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ABSTRACT: Hemorrhagic shock leads to intravasal volume deficiency, tissue hypoxia,
and cellular anaerobic metabolism. Hemoglobin (Hb) could deliver oxygen for hypoxic
tissues but is unable to expand plasma. Hydroxyethyl starch (HES) could compensate
for the intravasal volume deficiency but cannot deliver oxygen. Thus, bovine Hb (bHb) HES
was conjugated with HES (130 kDa and 200 kDa) to develop an oxygen carrier with
the ability to expand plasma. Conjugation with HES increased the hydrodynamic
volume, colloidal osmotic pressure, and viscosity of bHb. It slightly perturbed the
quaternary structure and heme environment of bHb. The partial oxygen pressures at
50% saturation (Pgy) of the two conjugates (bHb-HES130 and bHb-HES200) were
15.1 and 13.9 mmHg, respectively. The two conjugates showed no apparent side effects
on the morphology and rigidity, hemolysis, and platelet aggregation of red blood cells
of Wistar rats. Thus, bHb-HES130 and bHb-HES200 were expected to function as an

effective oxygen carrier with the ability to expand plasma.

1. INTRODUCTION

Hemorrhagic shock can lead to tissue hypoxia, cellular
respiration into anaerobic metabolism, and intravasal volume
deficiency, which alter the normal physiological function."”
Blood transfusion is an effective method to alleviate the
hemorrhagic shock by its ability to deliver oxygen, expand the
blood volume, and improve the microcirculation.”* However,
blood transfusion suffers from several disadvantages, such as
cross-matching, pathogen-borne diseases (e.g, AIDS and
hepatitis C), allergic reactions, and the shortage of blood
supply.”

Plasma expanders have been used in emergent transfusion
for serious blood and fluid loss, circulation stabilization, and
blood dilution.”” Crystalloid solutions (e.g, stroke-physio-
logical saline solution) and colloid solutions (e.g, dextran,
gelatin, albumin, and hydroxyethyl starch (HES)) have been
clinically used as plasma expanders.”” Compared with
crystalloid solutions, colloid solutions effectively maintain the
functional capillary density and expand the blood volume and
osmotic pressure thereby im?roving the microcirculation of
tissues in hemorrhagic shock.'”""

HES is a highly branched and semi-synthetic amylopectin
consisting of ether-linked hydroxyethyl groups.'"'” As a
colloid solution, HES is an effective plasma expander with a
wide application in clinical therapy of intravasal volume
deficiency.'”'* However, clinical therapy with HES results in
allergic reactions, bleeding defects, and platelet damage.b The
clinical defects of HES depend on the M,, and the degree of
substitutes. For example, HES450 (450 kDa) and HES700
(700 kDa) lead to bleeding complications and pruritus.'®
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HES70 (70 kDa) shows a low volume expansion ability for its
rapid renal elimination, whereas HES130 (130 kDa) and
HES200 (200 kDa) induces severe tissue hypoxia.17 Moreover,
hypoxic shock is not fully alleviated by transfusion of plasma
expanders (e.g., HES) due to the fact that they cannot provide
oxygenation for the hypoxic tissues.

Hemoglobin (Hb), a tetrameric protein, could deliver and
release oxygen in a cooperative manner.'® Hb in red blood
cells (RBCs) could act as an oxygen carrier to alleviate tissue
hypoxia brought by hemorrhagic shock.'” However, Hb suffers
from tetrameric dissociation, renal toxicity, and a short plasma
retention time in vivo due to its relatively small molecular size
and tetrameric dissociation.”””" Hb-based oxygen carriers
(HBOCs) overcome the disadvantages of Hb for their large
molecular size and could deliver oxygen to hypoxic tissues.””*’
Several HBOC:s have been developed for surgery or emergency
transfusion, including polymerized Hb, PEGylated Hb, and
dextran—Hb conjugates (dex-Hb).”* Polymerized Hb was
prepared by cross-linking tetrameric Hb with glutaraldehyde.
PEGylated Hb and dex-Hb were prepared by conjugation of
Hb with polyethylene glycol (PEG) and dextran.*®
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In order to treat hemorrhagic shock that induces tissue
hypoxia and intravasal volume deficiency, a solution with the
ability to deliver oxygen and expand the blood volume was
highly desired. However, some HBOCs (e.g., polymerized Hb)
could not expand the blood volume for their low colloid
osmotic pressure (COP).”**” The PEGylated Hb and dex-Hb
could act as an oxygen carrier and plasma expander for their
ability to deliver oxygen and expand the blood volume with the
high COP.”**” However, the high COP of the PEGylated Hb
(>100 mmHg at 40 mg/mL) might lead to intracellular fluid
loss and hypertonic dehydration. ? Moreover, PEGylation of
proteins could elicit anti-PEG immunity.”>*" In addition, dex-
Hb may lead to allergies and renal failure.””

