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m Recently, nanoparticles have attracted much attention as new scaffolds for hemoglobin-
based oxygen carriers (HBOCs). Indeed, the development of bionanotechnology paves the
« Silica nanoparticles act
as an effector for hu-
man native and sickle
cell hemoglobin while
preserving their tetra-
meric structure.

way for the rational design of blood substitutes, providing that the interaction between the
nanoparticles and hemoglobin at a molecular scale and its effect on the oxygenation
properties of hemoglobin are finely controlled. Here, we show that human hemoglobin has a
high affinity for silica nanoparticles, leading to the adsorption of hemoglobin tetramers on the
surface. The adsorption process results in a remarkable retaining of the oxygenation
properties of human adult hemoglobin and sickle cell hemoglobin, associated with an

* Manipulating hemoglo- increase of the oxygen affinity. The cooperative oxygen binding exhibited by adsorbed

bin oxygenation using
nanoparticles opens
the way for the rational
design of hemoglobin-
based oxygen carriers.

hemoglobin and the comparison with the oxygenation properties of diaspirin cross-linked
hemoglobin confirmed the preservation of the tetrameric structure of hemoglobin loaded on
silica nanoparticles. Our results show that silica nanoparticles can act as an effector for
human native and mutant hemoglobin. Manipulating hemoglobin oxygenation using
nanoparticles opens the way to the design of novel HBOCs.

Introduction

Despite the great need for blood substitutes to treat hemorrhagic shocks, their development remains
highly challenging, and clinical trials have not yet proven successful.' Blood substitutes have to
overcome the acute renal toxicity associated with the delivery of free hemoglobin in the circulatory
system and to prevent fast clearance from the bloodstream, vasoconstriction, and severe cardiac
effects.”? The 2 main strategies that have been used so far are hemoglobin cross-linking, polymerization,
or conjugation; and hemoglobin encapsulation in liposomes, polymersomes, hydrogels, or porous
microparticles.®® Recently, nanoparticles have attracted much attention as new scaffolds for
hemoglobin-based oxygen carriers (HBOCs).®'° Indeed, the development of bionanotechnology paves
the way for the rational design of blood substitutes, providing that the interaction between the
nanoparticles and hemoglobin at a molecular scale and its effect on the oxygenation properties of
hemoglobin are finely controlled.

202 9unp 80 U0 1596 Aq Jpd"€G 12| 0SPOUBADE/G8 .6 .8/06/Z/Z/}Pd-8101IE/Se0UBAPEPOO|G/oU"SUONEDlgNdYSE//:dNY WOl PSPEOjUMOQ

In our previous study, we showed that pig hemoglobin has a high affinity for silica nanoparticles
(SNPs)."" The adsorption process leads to a modification of the protein structure associated with a
remarkable retaining of its oxygen-binding properties and cooperativity. In this report, we investigated
whether SNPs could enable one to tune the oxygenation properties of human native and mutant
hemoglobin. Most of the HBOCs currently tested are based on the encapsulation of hemoglobin in
larger structures (eg, in liposomes or vesicles), hemoglobin loading in porous particles, or integration in a
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polymeric or gel matrix. However, the rapid clearance from the
bloodstream of the carrier, its degradation leading to the release of
free hemoglobin, or the uncontrolled change of the oxygen-binding
properties of hemoglobin impairing its oxygen delivery efficiency
have limited their clinical application."®'? In their meta-analysis of
16 clinical trials of hemoglobin-based blood substitutes, Natanson
and coworkers concluded that the use of HBOCs is associated
with a significant increase of the risk for myocardial infarction and
death.? The development of HemAssist was later abandoned by
Baxter, and the clinical trial of Hemopure on trauma patients in the
United States was halted by the US Food and Drug Adminsitration.

More recently, HemoTech (by HemoBioTech), which is derived from
bovine hemoglobin cross-linked with ATP and glutathione, was
tested in clinical trials in India.'® However, other studies suggested
a potential renal toxicity of polymerized Hb systems associated with
oxidative stress.'*'® Despite great efforts and recent progress for
the development of new blood substitutes, no HBOCs have yet
been approved for clinical use in Europe or in the United States.

