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Abstract

Background: Hemolysis releases toxic cell-free hemoglobin (Hb), heme, and

iron, which overwhelm their natural scavenging mechanisms during acute or

chronic hemolytic conditions. This study describes a novel strategy to purify a

protein cocktail containing a comprehensive set of scavenger proteins for

potential treatment of hemolysis byproducts.

Study Design and Methods: Tangential flow filtration was used to purify a

protein cocktail from Human Cohn Fraction IV (FIV). A series of in vitro

assays were performed to characterize composition and biocompatibility. The

in vivo potential for hemolysis byproduct mitigation was assessed in a hamster

exchange transfusion model using mechanically hemolyzed blood plasma

mixed with the protein cocktail or a control colloid (dextran 70 kDa).

Results: A basis of 500 g of FIV yielded 62 ± 9 g of a protein mixture at 170 g/

L, which bound to approximately 0.6 mM Hb, 1.2 mM heme, and 1.2 mM iron.

This protein cocktail was shown to be biocompatible in vitro with red blood

cells and platelets and exhibits nonlinear concentration dependence with

respect to viscosity and colloidal osmotic pressure. In vivo assessment of the

protein cocktail demonstrated higher iron transport to the liver and spleen and

less to the kidney and heart with significantly reduced renal and cardiac

inflammation markers and lower kidney and hepatic damage compared to a

control colloid.

Discussion: Taken together, this study provides an effective method for large-

scale production of a protein cocktail suitable for comprehensive reduction of

hemolysis-induced toxicity.
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1 | INTRODUCTION

Red blood cell (RBC) lysis, a phenomenon referred to
as hemolysis, results in circulating cell-free hemoglobin

(Hb), heme, and iron.1 Intravascularly, cell-free Hb
extravasates through the blood vessel wall into the
interstitial tissue space and scavenges nitric oxide
(NO), eliciting vasoconstriction and systemic
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hypertension.2 As natural mechanisms to remove Hb
are limited, cell-free Hb elicits oxidative damage to pro-
teins, lipids, nucleic acids, and other macromolecules.3

Free heme is involved in various vascular pathologies
and, due to its hydrophobicity, avidly binds to lipid sur-
faces or plasma proteins, mediating their oxidation.2,4

Lastly, iron also causes oxidative damage through gen-
eration of reactive oxygen species.5–7 Hence, hemolysis
above the natural capacity to detoxify Hb can lead to
vasoconstriction, hypertension, vascular disease,
inflammation, thrombosis, hemoglobinuria, and renal
damage.2,8

Unfortunately, many clinical conditions are associ-
ated with acute or chronic hemolysis, but there are no
approved treatments to attenuate hemolysis-mediated
toxicity.2,9 In preclinical studies, hemolysis treatment
strategies have focused on single protein supplementa-
tion therapies consisting of either haptoglobin (Hp),
hemopexin (Hpx), or transferrin (Tf), which bind to Hb,
heme, and iron, respectively.1,10 For example, the Hb
scavenging protein Hp has been shown to improve
shock, lung injury, and survival in canine pneumonia
models.11 Hp has also been shown to reduce acute kid-
ney injury (AKI) in animal models and humans follow-
ing massive blood transfusions.2 Furthermore, the
toxicity from stored RBCs may be attenuated with Hp,
Hpx, or Tf.12,13 Although promising results have been
obtained with single-agent plasma protein supplementa-
tion, hemolysis is a multifaceted disease state with a
milieu consisting of cell-free Hb, heme, and iron con-
tributing to its overall toxicity.14–17 Therefore, a mixture
of the therapeutic plasma proteins (Hp, Hpx, and Tf)
could yield improved outcomes during hemolytic dis-
ease states.

In a previous study, we demonstrated the purifica-
tion of Hp via tangential flow filtration (TFF) of
Human Cohn Fraction IV (FIV) using a series of hol-
low fiber filters to bracket the plasma proteins based
on their molecular weight (MW).18 The key advantages
of this process are that TFF is an easily scalable sepa-
ration method and FIV is a waste product from the
plasma fractioning industry, making the Hp purifica-
tion process cost-effective and amenable for large-scale
Hp production. Interestingly, based on the composi-
tion of FIV, the last permeate fraction from the TFF
Hp purification process may serve as a source of the
therapeutic proteins required for comprehensive
hemolysis treatment.18 In this study, the last permeate
of the TFF Hp purification process was retained on a
50 kDa hollow fiber (HF) filter, and the isolated prod-
uct was characterized to develop a cost-effective and
simple protein cocktail for potential treatment of
hemolysis.