Conjugation of HES with Hb is an effective method to solve
the problems of HES and Hb.**** It is expected that the
conjugate can deliver and release oxygen to treat the hypoxic
tissues due to the presence of Hb. The conjugate can also
compensate for the intravasal volume deficiency with the
presence of HES. Bovine Hb (bHb) shows 85% homology to
human adult Hb (HbA) and has no quantity constraints with
its ample resource and controllable quality.”> HES130 and
HES200 both have a moderate M,, and less side effects.

In the present study, two bHb-HES conjugates (bHb-
HES130 and bHb-HES200) were prepared by conjugation of
bovine Hb (bHb) with HES130 and HES200, respectively.
The structure, heme environment, and oxygen delivery
properties of the conjugates were measured to evaluate their
effectiveness as oxygen carriers. The COP and viscosity of the
conjugates were measured to evaluate their effectiveness as
plasma expanders. The effects of the conjugates on the
morphology, hemolysis, and platelet aggregation of red blood
cells of Wistar rats were determined.

2. MATERIALS AND METHODS

2.1. Materials. HES with a M,, of 130 kDa and degree of
substitution of 0.4 (HES130), HES with a M,, of 200 kDa and
degree of substitution of 0.5 (HES200), sodium cyanobor-
ohydride, 8-anilino-1-naphthalene sulfonic salt (ANS), sodium
periodate, 4,4'-dithiodipyridine (4-PDS), and adenosine
diphosphate (ADP) were ordered from Sigma. All other
reagents were of analytical grade.

2.2. Purification of bHb. Bovine blood erythrocytes were
obtained freshly from a local slaughterhouse. The blood was
centrifuged at 10,000¢ for S min at 4 °C to remove the serum.
The pellet was resuspended in PBS buffer (pH 7.4) at the
original volume. This process was repeated three times to
remove as much serum as possible. The remaining red blood
cells were then lysed overnight at 4 °C in an equal volume of
distilled water. The solution was then centrifuged at 10,000g
for 60 min at 4 °C to remove cell debris. The solution was
dialyzed against 50 mM Tris—HCI buffer (pH 8.5) and loaded
on a Q Sepharose High Performance column (2.6 cm X 20 cm,
GE Healthcare, USA).*° The column was equilibrated with five
column volumes (CVs) of 50 mM Tris—HCI buffer (pH 8.5)
and eluted by a pH gradient (pH 8.5-6.5) in 50 mM Tris—
HCI buffer. The peak corresponding to bHb was fractionated.

2.3. Preparation and Purification of the Conjugates.
HES130 (50 mg/mL) and HES200 (50 mg/mL) were
oxidized by 20 mM sodium meta-periodate in 20 mM sodium
acetate buffer (pH 5.6). The mixtures were incubated at room
temperature for 30 min in the dark and terminated by addition
of excessive ethylene glycol followed by extensive dialysis
against PBS buffer (pH 7.4). bHb was incubated with the

oxidized HES130 and NaCNBH; at a molar ratio of 4:3:300 at
4 °C for overnight. Glycine was added at a glycine—Hb molar
ratio of 20:1 to terminate the reaction and obtain the bHb-
HES130 conjugate (bHb-HES130). The bHb-HES200 con-
jugate (bHb-HES200) was prepared essentially in the same
way as bHb-HES130 except that HES200 was used.

A Superdex 200 column (2.6 cm X 60 cm, GE Healthcare,
USA) was used to purify the conjugates based on size exclusion
chromatography (SEC). The column was equilibrated and
eluted by PBS buffer (pH 7.4) at a flow rate of 2.0 mL/min.
The effluent was monitored at 280 nm. Due to the difference
in the size of the conjugates, Hb, and HES, the three
components in the reaction mixtures were well separated by
the column. The peaks corresponding to the two conjugates
were fractionated.

2.4. SDS-PAGE Analysis. SDS-PAGE analysis of bHb-
HES130 and bHb-HES200 was performed on a 12%
polyacrylamide gel under a reducing (5% v/v, f-mercaptoe-
thanol) condition. The gel was stained by Coomassie blue R-
250.

2.5. Quantitative Assay. The concentrations of oxy-,
deoxy-, and methemoglobin were calculated from their
absorbance at three wavelengths (630, 576, and 560 nm).”’
The total bHb concentration was obtained from the
summation of the concentrations of the three components.
The HES contents of the conjugates were determined by the
phenol-sulfuric acid method.”® The bHb/HES molar ratios of
the conjugates were thus calculated by comparison of the bHb
and HES contents.

2.6. Size Exclusion Chromatography Analysis. bHb-
HES130 and bHb-HES200 were analyzed by an analytical
Superose 6 column (1 cm X 30 cm, GE Healthcare, USA) at
room temperature. The column was extensively equilibrated
and eluted by PBS buffer (pH 7.4) at a constant flow rate of
0.5 mL/min. The effluent was detected at 280 nm.

