pubs.acs.org/JACS

JJOURNAL OF THE AMERICAN CHEMICAL SOCIETY

Analysis of the Complex Formation of Heparin with Protamine

by Light Scattering and Analytical Ultracentrifugation: Implications
for Blood Coagulation Management

Jurgen Maurer, Stephanie Haselbach, Oliver Klein, Doan Baykut, Vitali Vogel, and Werner Mantele*

Institute of Biophysics, Johann Wolfgang Goethe-University Frankfurt, Max von Laue-Strasse 1,
60438 Frankfurt am Main, Germany

eSupporting Information
ABSTRACT: H(.eparin,. a linear glycosaminoglycan, is u§ed in [ . gxﬁlood gé N 'g‘u
different forms in anticoagulation treatment. Protamine, a |sj,° o0 [0 ¢ g
. . . .. . i 0% %0
highly positive charged peptide containing about 32 amino a’e =i %n, addition of
acids, acts as an antagonist for heparin to restore normal blood + heparin [ £ ot |
coagulation. The complex formation of protamine with hepa- 5 B ﬁ_"’e 7] > . Al
rin was analyzed by a combination of analytical ultracentrifu- :0 :; + protamine °; %zi 2
gation and light scattering. Titration of heparin with protamine f:o;n i 33 5
in blood plasma preparations results in a drastic increase of o HSA & hopari i W 1
turbidity, indicating the formation of nanoscale particles. A ©:ATII  : protamine e i)

similar increase of turbidity was observed in physiological

saline solution with or without human serum albumin (HSA). Particle size analysis by analytical ultracentrifugation revealed a
particle radius of approximately 30 nm for unfractionated heparin and of approximately 60 nm for low molecular weight heparin
upon complexation with excess protamine, in agreement with atomic force microscopy data. In the absence of HSA, larger and more
heterogeneous particles were observed. The particles obtained were found to be stable for hours. The particle formation kinetics was
analyzed by light scattering at different scattering angles and was found to be complete within several minutes. The time course of
particle formation suggests a condensation reaction, with sigmoidal traces for low heparin concentrations and quasi-first-order
reaction for high heparin concentrations. Under all conditions, the final scattering intensity reached after several minutes was found
to be proportional to the amount of heparin in the blood plasma or buffer solution, provided that excess protamine was available and
no multiple scattering occurred. On the basis of a direct relation between particle concentration and the heparin concentration
present before protaminization, a light scattering assay was developed which permits the quantitative analysis of the heparin
concentration in blood plasma and which could complement or even replace the activated clotting time test, which is currently the
most commonly used method for blood coagulation management.

B INTRODUCTION

Since the discovery of its anticoagulant properties," heparin
has been used in different forms for more than 60 years in anti-
coagulation treatment.” Its unfractionated, high molecular weight
form (UFH) with a mean molecular weight (MW) of approxi-
mately 10—20 kDa® is mostly used for anticoagulation treatment,
particularly in cardiovascular surgery, while the fractionated, low
molecular weight form (LMWH; MW approximately 3—6 kDa)
is mainly used for antithrombotic prophylaxis in out-of-hospital
patients. Low molecular weight heparins currently in use contain a
substantial fraction (up to 20—30%) of high molecular weight
heparin.*®