2 | MATERIALS AND METHODS

2.1 | Materials

Sodium phosphate dibasic, sodium phosphate monoba-
sic, sodium chloride, and fumed silica (S5130) were pur-
chased (Sigma Aldrich, St. Louis, MO), and 0.2 μm
polyethersulfone syringe filters were also purchased
(Merck Millipore, Billerica, MA). Protein separation was
performed on a TFF system (KrosFlo® Research II, Rep-
ligen, Waltham, MA). The TFF system was equipped
with various HF filter modules (Repligen, Waltham,
MA). FIV paste from the modified Cohn process of
Kistler and Nitschmann was purchased (Seraplex, Inc.,
Pasadena, CA).

2.2 | Hb, heme, and iron scavenging
protein cocktail purification via TFF

Purification of the protein cocktail followed the TFF
Hp purification method with the addition of one addi-
tional TFF stage at the end of the original process.18

Briefly, 500 g of FIV was suspended in 5 L of
phosphate-buffered saline (PBS) and homogenized in a
blender. After stirring overnight at 4°C, approximately
5 L of the solution was centrifuged to remove
undissolved lipids. Fumed silica was then added to the
supernatant to remove lipids and lipoproteins, left to
stir overnight at 4°C, and then recentrifuged with two
PBS washes of the fumed silica pellet. The resulting
protein solution was then clarified on a 0.2 μm HF fil-
ter and then bracketed using a series of HF modules
with decreasing MW cutoff (MWCO) (750, 500, and
100 kDa). Unlike the base TFF Hp purification process,
the permeate of the 100 kDa HF filter (Stage 3) was
retained on a 50 kDa HF module (P/N:
S02-E100-05-N). The new bracket (Stage 4) was subject
to constant volume diafiltration with 5× volume PBS
and finally concentrated to approximately 350 ml. A
diagram of the entire purification process is shown in
Figure 1.

2.3 | HPLC-size exclusion
chromatography (SEC)

Samples from the purification process were separated via
HPLC-SEC using a commercial column (4.6 × 300 mm
Acclaim SEC-1000, Thermo Fisher Scientific, Waltham,
MA) attached to an HPLC system (Dionex UltiMate 3000,
Thermo Fisher Scientific, Waltham, MA) as described
previously in the literature.18
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2.4 | Hb concentration

The concentration of Hb in the samples was measured
spectrophotometrically via the Winterbourn equations.19

2.5 | Gel electrophoresis

The purity and composition of the protein cocktail were
analyzed via SDS-PAGE using commercial equipment
(Invitrogen Mini Gel Tank, Thermo Fisher Scientific,
Waltham, MA). The samples were prepared according to
the manufacturer's guidelines and as previously
described.18,20

2.6 | Total protein assay

Total protein was determined via the Bradford assay.

2.7 | Hb binding capacity of Hp

The difference in MW between the Hp–Hb protein com-
plex and pure Hb was used to assess the Hb binding
capacity (HbBC) of Hp using HPLC-SEC as previously
described.18 Briefly, the samples containing Hp were
mixed with excess Hb and then separated via HPLC-SEC.
The difference in the area under the curve (AUC)
between the pure Hb solution and the mixture of Hb and

FIGURE 1 Overview of the process used to purify both Hp (Stages 2 and 3), and the Hb, heme, and iron scavenging protein cocktail

(Stage 4). HMW, high MW fraction; LMW, low MW fraction. Arrows indicate the direction of flow in the circuit. Figure adapted with

permission from reference 18. Copyright 2020, John Wiley and Sons
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Hp was used to assess the HbBC of Hp. A representative
HPLC-SEC chromatogram of this assay is shown in
Figure S1(A).