2.7. Thiol Reactivity. The thiol reactivities of bHb-
HES130 and bHb-HES200 were estimated by measuring the
conversion of 4-PDS to 4-thiopyridone at 324 nm as a function
of incubation time.*” The thiol groups of Cys-93(f3) in bHb-
HES130 and bHb-HES200 were calculated by evaluation of
the 4-thiopyridone content.

2.8. Circular Dichroism Spectroscopy. A J-810 spec-
tropolarimeter (Jasco, Japan) was used to record the circular
dichroism (CD) spectra of bHb-HES130 and bHb-HES200 at
25 °C. For the near-UV spectra (480—260 nm), bHb-HES130
and bHb-HES200 were both at a protein concentration of 2.0
mg/mL in 20 mM sodium phosphate buffer (pH 7.4). The
spectra were obtained with an average of three repeated scans
using a cuvette with a 1 mm path length. The molar ellipticity
(6) was expressed in degree square-centimeter per decimole on
a heme basis.

2.9. Dynamic Light Scattering. The molecular sizes of
bHb-HES130 and bHb-HES200 were determined by dynamic
light scattering based on a Zetasizer Nano ZS (Malvern
Panalytical, UK). bHb-HES130 and bHb-HES200 were both
at a protein concentration of 1.0 mg/mL in 20 mM sodium
phosphate buffer (pH 7.4).

2.10. Extrinsic Fluorescence Measurement. bHb-
HES130 and bHb-HES200 were mixed with 10-fold molar
ANS at a final protein concentration of 0.1 mg/mL in 20 mM
sodium phosphate buffer (pH 7.4). The resultant samples were
determined by extrinsic fluorescence spectroscopy using an F-
4500 fluorescence spectropolarimeter (Hitachi, Japan). The
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emission spectra were excited at 350 nm and recorded from
400 to 650 nm. The excitation and emission slit widths were
10 and 20 nm, respectively.

2.11. Oxygen Affinity. Oxygen equilibrium curves of bHb-
HES130 and bHb-HES200 were recorded with a Hemox
analyzer (TCS Scientific, USA) at 37 °C, as described
elsewhere.*® bHb, bHb-HES130, and bHb-HES200 were all
at a protein concentration of 1.5 mg/mL in the Hemox buffer.
The Py, values were obtained directly from the curves. The Hill
coefficient (n) was calculated from the Hill plot (log Y/(1 — Y)
vs log P) where Y was the fractional saturation of Hb with
oxygen and P was the oxygen pressure in millimeters of
mercury (mmHg).

2.12. Bohr Effect. The oxygen equilibrium curves of bHb-
HES130 and bHb-HES200 were measured at a pH range of
7.2—7.6. The Py, and Hill coefficient of bHb-HES130 and
bHb-HES200 were obtained to evaluate their Bohr effects.

2.13. UV-Vis Spectroscopy. The UV—vis spectra (300—
700 nm) of bHb-HES130 and bHb-HES200 were recorded by
a UV-1800 spectrophotometer (Shimadzu, Japan). bHb-
HES130 and bHb-HES200 were both at a protein concen-
tration of 0.4 mg/mL in 20 mM sodium phosphate buffer (pH
7.4).

2.14. FT-IR Spectroscopy. bHb-HES130 and bHb-
HES200 were dialyzed against water followed by lyophiliza-
tion. The lyophilized samples were determined by a Nicolet
iS50 FT-IR spectrometer (Thermo Fisher, USA) using KBr
discs. The FT-IR spectra were recorded from 4000 to 400
cm™!, and the interferograms were presented as transmittance.

2.15. Colloidal Osmotic Pressure Measurements. The
colloidal osmotic pressures (COPs) of bHb-HES130 and bHb-
HES200 at different protein concentrations (5—25 mg/mL)
were measured by a Wescor 4420 Colloidal Osmometer at
room temperature. The samples were dissolved in PBS buffer
(pH 7.4). Each sample was measured three times. The
instrument was calibrated by Osmocoll reference standards
(Wescor).

2.16. Animals. Healthy male Wistar rats (220—260 g; Vital
River, Beijing, China) were treated with ad libitum access to
food and water. The rats were anesthetized by intraperitoneal
injection of SO mg/kg of pentobarbital sodium (Chinese
Medicine Group Chemical Agent, Beijing, China) and placed
in the supine position on a warming pad (TMS-202, Softron
Biotechnology, Beijing, China) at 37 + 0.1 °C. Heparin (400
U/kg; Chinese Medicine Group Chemical Agent, Beijing,
China) was administered via the carotid artery to inhibit
coagulation. All experimental procedures were approved by the
Laboratory Animal Center of the Academy of Military Medical
Sciences (IACUC-DWZX-2022—631, Beijing, China). The
research protocol adhered to the institutional guidelines for the
care and use of laboratory animals. The next studies were not
performed in Wistar rats, but rather Wistar rat blood was used
in vitro.