The typical procedure for anticoagulation treatment in cardiac
surgery is the pre- and intraoperative intravenous administra-
tion of UFH. The dose required is empirically obtained with
300—400 IU/kg of body mass for any patient, which corresponds
to approximately 1.5—2.0 mg/kg, aiming for an activated clottin
time (ACT) longer than ~300—480 s before intervention.
Currently, the control for the efficiency of this dose is based on
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an intermittent measurement of the ACT. Although established
since 1966, this method is considered to be less reliable for
anticoagulation monitoring since its performance is influenced
by temperature, the patient's individual sensitivity to heparin,
reduction of clotting factors by hemodilution, interpatient varia-
bility of the antithrombin III (AT III) level, and preoperative use
of certain drugs.gfw In fact, ACT is considered to be the least
sensitive hemostatic test for heparin.'"' A more accurate mon-
itoring of the coagulation status can be obtained with more
recent systems such as Hepcon HMS PLUS or ITC-Hemochron-
Response, which, however, are indirect, time-consuming, and
expensive methods."> Up to now, there have been several
approaches for the determination of heparin.'>~'” Nevertheless,
a sufficient and more individual anticoagulation management
with exact and frequent monitoring of the actual heparin level is
still waiting to be developed.
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LMWH as used in antithrombotic prophylaxis is more pre-
dictable in anticoagulation response'® and exhibits a longer half-
time in plasma (2—4 h). UFH exhibits half-times between 60 and
90 min; supplementary doses during operation are thus neces-
sary and are mostly based on ACT testing. Upon termination of
surgical intervention, the neutralization of heparin with protamine
is initiated. Protamine is a peptide with a high fraction of arginine
residues leading to a high positive charge. It contains about 32
amino acids and is used as the standard antagonist for heparin to
restore normal blood coagulation. The dosing is essentially
empirical, frequently following a simple rule: 1 IU of protamine
(sulfate) is needed to neutralize 1 IU of heparin given. This dose
aims to reach ACT values of approximately 120 s measured prior
to heparinization, but it does not account for individual heparin
sensitivity, for any coagulation disturbance, or for heparin degra-
dation. Protamine, which has a shorter half-life than heparin, can
also generate an anticoagulant effect if overdosed." In addition
to that, protamine exhibits several toxic effects,”® including
allergy, the generation of protamine antibodies, and interaction
with other proteins or factors of the coagulation system. More-
over, an overdose of protamine decreases both the platelet
number and function in dogs.>' In cardiac surgical patients,
overdoses of protamine were associated with alteration of ADP-
induced platelet aggregation and prolongation of the ACT.**
Free protamine was reported to precipitate fibrinogen® and to
reduce the procoagulant effect of thrombin.**

The empirical estimation of the protamine dose required thus
bears the risk of an over- or underprotaminization for the patient
after surgery and may thus result in increasing bleeding tendency,
blood clotting, and/or other side effects.

Heparin is a polymeric mucopolysaccharide with repeating
units of disaccharides consisting of sulfatated p-glucosamine and
L-iduronic acid, with D-glucoronic acid as a minor constituent. At
physiological pH, heparin is a polyanion due to the negatively
charged sulfate groups. This results in unspecific heparin binding
to cellular membranes. The pentasaccharide sequence of heparin
(three p-glucosamine and two uronic acid residues) is respon-
sible for its pharmaceutical activity by binding to AT III and thus
amplifying its coagulation-inhibiting action.” The neutralization
of heparin by protamine, a highly positively charged peptide with
a mean molecular weight of approximately 4.5 kDa containing
about 32 amino acids, is based on complex formation of the
positively charged amino groups of protamine with the nega-
tively charged sulfate groups of heparin. This complex forma-
tion competes with the binding of heparin with AT III, platelet
factor 4, and others. Commonly, a fixed dose of 1.0—1.3 mg of
protamine for 1 mg (or 100 IU) of heparin is used for heparin
neutralization.”® In clinical practice, 1 IU of protamine is used for
the neutralization of 1 IU of heparin (which means that 1 mg of
protamine corresponds to 100 IU of protamine).

In spite of the widespread use of heparin and protamine, little
is known about the interaction, complex formation, and complex
size of these molecules. In order to investigate the complex
formation, we have performed studies on heparin—protamine
mixtures under physiological conditions. The turbidity of a
heparinized blood plasma solution upon addition of protamine
indicates the formation of nanoscale particles, much larger than
the complexes expected from the size of heparin and protamine.®
Here we report on the study of the size and formation kinetics of
these particles by analytical ultracentrifugation and by light scatter-
ing techniques. On the basis of the latter data, a simple yet precise
determination of heparin in blood samples is proposed which could
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Figure 1. (a) Time course of light scattering for blood plasma from
heparinized blood after addition of protamine. (b) Scattering for plasma
samples with different heparinizations.

complement and partially replace ACT determination in cardiac
surgery and interventions with extracorporeal circulation and lead to
a more rational dosing of heparin and protamine.

B RESULTS AND DISCUSSION

A clear solution of blood plasma from heparinized blood turns
visibly turbid if protamine is added. This indicates formation of
nanoscale particles from complexes formed either by heparin—
protamine interaction or by interaction with plasma proteins. The
latter can be excluded since turbidity is also observed for the same
heparin:protamine ratio in a phosphate-buffered physiological saline
solution (PBS) with or without human serum albumin (HSA). In
contrast, no turbidity is obtained after protamine is added to plasma
samples containing no heparin.

Turbidity measurements with conventional spectrophotometers
suffer from badly defined scattering angles in the forward direction
as well as from an unknown fraction of multiple scattering. We have
thus analyzed the formation of complexes between heparin and
protamine by light scattering at well-defined angles.