We also note that the oxygen affinity and the quaternary structure
of hemoglobin in HBOCs vary a lot from one system to another,
including the second-generation HBOCs,"'? indicating that a
common strategy and the best design have yet to be found. Here,
we used a different strategy based on the direct adsorption of
hemoglobin on the surface of the silica nanoparticles. We
investigated whether this approach could allow controlling the
oxygenation properties of hemoglobin to preserve its structure and
to prevent the release of free hemoglobin in physiological
conditions. Our results show that SNPs can act as an effector
for human adult hemoglobin (HbA) and sickle cell hemoglobin
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(HbS) and allow manipulation of their oxygenation properties while
maintaining their tetrameric structure in physiological conditions.
The in vivo studies reported for nanoparticle-based systems®®1°
suggest these new HBOCs may become a suitable blood
substitute in the future.

Methods

HbA hemolysate and sickle cell hemolysate containing 87% HbS
were prepared from fresh donor blood collected after ethical
guidelines, and the experimental protocol abides by the Declaration
of Helsinki. All donors have given their agreement for their blood to
be used for experiments. Diaspirin cross-linked hemoglobin
(DCLHb) was provided by Baxter Healthcare Corporation. SNPs
(Sigma-Aldrich 637238) with a mean diameter of 26 = 2 nm were
extensively characterized in our previous study.'® Characterization
of SNPs, hemoglobin purification, adsorption isotherms, Langmuir
model, protein desorption, and oxygen binding measurements are
described in the supplemental Data.

Results and Discussion

HbA has a strong affinity for SNPs and readily adsorbs on the
negatively charged silica surface in phosphate buffer at pH 7.4
(Figure 1A). The nonporous SNPs are coated by the adsorbed
protein. The adsorption isotherm is well fitted by the Langmuir
model (supplemental Equation 1) with an affinity constant K,gs =
18 = 2 pM ™. The amount of adsorbed HbA m,,s = 0.67 *+ 0.04
mg/m? is twice the amount of adsorbed pig HbA on the same batch
of SNPs."" No desorption was observed at pH 6.0 and at pH 7.4.
Hb adsorbed on SNPs is not covalently bound and could potentially
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Figure 2. Oxygenation properties of human HbA, HbS, and DCLHb after
adsorption on SNPs. Oxygen partial pressure at half saturation Ps, (A) and Hill
coefficient n (B) of HbA, DCLHb, HbS in 0.1 M phosphate buffer at pH 7.4, and
HbA in 0.1 M BisTris-HCI buffer at pH 6.0, with and without SNPs. The black line
represents the limit of cooperative oxygen binding (n > 1).

be replaced by other blood proteins.'” However, Hb adsorption on
SNPs is driven by multivalent interactions'®'® and leads to stable and
ireversible binding in physiological conditions.'" Adsorption did not
induce any oxidation of HbA, as indicated by spectrophotometry.’
The oxygen binding curves of HbA hemolysate with SNPs at 37°C
show a significant increase of the oxygen affinity of adsorbed HbA
(Figure 1B). Moreover, the lower oxygen affinity of adsorbed HbA at
pH 6 (Pso = 10.7 = 0.5 mm Hg; supplemental Figure 1) compared
with adsorbed HbA at pH 7.4 (P5o = 7.2 = 0.5 mm Hg) indicates
that adsorbed HbA retains its proton exchange capacity after
adsorption on SNPs, which in turn controls its affinity (Bohr effect’®).