2.17. Viscosity. bHb, bHb-HES130, and bHb-HES200
were mixed with whole blood from the Wistar rats at a ratio of
1:S (v/v) at room temperature, respectively. The supernatant
was obtained by centrifugation of the mixtures at 2000 rpm for
10 min. The mixtures (S00 uL) and the corresponding
supernatants (S00 uL) were used for the viscosity measure-
ment. bHb, bHb-HES130, and bHb-HES200 were all in the
range of S—15 mg bHb/mL (500 yL) in 20 mM sodium
phosphate buffer (pH 7.4). The viscosity was measured at a
shear rate range of 50—200 s™' at 37 °C using a rheometer

(Brookfield Engineering, USA). Each sample was measured
three times.

2.18. Index of Rigidity. The effect of bHb-HES130 and
bHb-HES200 on the deformability of red blood cells could be
reflected by the index of rigidity (IR)."" IR was calculated by
the following formula: IR = (1, — 17,)/n, X 1/Hct. 1, was the
viscosity of the whole blood. 17, was the viscosity of the mixture
of the samples and whole blood at a ratio of 1:5 (v/v). The
viscosity was measured at a shear rate of 200 s™'. The mean
value of Hct in whole blood was 41.6%. The Hct values of
other groups were calculated according to the mixing ratio of
the volume.

2.19. Platelet Aggregation. Two female Wistar rats
(~300 g) were anesthetized by intraperitoneal injection of
2.5% pentobarbital sodium solution. Blood was collected and
placed in a tube containing 3.2% trisodium citrate. All
experimental procedures were approved by the Laboratory
Animal Center of the Academy of Military Medical Sciences
(IACUC-DWZX-2022-631, Beijing, China). The platelet-rich
plasma (PRP) was obtained by centrifuging one aliquot of the
whole blood at 100g for 10 min. The platelet-poor plasma
(PPP) was acquired by centrifugation of one aliquot at 2000g
for 5 min.

bHb, bHb-HES130, and bHb-HES200 (10 ug bHb/uL, 15
uL) were mixed with PRP (210 uL) or PPP (235 uL) in a
cuvette. The mixtures were incubated with constant shaking at
100 rpm for 15 min at room temperature. All the samples were
placed in a thermostatic well of a platelet aggregometer
(Helena AggRAM, USA) and incubated at 37 °C for 15 min.
Distilled water was used to calibrate the instrument. The
mixtures containing PPP were measured directly. The mixtures
containing PRP were measured with addition of 50 uM
adenosine diphosphate (ADP, 25 uL). The spectra of the
aggregation percentage were recorded by HemoRam software
(Version 1.3). The maximal aggregation percentage was
directly obtained from the spectra, which reflected the
aggregation rate of platelets.*’

2.20. Hemolysis Rate. The red blood cells (RBCs) from
the Wistar rats were washed three times using normal saline
solution and centrifuged at 2000g for 10 min. bHb-HES130
and bHb-HES200 (30 uL) were mixed with RBCs (300 uL) at
30% hematocrit (Hct). The mixtures were incubated for 1 h at
37 °C to obtain the cell suspension. Each suspension (150 uL)
was added with normal saline (NS) solution (400 uL). The
total Hb concentration (ctHb) was measured by a BC-500
veterinary whole blood analyzer (Mindary, China). The
mixtures were centrifuged at 2000g for 10 min to obtain the
supernatant. Each supernatant was mixed with a chromogenic
reagent and incubated for 20 min at 37 °C using a free
hemoglobin assay kit. Distilled water was used as the control,
and the absorbance at 510 nm was determined. Each
measurement was repeated three times. The hemolysis rate
was calculated by the following formula: Hemolysis rate = Free
Hb concentration X (1 — Hct)/ctHb.

2.21. Blood Cell Morphology. The morphology of RBCs
in the presence of bHb-HES130 and bHb-HES200 was
measured using an inverted optical microscope (RVL-100-G,
ECHO, USA). bHb, bHb-HES130, and bHb-HES200 (0.3 mg
bHb) were incubated with BRCs at 0.6% Hct for 30 min. The
specimens were prepared by dropping the mixtures (20 L)
onto the slide followed by covering with the cover glass. The
specimens were observed under the inverted optical micro-
scope. The magnification was adjusted to 40X to take a photo.

https://doi.org/10.1021/acsomega.3c00275
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Figure 1. Analysis of bHb-HES130 and bHb-HES200. The conjugates were analyzed by SDS-PAGE (a). Lanes 1 and S - marker, Lane 2 - bHb,
Lane 3 - bHb-HES130, and Lane 4 - bHb-HES200. The conjugates were analyzed by dynamic light scattering (b) and a Superose 6 column (c).
Values represent the mean value + SD from three repeated measurements. The thiol reactivities of the conjugates (d) were estimated by measuring
the conversion of 4-PDS to 4-thiopyridone at 324 nm as a function of time.