Figure la shows the time course of the light intensity at a
scattering angle of 45° for plasma from heparinized blood after
addition of protamine. The scattering intensity is given in arbitrary
units (counts). The initial nonzero scattering intensity before
addition of excess protamine, termed background scattering, arises
from residual cell debris and macromolecular aggregates which are
present in blood plasma in spite of the centrifugation process. This
background scattering can be further reduced by a second cen-
trifugation procedure at higher g values (data not shown). As an
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Figure 2. Light scattering intensity (Al se) as a function of the heparin
concentration.

alternative to centrifugation, cell separation techniques based on
filtration can be used.

After addition of protamine, a rapid increase of scattering light
intensity is observed which reaches the final amplitude after
approximately 5—10 min. The difference between the initial and
final scattering intensities, Alyse, is related to the nanoparticles
formed from heparin and protamine in the plasma sample. The
time course of the increase of scattering intensity appears simple
and would at first sight suggest a treatment as first-order kinetics.
In that case, the half-time would be on the order of 1—2 min.

Figure 1b shows time courses for the light scattering intensity
at 45° for plasma samples with different heparinizations between
3 and 24 IU/mL. These values represent heparin concentrations
typical for cardiac surgical interventions, for example, in coronary
bypass surgery with or without extracorporeal circulation. More
complex time courses are observed for lower heparin content,
rather resembling nucleation reactions. In general, they exhibit a
lag time followed by an increase that becomes faster with higher
heparin concentration. Very similar time courses were obtained
for the analysis of turbidity upon self-assembly of microtubili and
non-native protein aggregation.27’28

The difference between initial and final scattering, Al,, as a
function of heparin present in the plasma sample is shown in
Figure 2. For low heparin concentrations, a linear relation between
heparin content and scattering change is obtained, which is expected
for particles of similar size condensed from heparin and protamine.
At higher heparin concentrations, a deviation from linearity toward a
saturation behavior is observed. A plausible explanation for this
phenomenon is the multiple scattering of light where the probability
of a scattered photon to undergo a second scattering process
increases with increasing particle concentration. Indeed, a linear
relation over the entire concentration range can be restored if the
path length in the scattering cuvette is reduced or the heparinized
plasma is diluted before scattering analysis (data not shown).

Comparable time courses are obtained for plasma heparinized
with LMWH and UFH, and calibration curves have been obtained
for both heparin types. Moreover, similar time courses are obtained
if physiological saline solutions, containing heparin with or without
HSA, are used instead of plasma (data not shown).

For an estimation of the size of these particles from light
scattering, the precise angular dependence of the scattering
intensity is required. In a semiquantitative analysis (data not
shown), we have obtained satisfying estimations of particle sizes
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Figure 3. Titration of heparin (Clexane) model solutions in PBS/HSA
with protamine. The scattering intensity at 45° was taken after 20 min.

by analyzing the ratio of scattering intensities at 45° and 135°. On
the basis of an estimation by using latex model particles of 182 and
246 nm diameter, it appears that the time-dependent increase of
turbidity or of the scattering intensity at 45° is related to the
formation of nanoscale particles in the range of 20—100 nm.

Since particle formation is also observed in the absence of HSA,
although at different sizes and kinetics of formation, there are good
reasons to assume that they represent heparin—protamine hetero-
oligomers. As a further control, scattering experiments with HSA in
PBS buffer were performed. Neither the addition of heparin to an
HSA solution nor the addition of protamine to an HSA solution
induces an increase of light scattering. Electrostatic binding of
heparin and protamine to HSA is expected under these conditions,
but will be limited because of high salt concentration. Nevertheless,
no large hetero-oligomeric complexes are formed under these
conditions, thus excluding the participation of HSA in the complex
formation between heparin and protamine.

To investigate the stoichiometry of these hetero-oligomers, we
have titrated heparin model solutions (heparin in PBS/HSA)
with different LMWH concentrations (Clexane) with protamine
(Figure 3). Complex formation was allowed to proceed for
20 min. Light scattering at 45° for red light (4 = 635 nm) indicates
that particle formation moderately starts at a heparin:protamine
ratio of 1:1 but is strongly enhanced as soon as a heparin:protamine
ratio of 1:2 is reached. No further scattering increase is observed
upon an increase of protamine excess beyond this value. We take this
as evidence that neutralization of low molecular weight heparin, the
molecular weight of which is similar to that of protamine, requires a
2-fold excess of protamine and that the hetero-oligomeric complex
may be written as (heparin—protamine,),, with n exceeding 2000,
which corresponds to an MW of more than 40 MDa (supposing
an MW of the heparin—protamine complex of ~20 kDa and a
partial specific volume (7) of the complex of ~0.6 mL/g
(assuming that for heparin is 0.45 mL/g”)).

