These differences may lead to differing interactions with Hp,
CD163, or potentially other receptors specific for PEG on the
surface of macrophages (37). Future work in this area should be
conducted, as it will provide valuable insight into local tissue-
clearance mechanisms for HBOCs modified with PEG.

Hb dimerization into �-� subunits is generally thought to be
a requirement for Hp binding. Early observations made before
the development of HBOCs demonstrated that intra–globin
chain cross-linking of Hb weakened but did not abolish Hp
binding. Bis-(N-maleimidomethyl)ether �-globin chain cross-
linked human Hb was shown to exhibit weak Hp binding that
was displaceable by native Hb (6). Later studies showed that
tetrameric Hb stabilized between �-globin chains with 2-nor-
2-formylpyridoxal 5�-phosphate rapidly bound to Hp. The ad-
dition of Increased concentrations of � globin–stabilized Hb
tetramer and Hp led to slow polymerization of the two proteins
(3). More recently, in vivo studies suggest that distribution and
clearance of ��-trimesyl cross-linked human Hb is directly in-
fluenced by Hp binding when administered at low doses (34).
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FIG. 9. Structure–function relation model defining the in-
teraction of HBOCs with endogenous Hb scavenger sys-
tems. HBOCs were structurally classified by molecular size
and ��- vs. ��-globin tetramer stabilization and functionally
grouped according to their affinity to Hp and CD163, respec-
tively. Whereas the site of tetramer stabilization predicts the
affinity to the plasma protein scavenger pathway (Hp), affinity
to the macrophage scavenger receptor (CD163) is strongly re-
lated to molecular size of HBOCs. Blue, ��-cross-linked Hbs;
red, ��-cross-linked Hbs. (For interpretation of the references
to color in this figure legend, the reader is referred to the web
version of this article at www.liebertonline.com/ars).
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Unique to these studies is an exclusive use of �-cross-linked
Hb tetramers. Our data expand on these observations, with a
focus on Hp interactions with HBOCs possessing a wide range
of internal and surface modifications. We demonstrate that �
cross-linking facilitates more-avid Hp binding than � cross-
linking, regardless of HBOC molecular sizes. This finding con-
firms that an accessible �-globin chain is critical for Hp bind-
ing when dimerization cannot occur in modified Hb made up
of heterogeneous molecular sizes. Additionally, strong polyva-
lent Hp binding that progresses to gel-matrix formation occurs
with tetrameric but also with polymeric � cross-linked HBOCs.
Conversely, only minimal polyvalent Hp binding seems to oc-
cur with tetrameric and polymeric � cross-linked HBOCs.

Macrophage endocytosis by CD163 is the only well-charac-
terized cell-surface receptor–related clearance pathway for ex-
tracellular Hb and might be the predominant pathway for elim-
ination of extravasated HBOCs from interstitial spaces.
CD163-dependent induction of the heme-breakdown enzyme
HO-1 and subsequent release of the HO-1 products carbon
monoxide, bilirubin, and ferritin is the major response of mac-
rophages to Hb exposure. Based on the well-characterized an-
tiinflammatory and antioxidant properties of the HO-1 products
(28), we and others have postulated that activation of the
Hb–CD163–HO-1 pathway may constitute an important anti-
oxidant and antiinflammatory mechanism that serves to limit
systemic and local Hb toxicity (1, 29). Our data demonstrate
that HBOC molecular size exclusively determines CD163 bind-
ing and cellular uptake regardless of � or � intramolecular
cross-linking patterns. We show a clear correlation between mo-
lecular sizes of HBOC solutions and their component fractions,
ranging from 64 to �1,000 kDa (Fig. 4C). These data demon-
strate significant CD163 uptake of tetrameric sizes, essentially
no uptake with multitetrameric sizes beyond 500 kDa, and mod-
erate uptake of sizes in between. The type of agent used in
chemical cross-linking (specific vs. nonspecific) did not appear
to influence CD163 binding/cellular uptake of stabilized
HBOCs or their component fractions.

The present work defines two novel critical mechanisms for
potential toxicity that are directly related to HBOC structure
and scavenger-pathway interactions. First, interactions with Hp
that facilitate strong polyvalent binding, as observed with poly-
merized �-globin chain cross-linked HBOCs (e.g., �DexHb),
could conceivably facilitate aggregation/gel matrix formation
followed by occlusion and ischemia in localized tissue beds,
particularly under low-flow conditions (e.g., during states of
circulatory compromise or shock) in which HBOCs are intended
to be beneficial. This process would require a microenviron-
ment of elevated Hp levels, which has been reported to occur
through elevation of Hp at local sites of inflammation and tis-
sue injury where granulocyte activation might immediately in-
crease local Hp concentrations through release of granule-stored
Hp (7, 36). Second, considering the potential proinflammatory
and oxidant properties of many HBOCs, the failure of CD163-
mediated clearance of large-molecular-size HBOCs together
with the low HO-1–inducing capacity of these same agents
might contribute to their clinical toxicity by exacerbation of lo-
cal tissue injury caused by impaired clearance and unimpeded
oxidative reactions.

In conclusion, HBOC interactions with endogenous Hb scav-
enging and detoxification pathways may help to explain some

HBOC-associated clinical toxicities. Definition of HBOC struc-
tural properties that influence their interaction with the plasma
protein (Hp) and the cell-surface receptor (CD163) pathways
allows a rational approach to HBOC design that optimizes ex-
posure and limits toxicity.

ABBREVIATIONS

�PolyBvHb, glutaraldehyde polymerized bovine Hb-Oxy-
globin; �PolyXLHb, polyethylene glycol (PEG) polymerized
and conjugated form of bis(3,5-dibromosalicyl)fumarate cross-
linked human Hb �-globin chains; �XLHb, bis(3,5-dibromo-
salicyl)fumarate cross-linked human Hb between �-globin chains;
�DxHb, benzene tetracarboxylate substituted dextran cross-linked
and polymerized Hb; �PolyHb A0, oxidized raffinose polymer-
ized HbA0-Hemolink; �XLHb, bis(3,5-dibromosalicyl)fumarate
cross-linked human Hb between �-globin chains; HbA0, highly
purified Hb; HBOC, hemoglobin-based oxygen carrier; Hp, hap-
toglobin; SPR, surface plasmon resonance.
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