Adsorbed HbA maintains cooperativity despite a significant de-
crease, as indicated by the Hill coefficient (n = 1.8 = 0.1 compared
with n = 2.8 * 0.1 for free HbA; Figure 2B). The cooperative
binding of oxygen (n > 1) is clear evidence that adsorbed HbA
retains its tetrameric structure after adsorption on SNPs.?° A similar
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effect is observed after the adsorption of DCLHb on SNPs
(Figure 2; supplemental Figure 2). As DCLHb cannot dissociate
into dimers (n = 2.1 = 0.1),2! this result further confirms that the
modification of the oxygenation properties of adsorbed HbA is not a
result of the breakdown of the tetramer but, rather, a result of
specific changes of hemoglobin structure and dynamics on the
silica surface."™'® Interestingly, the Hill plot shows that the high-
affinity constant K; = 0.68 mm Hg ™' is the same for free and
adsorbed HbA, whereas the low-affinity constant is higher for
adsorbed HbA (K, = 0.08 mm Hg”) compared with free HbA
(K3 = 0.02 mm Hg ") (Figure 1C).22 This means that the change in
the oxygenation properties is the result of a difference in the initial
oxygen binding step (K5, K3) between free HbA and adsorbed HbA,
whereas the final binding step (K;) is identical. The increase of the
association equilibrium constant for the initial oxygen binding could
therefore account for the decrease in cooperativity of adsorbed
HbA.>®

We investigated whether SNPs could also change the oxygenation
properties of mutant HbS (86: Glu—Val) responsible for sickle cell
anemia. The adsorption isotherm of HbS reveals some differences
compared with native HbA (Figure 1A). The higher amount of
adsorbed HbS (m.ys = 0.74 + 0.04 mg/m? shows that the
hemoglobin payload on SNPs could be further optimized. The
adsorption isotherm does not follow a Langmuir model, which could
be because of the irreversible adsorption, multiple binding sites, or
lateral interactions between proteins.>*?® HbS polymerization is
very unlikely at this low protein concentration. Moreover, the amount
of adsorbed HbS does not exceed 1 monolayer of tetramers.?®
However, the effect of SNPs on the polymerization of HbS at high
protein concentration has yet to be determined. The oxygen binding
curve of adsorbed HbS shows that SNPs have a similar effect on
HbS and HbA (Figure 1D) associated with an increase of the
oxygen affinity (Pso = 9.6 = 0.5 mm Hg) and a decrease of the
cooperativity (n = 2.0 = 0.1) (Figure 2B). Despite differences in the
adsorption of pig HbA, human HbA, and mutant HbS, the effect of
SNPs on the oxygenation properties of hemoglobin are virtually
identical.'” This could indicate that local structural modifications
may not be the key to explain the effect of SNPs on the oxygenation
properties of hemoglobin but, rather, large structural or dynamic
changes that globally affect adsorbed hemoglobin. Using incoher-
ent neutron scattering experiments, we observed in a previous study
that myoglobin adsorption on SNPs results in a large decrease of
the protein dynamics.'® According to Yonetani's model,?” a similar
decrease in hemoglobin dynamics could result in an increase of the
oxygen affinity. This hypothesis could explain the change of the
oxygenation properties of various forms of hemoglobins after
adsorption on SNPs.

Our study shows that SNPs control the oxygenation properties of
native and mutant hemoglobins while retaining their tetrameric
structure in physiological conditions. Adsorbed hemoglobin-based
oxygen carriers represent a promising approach for the rational
design of blood substitutes, using nanoparticles to manipulate the
structure and activity of hemoglobin. Moreover, the grafting of active
molecules could be used to prevent opsonization, fast clearance
from the blood stream, and adverse effects.*®”1"28 Another
strategy consists of encapsulating nanoparticles inside liposomes,
as shown by Liu and coworkers.® The use of biocompatible
nanoparticles prevents the release of free Hb in the bloodstream,
which is associated with acute renal toxicity. Biodistribution studies
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showed that silica nanoparticles of similar size (20-25 nm)
are excreted after a period of 2 weeks in mice without inducing
any toxicity.?® Studies of nonporous SNPs®%®' and mesoporous
SNPs®2:33 showed a size-, shape-, and chemistry-dependent
biodistribution. In the future, the assessment of the degradation,®*
clearance,®® and toxicity®*3® of Hb-loaded SNPs will be an
important step for the development of adsorbed hemoglobin-
based oxygen carriers.
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