2.8 | Iron binding activity

The iron-binding capacity (FeBC) of Tf contained in the
protein scavenger cocktail was determined via reaction
with ferric nitrilotriacetate [Fe(NTA)]. Briefly, the Tf
sample was reacted with excess Fe(NTA), and the equi-
librium change in absorbance was measured (Figure S1
(B)). The extinction coefficient of holo-Tf at 465 nm was
then used to estimate the concentration of iron bound to
Tf (FeBC).21 The holo-Tf concentration was determined
based on the 465 nm absorbance of the sample prior to
the addition of Fe(NTA) (contribution of residual metHb
in the sample at 465 nm was estimated based on the sam-
ple absorbance at 404 nm22).

2.9 | Heme binding activity

The heme-binding capacity (HemeBC) in the purified
protein scavenger cocktail was determined via the
dicyanohemin (DCNh) incorporation assay.23 Briefly, the
sample was mixed with increasing concentrations of
DCNh, and the equilibrium absorbance of the Soret peak
maxima was measured. The inflection point in the graph
of the equilibrium absorbance versus DCNh concentra-
tion was used to determine the saturation point of the
heme-binding pockets (Figure S1(C))). To determine the
heme-binding activity of Hpx individually, the protein
cocktail was mixed with excess heme-bound HSA
(hHSA) and the change in absorbance was used to deter-
mine the concentration of heme-Hpx (Figure S1(D)).24

2.10 | Trypsin digest mass spectrometry

Protein identification in the protein cocktail was con-
firmed using trypsin digest nano-liquid chromatography–
nanospray tandem mass spectrometry (LC/MS/MS) on a
commercial mass spectrometer (Fusion Orbitrap
equipped with EASY-Spray™ Sources, Thermo Scientific,
San Jose, CA) operated in positive ion mode as described
previously in the literature.18

2.11 | MALDI-TOF-MS

The samples were diluted to 0.5 mg/ml on a protein basis
in deionized water. The reduced samples were prepared
by adding 0.1 M dithiothreitol to the protein samples. A

saturated solution of α-cyano-4-hydroxycinnamic acid
matrix was prepared in 50% v/v acetonitrile with 0.1%
trifluoroacetic acid. A total of 1 μl of the mixture of the
matrix and protein solution was deposited on a matrix-
assisted laser desorption/ionization (MALDI) plate and
analyzed on a MALDI-TOF (time of flight) MS (mass
spectrometry) system (Microflex, Bruker, Billerica, MA).

2.12 | ELISA

The concentration of selected protein components in FIV
and in the protein cocktail was quantified via ELISA kits
specific for Hp, Tf, HSA, and Hpx according to the manu-
facturer's instructions (R&D Systems Catalog #DHAPG0
for Hp, and Eagle BioSciences HTF31-K01 for Tf,
HUA39-K01 for HSA, and HPX39-K01 for Hpx).

2.13 | Viscosity and colloidal osmotic
pressure (COP) measurements

The viscosity of 5% (w/v) HSA and the protein cocktail
solution was measured using a cone/plate viscometer
(DV-II plus with a cone spindle CPE-40, Brookfield Engi-
neering Laboratories, Middleboro, MA) at a shear rate of
316 s−1, whereas the COP was measured using a colloid
osmometer (Wescor 4420, Logan, UT).

2.14 | RBC aggregation

The extent of RBC aggregation of fresh rat whole blood
mixed with the test solutions (protein cocktail, saline,
500 kDa dextran, and 5% (w/v) HSA) was evaluated in
this study. Blood samples were collected into heparinized
vacutainers (BD, San Diego, CA) and mixed with 20% by
volume of the test solutions. The degree of RBC aggrega-
tion was assessed using a photometric rheoscope
(Myrenne Aggregometer, Myrenne, Roetgen, Germany)
as previously described.25,26

2.15 | Coagulation studies

Coagulation studies were performed on platelets isolated
from citrated (3.2% buffered trisodium citrate, Sigma-
Aldrich) rat whole blood and mixed with the protein
cocktail solution (20% by volume). Platelets were isolated
and aggregation was assessed as previously described
subject to stimulation with two agonists: adenosine
diphosphate (ADP) and collagen.27 The effect of the pro-
tein cocktail solution was compared to HSA (5% w/v)
and Hextend (6% Hetastarch in Lactated Electrolyte
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solution, Hospira) as control solutions in various platelet
functional assays.