3. RESULTS

3.1. SDS-PAGE Analysis. HES130 and HES200 were
conjugated with bHb to generate bHb-HES130 and bHb-
HES200, respectively. As shown in Figure la, bHb (Lane 2)
displayed a single band corresponding to one globin of bHb
(16 kDa). This was due to the dissociation of the tetrameric
bHb (64 kDa) to one globin under the electrophoresis
condition. bHb-HES130 (Lane 3) and bHb-HES200 (Lane 4)
both exhibited a band with much lower mobility than bHb
corresponding to a molecular weight of over 200 kDa. The
oxidized HES contains multiple aldehyde groups, and bHb
contains multiple amino groups. Multiple aldehyde groups of
one HES molecule may react with the amino groups of Hb
subunits. Thus, the four subunits of Hb may be intra-
molecularly cross-linked by the conjugated HES, which can
prevent the dissociation of bHb subunits.

3.2. Dynamic Light Scattering Analysis. The molecular
radii of bHb-HES130 and bHb-HES200 were determined by
dynamic light scattering. As shown in Figure 1b, the molecular
radius of bHb-HES130 (8.66 nm) was higher than that of bHb
(2.81 nm, P < 0.05) and lower than that of bHb-HES200 (9.25
nm, P < 0.05). This revealed that the molecular radius of bHb
could be significantly enhanced by conjugation with HES.

3.3. Quantitative Assay. The Hb and HES contents of
the two conjugates were measured. The Hb/HES molar ratios
of bHb-HES130 and bHb-HES200 were calculated to be 3.3:1
and 3.5:1, respectively. Thus, one HES molecule was
conjugated with 3—4 bHb molecules in one entity. This
suggested that HES could be conjugated with multiple bHb

11450

molecules and the bHb amount was comparable in the two
conjugates.

3.4. Size Exclusion Chromatography Analysis. bHb-
HES130 and bHb-HES200 were both analyzed by an analytical
Superose 6 column (1 cm X 30 cm). As shown in Figure Ic,
bHD was eluted as a single peak at 17.5 mL. In contrast, bHb-
HES130 was eluted as a wide and asymmetric peak at 15.7—
16.3 mL that was left-shifted compared to bHb due to the wide
molecular-weight distribution of the conjugated HES130.
Moreover, bHb-HES200 was eluted as a wide peak at 13.7—
14.3 mL, which was left-shifted compared to bHb-HES130.
This was due to the conjugation of HES200 with a larger
molecular size.

3.5. Thiol Reactivity. The thiol reactivity of Cys-93(f) in
the oxy state of Hb was an indicator of a structural change at
the @132 interface of Hb.* Thiol reactivities of Cys-93(f) in
the conjugates were measured by titration with 4-PDS. As
shown in Figure 1d, the thiol reactivity of bHb-HES130 was
slightly lower than that of bHb and higher than that of bHb-
HES200. Thus, conjugation with HES resulted in slight
structural perturbation at the alf2 interface of bHb.
Moreover, the thiol groups of the three samples were close
to 2.0, indicating that the two thiol groups were essentially
maintained in the conjugates.

3.6. Circular Dichroism Spectroscopy. The structures of
the conjugates were investigated by CD spectroscopy. The L
band (~260 nm) was sensitive to the interaction between the
heme and the surrounding globin, being influenced by the
ligand interactions. As shown in Figure 2a, the L band
intensities of the conjugates were higher than that of bHb. In

https://doi.org/10.1021/acsomega.3c00275
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Figure 2. Structural characterization bHb-HES130 and bHb-HES200. The circular dichroism spectra (a), extrinsic fluorescence spectra (b), UV—

vis spectra (c), and FT-IR spectra (d) of the conjugates were recorded.

contrast, the intensity of bHb-HES130 was slightly lower than
that of bHb-HES200. This indicated that conjugation with
HES altered the interaction of oxygen and the heme of bHb.**

A molar ellipticity of approximately 285 nm was indicative of
the transition from the R (relax) state to the T (tense) state
and sensitivity to the quaternary structure of Hb at the alf2
interface.”> As shown in Figure 2a, the ellipticity of
approximately 285 nm of bHb-HES130 was slightly lower
than that of bHb and slightly higher than that of bHb-HES200.
This indicated that conjugation of HES could slightly perturb
the structural transition of bHb from the R state to the T state
and alter the oxygen delivery and unloading of bHb.

The Soret band of Hb reflected the interactions of the heme
prosthetic group with the surrounding aromatic residues and
modifications in the spatial orientation of these amino acids
with respect to the heme, affecting porphyrin transitions and
7—m* transitions in the surrounding aromatic residues.*® As
shown in Figure 2a, the conjugates both showed higher
ellipticity than bHb in the Soret band region along with no
shift in the maximal wavelength of the Soret band. In addition,
the ellipticity of bHb-HES130 was slightly lower than that of
bHb-HES200. This suggested that conjugation with HES
could slightly perturb the heme environment of bHb.

3.7. Extrinsic Fluorescence Analysis. The hydrophobic-
ity of the conjugates was determined by extrinsic fluorescence
spectroscopy using ANS as the probe.*” As shown in Figure 2b,
the spectrum of bHb-HES130 was almost superimposed on
that of bHb-HES200. The fluorescence intensity of bHb was
lower than those of the conjugates. This suggested that
conjugation with HES altered the hydrophobicity of bHb.