To determine more precisely the size and size distribution of
these particles, we have performed an analysis of sedimentation
velocity by analytical ultracentrifugation. A sedimentation velo-
city experiment is the commonly used technique for the deter-
mination of sedimentation groﬁles as well as for size distributions
of nanoparticle solutions.>® Recently, analytical ultracentrifuga-
tion (AUC) has been applied to protamine—oligonucleotide
nanoparticles to characterize the size distribution and stability of
the nanoparticles.”® Figure 4 shows particle size distributions of
the particles formed from protamine and UFH and LMWH,
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Figure 4. Size distribution of heparin—protamine complexes as ob-
tained by analytical ultracentrifugation (in the framework model Is-g*(s)
using the program sedfit of P. Schuck®®): (a) UFH, 3 IU/mL; heparin:
protamine = 1:2 (IU/IU); blue trace, with 50 mg/mL HSA; black trace,
no HSA; (b) LMWH, 3 IU/mL; heparin:protamine = 1:2 (IU/IU); red
trace, with 50 mg/mL HSA; black trace, no HSA.

respectively, in the absence and presence of HSA. In all cases, an
excess of protamine over heparin of 2:1 (IU/IU) and heparin
concentrations of 3 IU/mL were used, and sufficient time was
given for stable particle formation (cf. Figures 1 and 2). The
analysis of sedimentation velocities yielded an average particle
radius of approximately 30 and 60 nm for UFH and LMWH in
the presence of HSA, respectively. In the absence of HSA,
complexes formed from heparin and protamine exhibit an
average particle radius of approximately 100 and 80 nm for
UFH and LMWH, respectively. Size distributions are much
narrower for UFH and LMWH in the presence of HSA. A
particle size of 30 nm (UFH) corresponds to a molecular mass of
up to 100 MDa.

The size of the nanoparticles determined by AUC is in good
agreement with particle sizes determined by atomic force micro-
scopy (AFM). Particles formed in blood plasma solution containing
15 TU/mL Clexane and 45 IU/mL protamine were transferred to
glass slides (cf. the Experimental Section given in the Supporting
Information). Round objects were observed with approximately
50—80 nm diameter after correction with the cantilever radius
(Figure Sa). The height profile (Figure Sb) shows substantially
lower values, suggesting that the particles might have collapsed upon
exposure to air or due to the sticking at the glass slide.

Heparin—Protamine Particles: An Essential Step for the
Antagonistic Action of Protamine? Since nanoparticle formation
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Figure S. AFM picture of the heparin—protamine nanoparticles
formed in blood plasma (15 IU/mL Clexane, 45 IU/mL protamine):
(a) x—y scanning map, (b) height profile of the particle shown in (a).

between heparin and protamine is observed not only in blood
plasma, but also under conditions where HSA is not present, we
conclude that these particles also form in full blood upon antag-
onization of heparin. Earlier, protamine —heparin nanoparticles were
observed in water and after intravenous injection of protamine and
heparin in rabbits.** The diameters of these particles were between
50 and 500 nm. Figure 6 represents a simplified scheme for the
presence of heparin and protamine in blood plasma or full blood.

In normal human blood plasma, AT III is present in a con-
centration of approximately 2.3 UM+ In contrast, HSA is
available at very much higher concentration, approximately
1 mM (A). Addition of heparin leads to tight binding of heparin
to AT III (B), which amplifies its action and thus leads to reduced
blood coagulation. Heparin also binds to HSA, although less
tightly. Nevertheless, much of the heparin is bound to HSA
simply because of its high concentration. If protamine is added, it
tightly binds all heparins, the ones previously bound to AT III as
well as the ones previously bound to HSA (C). AT III is thus
deregulated again, and blood coagulation is restored to its normal
value. Finally, the heparin—protamine complexes condense, by
some yet unknown mechanism, to form the nanoparticles that
have been observed (D).

The time courses observed for nanoparticle formation can be
understood on the basis of a simple kinetic scheme (Figure 7)
correlated with the graphical representation shown in Figure 6.
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Figure 6. Simplified scheme for heparin and protamine action in blood plasma.
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Figure 7. Kinetic scheme for heparin binding, protamine action, and
nanoparticle formation.