2.16 | Animal preparation

Animal handling and care followed the NIH Guide for
the Care and Use of Laboratory Animals, and the experi-
mental protocol was approved by the local animal care
committee at the University of California San Diego. The
studies were performed in 55–65 g male Golden Syrian
Hamsters (Charles River Laboratories, Boston, MA) fitted
with arterial and venous catheters. For catheter implanta-
tion, animals were re-anesthetized with ketamine/
xylazine, and a PE-50 catheter with a PE-10 tip was
implanted in the right carotid artery and in the jugular
vein, secured with 5–0 silk sutures, exteriorized dorsally,
and secured to the back of the animals. Hamsters were
housed individually post-surgery and allowed to recover
1 or 2 days before subjected to the experiment.

2.17 | In vivo hamster exchange
transfusion model

Hamster whole blood was adjusted to 40% hematocrit
with 5% human serum albumin (HSA), and then mixed
at 4:1 (volume ratio) with a 85 mg/ml solution of the pro-
tein cocktail or 6% dextran 70 kDa. A total of 5 ml of the
resulting mixture was then mechanically hemolyzed in a
sterile closed-loop heparin-coated silicone tube circuit
with 0.8 mm inner tube diameter using a peristaltic
pump running at 100 rpm (5 ml/min) for 12 h at room
temperature. After mechanically hemolyzing the blood
mixture, the plasma from the hemolyzed mixture was
separated via centrifugation, and the supernatant was
stored at −80°C. For in vivo testing, hemolyzed blood
plasma filtered through a 0.2 μm filter was used to per-
form an isovolumic exchange transfusion of 5% of the ani-
mal's total Hb mass at a rate of 100 μl/min. Animals were
euthanized for 2 h post-transfusion to collect the blood,
liver, heart, spleen, and kidneys for analysis. Organ tissue
was processed for inflammatory and organ damage
markers as previously described28 using the kits and assays
outlined in Table S1.

2.18 | Statistical analysis

All data are represented as mean values ± SD. Data were
compared using a one-way ANOVA with Tukey's multi-
ple comparisons test for parametric data using commer-
cial statistical software (GraphPad Prism 8.1, GraphPad

Software Inc., San Diego, CA). Changes were considered
significant if p values were less than .05.

3 | RESULTS

3.1 | Protein cocktail purification and
composition

The results from three batches following the protein
cocktail purification process outlined in Figure 1 are
summarized in Table 1.

As shown in Table 1, each 500 g batch of FIV yielded
more than 60 g of a concentrated protein cocktail com-
posed primarily of HSA and Tf with approximately 10%
and 5% of Hp and Hpx, respectively. ELISA results con-
curred with the activity binding assays, demonstrating
that the proposed series of activity assays (Figure S1) was
capable of accurately quantifying the different protein
species in the sample.

To further analyze the composition of the protein
cocktail, the samples were analyzed via SDS-PAGE, tryp-
sin digest mass spectrometry (MS), and MALDI-TOF
MS. The results of the representative samples are shown
in Figure 2.

As expected, HSA, Tf, Hpx, and Hp were present in
the SDS-PAGE (Figure 2(A) and (B)) and identified in
the trypsin digest MS analysis (Figure 2(C)). The detec-
tion of haptoglobin-related protein (Hpr) was likely due
to the high sequence identity of Hpr compared to the
Hp1-1 phenotype.18 Furthermore, ceruloplasmin
(Cp) and vitamin-D binding protein (VDB) were also
detected in the trypsin digest MS with similar ion intensi-
ties as Hpx. Thus, it would be expected that these compo-
nents had similar mass composition to Hpx (approx. 5%).

Moreover, the various peaks in the MALDI-TOF MS
spectra (Figure 2(D)) of the protein cocktail confirmed
the presence of the expected protein species (see Supple-
mental Information for detailed MALDI-TOF MS analy-
sis). Notably, MALDI-TOF MS data cannot be used as a
quantitative method for assessment of composition as dif-
ferent proteins have different ionization efficiencies.29

However, densitometric analysis of SDS-PAGE can pro-
vide quantitative insights into protein composition, and
the results are shown in Table 2.

Densitometric analysis results agreed with the activity
binding assay results where >90% of the protein cocktail
was composed of four major proteins (HSA, Hpx, Hp,
and Tf). Cp was also noticeable on the SDS-PAGE with
approximately 4% mass composition. Hpx could only be
partially estimated via SDS-PAGE analysis as it alters its
apparent MW when reduced. Comparing the percent
composition of Tf and the HSA band before and after
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reduction showed a 7%–9% change, indicating a similar
composition as the estimation determined via the heme-
binding assay (approx. 5%).