Moreover, bHb and the two conjugates all showed the
maximum wavelength at 473 nm.

3.8. UV-Vis Spectroscopy. UV—vis spectroscopy was
used to analyze the conjugates. As shown in Figure 2c, bHb
showed three characteristic peaks at 410, 540, and 576 nm.
The spectra of the conjugates were almost superimposed on
that of bHb. The three characteristic peaks indicated that the
conjugates were in the form of full oxygenation. In addition, no
peak was observed at 630 nm in the spectra, which could
reflect the presence of the methemoglobin. Moreover, the
methemoglobin contents of the two conjugates were calculated
to be zero with the absorbance at 560, 576, and 630 nm.*’

3.9. FT-IR Spectroscopy. FT-IR spectroscopy was used to
characterize the conjugates. As shown in Figure 2d, the FT-IR
spectrum of bHb showed the characteristic peaks at 3300 cm™
(N—H stretching), 1650 cm™" (C=0 stretching), and 1540
cm™' (N—H wagging). The spectra of HES130 and HES200
showed the characteristic peaks at 3300 cm™' (O-H
stretching), 2925 cm™' (—CH, asymmetric stretching), and
2851 cm™' (—CH, symmetric stretching). In particular, the
peaks at 2925 and 2851 cm™' were ascribed to the
hydroxyethyl moieties of HES. The spectra of the conjugates
showed the characteristic peaks at 3300, 2925, 2851, 1650, and
1540 cm™". This indicated that the two spectra contained the
signals of HES and bHb. Moreover, the intensities of the
conjugates at 1540 cm™' were stronger than bHb due to the
formation of secondary amine groups between HES and bHb.
The intensities of the conjugates at 1650 cm™' were
significantly stronger than bHb, indicating that the conjugates
still maintained the classical a-helix of bHb.
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Table 1. Effect of the Conjugates on the Blood Viscosity and Plasma Viscosity

blood viscosity (cp)

plasma viscosity (cp)

samples 507 100 s~ 150 s7*
control” 11.00 8.70 7.72
normal saline” 6.94 5.89 5.39
bHb 7.75 6.42 5.78
bHb-HES130 5.32 4.75 443
bHb-HES200 5.00 4.57 4.35

“Whole blood group. “Mixture of whole blood and normal saline.

200 st 50 s~ 100 s7* 150 s7* 200 s
7.07 1.18 1.18 1.18 1.16
5.05 1.19 1.15 1.13 1.09
5.34 1.22 1.18 1.17 1.15
424 1.43 1.32 1.30 1.25
421 1.31 1.34 1.34 1.33

3.10. Oxygen Affinity Measurement. The Py, values of
bHb-HES130 (15.1 mmHg) and bHb-HES200 (13.9 mmHg)
were both lower than that of bHb (30.2 mmHg) under
physiological conditions (pH 7.4). Thus, HES conjugation
could decrease the P, values of bHb as a function of the HES
size. However, the Pj, values of the conjugates indicated that
they still exhibited certain ability for oxygen delivery and
unloading. On the other hand, the Hill coefficients (1) of bHb-
HES130 (1.74) and bHb-HES200 (1.67) were lower than that
of bHb (2.79), indicating that the subunit cooperativity of bHb
was decreased upon conjugation with HES. Although the Ps
and Hill coefficients decreased, the two conjugates could still
provide oxygen supply to the hypoxic tissues.

3.11. Bohr Effect. The Bohr effect of bHb could be
reflected by Pg, values at the different pH conditions. The Ps
values of bHb at pH 72 and 7.6 were 30.2 and 23.2,
respectively, which increased as the pH decreased. In contrast,
the Py, values of bHb-HES130 at pH 7.2 and 7.6 were 19.5 and
12.8, respectively. The Py, values of bHb-HES200 at pH 7.2
and 7.6 were 15.1 and 11.6, respectively. Thus, the P,
sensitivity of bHb-HES130 and bHb-HES200 to low pH was
not altered. This indicated that the protonation effect on the
oxygen affinity of bHb was not altered by HES conjugation.
Thus, the Bohr effect of bHb was not altered by conjugation
with HES.

3.12. Colloidal Osmotic Pressure. The COP is important
to maintain the water balance between inside and outside
blood vessels, which reflects the ability of a plasma expander to
expand the blood volume. As shown in Figure 3a, the COP
values of the conjugates increased as a function of the bHb
concentration. Moreover, the COP of bHb-HES130 was
higher than that of bHb and lower than that of bHb-
HES200. In particular, the COP values of bHb-HES130 and
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bHb-HES200 at 25 mg/mL were 16.5 and 26.5 mmHg,
respectively. Thus, it was expected that the conjugates could
expand the blood volume and improve the blood circulation to
the hypoxic tissues.

3.13. Viscosity. As shown in Figure 3b, the viscosity of
bHb-HES130 was higher than that of bHb and lower than that
of bHb-HES200 at 5—15 mg/mL. Thus, conjugation with HES
could significantly increase the viscosity of bHb. The viscosity
of bHb slightly and linearly increased as the protein
concentration increased. In contrast, the viscosities of the
conjugates both exhibited a non-linear dependence on the
protein concentration.

As shown in Table 1, the blood viscosities of bHb, bHb-
HES130, and bHb-HES200 gradually decreased as the shear
rate increased. In contrast, the plasma viscosities of the samples
slightly decreased as the shear rate increased. Compared with
the control, dilution with NS and bHDb slightly decreased the
blood viscosity and essentially maintained the plasma viscosity.
In contrast, dilution with the conjugates significantly decreased
the blood viscosity and slightly increased the plasma viscosity.

3.14. Index of Rigidity. The deformability of RBCs is
conducive to pass through capillaries and improve the
microcirculation. The IR is an indicator to evaluate the
deformability of RBCs, and a high IR indicated the poor
deformation capacity of RBCs. The IR value of RBCs was
12.22 + 0.15. In contrast, the IR values of RBCs incubated
with NS, bHb, bHb-HES130, and bHb-HES200 were 8.71 +
0.10, 8.74 + 0.10, 5.74 + 0.07, and 5.19 =+ 0.06, respectively.
Thus, the conjugates showed low IR values.

3.15. Hemolysis Rate. As a parameter to characterize the
hemocompatibility, the hemolysis rates of the conjugates were
measured. As shown in Table 2, the hemolysis rates of
HES130, HES200, bHb-HES130, and bHb-HES200 were all
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Table 2. Hemolysis Rate and Platelet Aggregation of bHb-
HES130 and bHb-HES200“

samples hemolysis rate (%) platelet aggregation (%)
normal saline 0.039 + 0.001 783 + 4.8
bHb 0.046 + 0.001 80.4 + 0.5
HES130 0.042 + 0.001 84.7 =+ 0.7
HES200 0.031 + 0.001 80.6 + 2.5
bHb-HES130 0.030 + 0.001 92.8 + 1.8
bHb-HES200 0.042 + 0.001 91.7 + 14

“Values represent the mean value + SD from three repeated
measurements.

slightly lower than that of bHb. This indicated that conjugation
of HES could slightly decrease the hemolysis rate of bHb.
Moreover, the hemolysis rates of the conjugate groups were
close to that of the NS group.

3.16. Platelet Aggregation. ADP is a main platelet
activator and could process the platelet aggregation. As shown
in Table 2, the platelet aggregation rates of the bHb (80.4%),
HES130 (84.7%), and HES200 (80.6%) groups were close to
that of NS (80.7%). In contrast, the platelet aggregation rates
of the bHb-HES130 (92.8%) and bHb-HES200 (91.7%)
groups were higher than that of NS (80.7%). This indicated
that the conjugates could promote the ADP-induced platelet
aggregation. Thus, conjugation with HES could maintain the
normal hemostatic mechanism of RBC.

3.17. Morphology of RBCs. RBCs exhibited a double
concave disc shape in the normal vessels. The appearance of
RBCs may be altered to spinous and spherical erythrocytes by
extra factors. As shown in Figure 4, there are essentially no
differences among images a—f. The erythrocytes containing
NS, HES, and the two conjugates were all intact and their
morphological integrity was maintained. However, RBCs were
attached and showed some rouleaux-like structure at the right
top side in Figure 4e. The RBC adhesion of the bHb-HES130
group may be due to the fact that the sample was not fully
mixed before addition to the slide. In our pre-experiment, the
adhesion of RBC:s in the presence of bHb-HES was observed
with the extension of incubation time (0, 30, and 60 min). The
increase in the bHb-HES volume did not alter this situation.

4. DISCUSSION

In the present study, HES and bHb were covalently conjugated
to develop an effective oxygen carrier and plasma expander.

The oxygen affinity, Bohr effect, and structure of the
conjugates (bHb-HES130 and bHb-HES200) were measured
to evaluate their effectiveness as an oxygen carrier. The COP
and viscosity of the conjugates were investigated to evaluate
their ability to compensate for the intravasal volume deficiency.
The physiological effects of the conjugates on RBCs were also
investigated.

HES130 and HES200 induce severe hypoxia in the tissue
due to the fact that they cannot deliver and release the oxygen.
In contrast, Hb could alleviate the hypoxia in the tissues for its
oxygen-delivery ability. Thus, these two molecules were
conjugated with Hb to achieve this objective. Previously,
Sakai et al.>* used HES with a M,, of 70 kDa to conjugate with
Hb. HES was activated by cyanogen bromide followed by
conjugation with Hb at harsh conditions (pH 10.8). In the
present study, HES with a higher M,, (130 and 200 kDa) was
oxidized by sodium periodate to obtain the aldehyde groups.
The aldehyde groups of HES could react with the e-amino
groups of lysine residues and the a-amino groups of N-
terminal valine residues of bHb under mild conditions (pH
7.4) to obtain the bHb-HES conjugate.