3.2 | Biophysical and biochemical
properties of the protein cocktail

In vivo use of the protein cocktail requires understanding
of the physicochemical properties of the mixture and its
effects when administered into blood. Thus, the colloidal
osmotic pressure (COP) and viscosity of the protein cock-
tail were assessed and compared to that of commercial
5% (w/v) HSA. The results are shown in Figure 3.

As shown in Figure 3, the protein cocktail had similar
COP and viscosity to HSA at concentrations lower than
75 mg/ml. However, at high protein concentrations, both
the COP and viscosity of the cocktail showed a nonlinear
increase with protein concentration reaching values
higher than pure HSA. Next, the protein cocktail was
mixed with whole blood and platelet-rich plasma to
assess its effects on RBC and platelet aggregation. The
results are shown in Figure 4.

Based on the results shown in Figure 4(A) and (B),
unlike 500 kDa dextran, the protein cocktail did not lead
to RBC aggregation as its aggregation index was similar
to that of blood mixed with saline or HSA. Furthermore,

as shown in Figure 4(C) and (D), the collagen platelet
aggregation test showed that the protein cocktail did not
lead to significant platelet aggregation inhibition com-
pared to the control or HSA. On the other hand, Hextend
was the only material tested that significantly impaired
platelet aggregation.

3.3 | In vivo efficacy of the protein
cocktail at hemolysis treatment

The promising properties of the isolated protein cocktail
in hemolysis treatment were tested in vivo by administer-
ing mechanically hemolyzed blood plasma mixed with
either the protein cocktail or dextran 70 kDa (Dex70) via
exchange transfusion at 5% of the animal's total Hb mass.
Dex70 was chosen for comparison given its improved
plasma expansion properties compared to HSA, potential
anti-inflammatory effects, and interest as a pump-
priming fluid.30,31 Ferritin levels in the heart, kidney,
liver, and blood were measured, and markers of tissue
inflammation or injury were also assessed. As shown in
Figure 5, 2 h post-exchange transfusion, there was a sig-
nificantly altered iron distribution in the animals.
Administration of the protein cocktail with hemolyzed
blood plasma led to lower circulating levels of bilirubin
and ferritin (Figure 5(A),(B)) in transfused animals. This

TABLE 1 Summary of the

scavenging protein cocktail

composition, concentration, and yield

Total (g) ± Concentration (mg/ml) ± Yield (%) ±

Protein 61.9 (100%) 9.4 171 21 50 4

Hpa 5.97 (10%) 0.12 16.5 (16b) 0.7 49 3

Hpx 2.21 (4%) 0.42 6.1 (8.8b) 0.9 (52b) (2)

HSAc 28.7 (42%) 4.3 79.1 (75b) 10.1 (88b) (10)

Total Tfd 21.2 (34%) 2.6 58.6 (63b) 5.61 (81b) (9)

apoTf 18.2 2.7 50.1 6.03 - -

Other 6.12 (10%) 2.4 16.9 6.1 - -

Concentration (mM) ± Concentration (mg/ml) ±

HbBC 0.61 0.03 9.7 0.49

HemeBC 1.22 0.16 0.79 0.10

FeBC 1.25 0.15 0.070 0.008

Note: Percentage composition was assessed via the activity binding assays. All molar concentration values
are provided on a globin/iron basis (i.e., tetrameric Hb contains four globin/iron equivalents, while both
heme and iron contain one iron equivalent). Error is based on the standard deviation of three independent

batches.
Abbreviations: FeBC, iron-binding capacity; HbBC, Hb-binding capacity; HemeBC, heme-binding capacity.
aHp determined by assuming a 1:1.65 mass binding ratio of Hb:Hp2-2.
bConcentration and yield determined from ELISA kits.
cHSA determined by the total heme-binding capacity excluding the contribution from Hpx.
dTotal Tf determined via summation of apoTf and holoTf which was derived from the non-Hb contribution
from the absorbance at 460 nm.
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FIGURE 2 SDS-PAGE and mass spectrometry analysis of a representative batch of the scavenging protein cocktail. Images of the SDS-