Some lysine residues (e.g,, Lys-40(a)) played an important
role in cooperative oxygen binding with Hb. Conjugation at
these sites could perturb the T state and the heme
environment of bHb thereby altering the oxygen delivery
and unloading. In addition, the conjugated HES could create a
large hydrated layer around bHb by binding bulky water
molecules, which restricted the R state-to-T state transition of
bHb. The oxy conformational state of bHb with more water
molecules was thus favored over the deoxy state with less water
molecules. Thus, the low Py, values of bHb-HES130 and bHb-
HES200 could either be a direct consequence of covalent
conjugation with bHb, or the conjugated HES itself, or a
combination of the two. However, the Py, values of bHb-
HES130 (15.12 mmHg) and bHb-HES200 (13.89 mmHg)
were close to or in the range of 15—20 mm Hg, which could
achieve adequate oxygen delivery in vivo to the tissues and
alleviate tissue hypoxia.

Typically, intravenous infusion of a large volume of protein
solution may alter the solution properties of the blood. The
COP was related to the colloidal volume-expanding efficacy
and facilitated the blood flow recovery in resuscitation.*’
Previously, Hu et al. prepared a PEGylated Hb to act as an
oxygen carrier and plasma expander using aldehyde chem-
istry.” The PEGylated Hb at 20 mg/mL showed a COP value

Figure 4. Morphology
HES200 (d), bHb-HES130 (e), and bHb-HES200 (f), respectively.
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of RBCs in the presence of different samples. The RBCs were incubated with normal saline (a), bHb (b), HES130 (c),
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of ~30 mmHg, which was slightly higher than that of bHb-
HES200 (~22 mmHg at 20 mg/mL). Thus, conjugation of
bHb with HES was expected to increase the plasma volume
and the molecular volume and reduce the in vivo extravasation
rates of bHb and HES.

Viscosity is an important factor for putative plasma
expanders. The colloid solution exerted on the endothelial
cells by flowing blood induces wall shear stress and triggers
flow-induced dilation.>* Typically, transfusion with a plasma
expander could improve the blood fluidity from the
interstitium and lower the whole blood viscosity and the
shear stress. Interestingly, bHb-HES200 at 10 mg/mL showed
a viscosity value of ~2.4 cp, which was much higher than that
of the PEGylated Hb at 10 mg/mL (~1.2 cp).”’ Thus, the
conjugate was expected to expand the blood volume and
improve the microcirculation. These improved hemorheolog-
ical properties can alleviate the state of anoxic tissues.

The physiological effect of bHb-HES130 and bHb-HES200
on RBCs was evaluated by measuring the RBCs morphology
and rigidity, hemolysis rate, and platelet aggregation. The
morphology and deformability of RBCs were maintained upon
transfusion of the conjugates, which was of physiological
significance for volume expansion. and bHb-HES130 and bHb-
HES200 both showed good blood compatibility as reflected by
the low hemolysis rates. bHb-HES130 and bHb-HES200 could
maintain the normal hemostatic mechanism of RBCs. Thus,
bHb-HES130 and bHb-HES200 did not display any apparent
side effect on the physiological aspects of RBCs.

Significant differences in platelet aggregation of bHb-
HES130/bHb-HES200 and the NS groups have been observed
in our study. Previous study suggested that the HES solution
had little impact on platelet aggregation.”’ In contrast, dextran
sulfate triggers platelet aggregation via direct activation of
PEAR1.”” Thus, the next study should be focused on the
mechanism for the conjugates to induce a strong aggregation in
connection to ADP.

bHb-HES130 and bHb-HES200 both displayed unaltered
Bohr effects and slight structural changes. In contrast, the Ps,
of bHb-HES130 (15.1 mmHg) was slightly higher than that of
bHb-HES200 (13.9 mmHg). The COP and viscosity of bHb-
HES200 were higher than those of bHb-HES130, indicating
the higher ability of bHb-HES200 to compensate for the
intravasal volume deficiency. Thus, bHb-HES130 showed
higher ability than bHb-HES200 to act as an oxygen carrier but
exhibited lower effectiveness than bHb-HES200 to work as a
plasma expander.

In summary, the quaternary structure and heme environ-
ment of bHb were slightly perturbed upon conjugation with
HES. The two conjugates (bHb-HES130 and bHb-HES200)
could effectively deliver and release oxygen without alteration
in the Bohr effect. The COP and viscosity suggested that the
conjugates were an effective plasma expander. The conjugates
showed no apparent side effects on the red blood cell
morphology, rigidity, and hemolysis. Thus, bHb-HES130 and
bHb-HES200 were expected to function as a potential oxygen
carrier to alleviate tissue hypoxia and as an effective plasma
expander to compensate for the intravasal volume deficiency.
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