PAGE gel under nonreducing (A) and reducing (B) conditions. (C) Top 10 identified proteins from trypsin digest mass spectrometry of a

representative batch of the scavenging protein cocktail. MALDI-TOF mass spectral analysis of the scavenging protein cocktail under

(D) nonreducing and (E) reducing conditions. (F) Comparison of the scavenging protein cocktail with human serum albumin (HSA) under

nonreducing conditions denoting the presence of common peaks in the two samples. (G) Comparison of the scavenging protein cocktail with

haptoglobin 2–1, 2–2 mixture (Hp) under reducing conditions resulted in common peaks in the two species confirming the presence of Hp in

the cocktail. Abbreviations: HSA, human serum albumin; Tf, transferrin; Hp, haptoglobin; Cp, ceruloplasmin; VDB, vitamin-D binding

protein; Hpx, hemopexin; Hpr, haptoglobin-related protein; IgG1HC, immunoglobulin gamma 1 heavy chain; A1BG, α-1-B glycoprotein;

IgkC, immunoglobulin kappa constant; TTR, transthyretin; AAT, α-1 antitrypsin; α1AC, α-1 antichymotrypsin; α-Hb, α chain hemoglobin;

α1-Hp, α1 chain haptoglobin; α2-Hp, α2 chain haptoglobin [Color figure can be viewed at wileyonlinelibrary.com]
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iron was directed to the proper clearance organs respon-
sible for iron metabolism such as the spleen and liver
(Figure 5(C),(D)) and prevented from accumulating in
iron-sensitive organs such as the kidneys and heart
(Figure 5(E),(F)). To further assess organ toxicity from
transfusion of the hemolyzed blood plasma, inflamma-
tory and injury markers for renal, hepatic, and cardiac
tissues were measured and the results are shown in
Figure 6.

As shown in Figures 6(A)–(O), inflammatory markers
in renal, hepatic, and cardiac tissues were significantly
reduced, approaching baseline levels in healthy animals.
Notably, liver ferritin was elevated and the assayed
markers of liver injury were reduced compared to Dex70,

indicating detoxification of the iron-containing molecules
released from hemolysis.

4 | DISCUSSION

Comprehensive treatment of hemolysis requires the scav-
enging of three toxic species: cell-free Hb, heme, and
iron. Based on the results presented here, the isolated
scavenging protein cocktail was capable of binding to
these three molecules via Hp (approx. 10%), HSA
(approx. 40%), Hpx (approx. 5%), and Tf (approx. 35%).
Furthermore, the protein cocktail was also composed of
Cp (approx. 5%) and VDB (approx. 5%), which can help

TABLE 2 Composition of the scavenging protein cocktail based on SDS-PAGE densitometric analysis

Non-reduced Reduced

Species Composition +/− Species Composition +/−

HSA/Hpx/VDB 47.7% 1.7% Tf/Hpx 42.4% 3.1%

Tf 31.2% 1.2% HSA/VDB 40.3% 3.4%

Polymers (Hp) 15.2% 3.0% β-Hp 4.8% 0.1%

Cp (135 kDa) 2.4% 0.0% α-2Hp 3.3% 0.5%

HSA dimer/ Cp (115 kDa) 2.4% 0.1% α-1Hp/Hb 3.0% 1.0%

Other 1.1% 0.0% Cp (115 kDa) 1.9% 0.0%

Other (>140 kDa) 1.7% 0.7%

Cp (135 kDa) 1.7% 0.0%

Other (~ kDa) 1.6% 0.4%

β-2 glycoprotein 0.7% 0.1%

Note: Error is based on the standard deviation of three independent batches.
Abbreviations: Cp, ceruloplasmin; Hb, hemoglobin; Hp, haptoglobin; Hpx, hemopexin; HSA, human serum albumin; Tf, transferrin; VDB, vitamin-D binding
protein (Gc-globulin).

FIGURE 3 Physical properties of the protein cocktail. (A) Colloidal osmotic pressure (COP). (B) Viscosity measured at a shear rate of

316 s−1 [Color figure can be viewed at wileyonlinelibrary.com]
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mitigate hemolysis-associated toxicity. Moreover, the
favorable hemocompatibility, colloidal osmotic pressure
(COP), and viscosity properties indicate potentially favor-
able outcomes in vivo. Indeed, preliminary in vivo studies
demonstrated that this protein cocktail could reduce
hemolysis-associated iron toxicity.

In addition to the characteristic hemolysis scavenging
proteins (Hp, Hpx, and Tf), the protein cocktail con-
tained a large fraction of HSA and other components –
Cp and VDB – which may also aid in reducing the
toxicity associated with hemolysis. Although not as effi-
cient as either Hpx or Tf, HSA binds to both free heme
and free iron, reducing their oxidative toxicity and serv-
ing as a reservoir until Hpx and Tf can deliver these mol-
ecules to their respective clearance receptors.32–35 HSA

may also serve as a carrier for direct cellular heme or
heme-HSA uptake.36,37 While not a direct scavenger, Cp
is a ferroxidase that catalyzes the oxidation of Fe2+ into
Fe3+ and stabilizes ferroportin (cellular iron
exporter).38,39 Notably, the oxidation of iron to Fe3+ is
required for iron binding to Tf (iron transport) or ferritin
(iron storage).38,40–43 On the other hand, VDB, also
known as Gc-globulin, scavenges actin, which is another
toxic species released during hemolysis or tissue dam-
age.44–48

In addition to directly reducing the toxicity associated
with hemolysis, the scavenging protein cocktail has
promising biophysical and biochemical properties. Blood
viscosity is an important factor that regulates the
responses of the cardiovascular system, as it affects shear

FIGURE 4 RBC aggregation and coagulation assays with the protein cocktail. (A) Representative images of RBCs mixed with HSA,

protein cocktail, and dextran 500 kDa at 100 mg/ml. (B) Aggregation index values determined for blood, sodium chloride (NaCl) solution

(i.e., saline), the protein cocktail, HSA, and dextran 500 kDa. Platelet aggregation tests induced with collagen (C) or ADP (D) on the control

(saline solution), HSA, Hextend, and the protein cocktail.†p < .05 versus no treatment. ‡p < .05 versus HSA. §p < .05 versus Hextend [Color

figure can be viewed at wileyonlinelibrary.com]
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stress and activates the synthesis of vascular relaxation
mediators such as nitric oxide (NO).49 NO is a critical reg-
ulator of basal blood vessel tone and vascular homeosta-
sis, antiplatelet activity, modulation of endothelial and
smooth muscle proliferation, and adhesion molecule
expression. However, during states of hemolysis, NO is
depleted from the vasculature due to scavenging by cell-
free Hb via the NO dioxygenation reaction. However, by
using the protein cocktail presented here, the high viscos-
ity of the cocktail could improve shear thinning of RBCs
and increase in situ NO production.50 Moreover, the
nonlinear COP of the protein cocktail as a function of
protein concentration indicates the potential of the pro-
tein cocktail to expand the blood volume beyond the vol-
ume infused, which may be used during hypovolemic
states. These characteristics may originate from the large
MW components of the cocktail, which could promote
protein crowding via depletion forces.51 Furthermore,

reduced RBC aggregation maintains the RBC-poor
plasma layer near the vascular wall, which positively
increases vascular endothelial shear stress. Lastly, the
positive hemocompatibility (lack of RBC aggregation)
and the preservation of platelet function support the
potential application of the protein cocktail for hemolysis
mitigation.

Although plasma also contains the same proteins in
the protein cocktail, there are safety considerations that
favor the use of the processed protein cocktail. Without
the presence of immunoglobulins, the protein cocktail
serves as a universally transfusable solution. This
expands the source of plasma that can be used to purify
the protein cocktail, since only 4% of the U.S. population
has type AB blood (universal plasma donor).52 Further-
more, immunoglobulins are known to increase the risk
of transfusion-related acute lung injury, which is consid-
ered the leading cause of transfusion-related

FIGURE 5 Bilirubin and ferritin levels in blood and tissue from animals exchange transfused with mechanically hemolyzed blood

plasma mixed with the protein cocktail (PC) or dextran 70 kDa (Dex70). Sham indicates baseline levels in healthy animals. (A) Blood

bilirubin, (B) blood ferritin, (C) splenic ferritin, (D) hepatic ferritin, (E) renal ferritin, and (F) cardiac ferritin. Markers measured from

hepatic, splenic, renal, and cardiac tissues are normalized to the total protein content in the tissue. N = 5 animals/group. *p < .05; **p < .01,

***p < .001, ****p < .0001
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mortality.53,54 Moreover, due to the ethanol precipitation
steps used to produce FIV and the extensive
nanofiltration used to isolate the protein cocktail, the risk
of transmission of blood-borne infectious agents is greatly
minimized compared to plasma administration.

In addition to its improved safety profile, the concen-
trations of desired hemolysis scavenging proteins in the
protein cocktail are enhanced compared to plasma. The
protein concentration in human plasma ranges from
60 to 80 mg/ml with a composition of approximately 50%
HSA, 5% Tf, 2% Hp, 1% Hpx, and less than 1% of Cp or
VDB.55,56 On the other hand, the concentration of Tf, Hp,
Hpx, Cp, and VDB in the protein cocktail was fivefold or
greater compared to plasma. Based on the protein compo-
sition of the protein cocktail, 500 ml of an iso-oncotic

solution (approx. 50–60 mg/ml) could scavenge and
detoxify approximately 3% of the total Hb, >6% of the
total heme, and > 6% of the total iron contained in a
packed RBC unit. Therefore, this composition would be
more than sufficient to neutralize the hemolysis
byproducts derived from the 1% ex vivo hemolysis limit
set by the U.S. Food and Drug Administration for a unit
of blood, and the high Tf content could potentially pre-
vent build-up of non-transferrin bound iron after catabo-
lism of RBCs.57 Moreover, both Hpx and Tf may be
recycled after receptor-mediated uptake in vivo, enabling
the contents of the cocktail to detoxify/neutralize more
hemolytic species than estimated.58,59

Future generations of the protein cocktail may have
altered composition by supplementing with additional

FIGURE 6 Markers of renal, hepatic, and cardiac tissue inflammation and injury from animals exchange transfused with mechanically

hemolyzed blood plasma mixed with the protein cocktail (PC) or dextran 70 kDa (Dex70). Sham indicated baseline levels in healthy animals.

(A) Hepatic aspartate aminotransferase (AST), (B) serum creatinine, (C) blood urea nitrogen (BUN), (D) cardiac tumor necrosis factor alpha

(TNF-α), (E) cardiac monocyte chemoattractant protein-1 (MCP-1), (F) hepatic alanine aminotransferase (ALT), (G) urinary neutrophil

gelatinase associated lipocalin (NGAL), (H) renal interleukin-1 (IL-1), (I) cardiac C-reactive protein (CRP), (J) cardiac atrial natriuretic

peptide (ANP), (K) hepatic chemokine ligand 1 (CXCL1), (L) renal interleukin-6 (IL-6), (M) renal interleukin-10 (IL-10), (N) cardiac CXCL1,

and (O) cardiac IL-6. Markers measured from cardiac, renal and hepatic tissues (i.e., D, E, H, I, J, K, L, M, N, O) are normalized to the total

protein content in the tissue. N = 5 animals/group. *p < .05; **p < .01, ***p < .001, ****p < .0001
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proteins or adding additional processing steps before or
after the filtration system presented here such as precipi-
tation with ammonium sulfate or chromatographic tech-
niques.60 However, these extra processing steps would
increase manufacturing costs and complexity.

5 | CONCLUSIONS

Approximately 60 g of a protein cocktail was isolated from
500 g of FIV via TFF, yielding a protein mixture with Hb-,
heme-, and iron-binding capability. Interestingly, the
protein cocktail showed a nonlinear concentration
dependence with respect to viscosity and COP, which are
advantageous properties for NO regulation and plasma
expansion. Furthermore, the protein cocktail did not elicit
red blood cell aggregation nor inhibit platelet aggregation
in vitro. The reduction of hemolysis-mediated toxicity was
confirmed in vivo where animals treated with the protein
cocktail had improved iron transport and reduced damage
in cardiac, hepatic, and renal tissues.

Taken together, this study presents a simple and effec-
tive method to purify and characterize a blood-compatible
protein cocktail capable of scavenging free iron, free heme,
and cell-free Hb for possible treatment of states of hemoly-
sis. Future studies will further characterize the in vivo
efficacy of this protein cocktail in mitigating hemolysis-
mediated toxicity and potentially optimize the protein
composition of the mixture for target indications.
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