The equilibrium (horizontal) between AT III and heparin (Hep)
and their bound version, AT III—Hep, is essentially on the left
side. In contrast, the equilibrium (vertical) between Hep and
HSA and their bound form, HSA—Hep, represents a high
on—off rate for heparin. Furthermore, heparin can bind to many
other heparin-binding proteins (HBPs) in blood with different
affinities. As soon as protamine is added, the binding of heparin
and protamine leads to a tight complex and draws heparin from
the equilibria with AT III as well as with HSA and other HBP.
HSA, in this scheme, can act as a huge buffer for heparin
molecules and thus regulates the forward reaction constant for
Hep—protamine (Prot) formation. Finally, Hep—Prot com-
plexes condense to (Hep—Prot), nanoparticles, which further
reduce the reverse rate from Hep—Prot to Hep + Prot.

This kinetic scheme can explain the rate at which the nano-
particles are formed and which was directly observed by light
scattering measurements. It could further explain the differences
in particle size and size distribution in the absence or presence of
HSA (Figure 4), since condensation of a heparin—protamine
hetero-oligomer should depend on the rate of availability of one
of the partners.

Heparin and Protamine Binding to Blood Proteins. Be-
cause of its negative charge, heparin is bound unspecifically by
many different molecules. About 50 heparin-binding proteins
were identified in whole plasma.*® Most of them are present only
in micromolar concentrations and exhibit dissociation constants
in the range of 10—100 nM. Heparin binding to these proteins
could potentially reduce the apparent activity of therapeutically
administered heparin and thus modulate its biological activity.*®
Protamine is also physiologically active and can release some cell
surface proteins to plasma if present at a high dose. An involvement
of protamine in inflammatory reactions has also been reported.”” The
structural similarity of heparin to the cell surface and matrix glycan

heparan sulfate gives rise to the anti-inflammatory activity of heparin.
The routine use of heparin antagonists such as protamine is thus
questionable; at least its dosing should be based on a precise deter-
mination of the heparin level.

Heparin Monitoring. At present, clinical administration of
heparin follows empirical rules. The hemostatic status of the
patient is typically monitored with the ACT test. The ACT test
can be performed on full blood and is considered as a point-of-
care procedure. Other tests, such as the activated partial throm-
boplastin time test (aPTT), are rather laboratory tests to assess
the overall competence of the patient's coagulation system.

Patients undergoing surgical intervention that requires an extra-
corporeal circuit with the heart—lung machine (HLM) receive the
highest heparin doses. An initial dose (typically 30000— 50000 IU)
is given in addition to the heparin required to maintain the
extracorporeal circuit, and ACT is expected to rise to 600—
1000 s. Once the desired coagulation state is reached, the heparin
level has to be kept constant over hours by additional heparin
dosing. Finally, at the end of the intervention, an adequate dose of
protamine is required to restore normal coagulation. It is general
practice in clinics that an ACT determination is made before initial
heparinization, and a second one a few minutes after that.
However, additional heparin dosing in the course of the surgery is
frequently given without information on the actual heparin level,
and protamine dosing is frequently estimated by a rule of thumb,
for example, an amount sufficient to antagonize the initially given
amount of heparin at the beginning of intervention. Different
clinics report variations in these rules.

Both procedures, additional heparin dosing and protamine
dosing, bear the risk of pathological thrombus formation or
serious hemorrhagic complications. Underdosing of additional
heparin in the course of an intervention may result in a coagula-
tion state that can lead to blood clotting, while overdosing can
result in bleeding. With protamine dosing, it is even more
complex. Underdosing of protamine can lead to bleeding,
because a substantial level of active heparin is still present.
Overdosing of protamine also leads to a risk of bleeding, since
protamine alone at higher concentrations exhibits anticoagulant
activity. Ideally, dosing of heparin and protamine both should hit
a small therapeutic window.

Heparin—Protamine Nanoparticle Formation as the Basis
for a Quantitative Heparin Determination. At present, no
procedure is available to allow a direct and quantitative measure-
ment of heparin concentration in blood as a point-of-care test.
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Chromatographic determination of heparin is possible, but it is
time-consuming and labor intensive and thus only feasible in the
central laboratory of a hospital. We propose to use the formation
of heparin—protamine nanoparticles reported here as a quick
and easy test for the measurement of the actual heparin level in
blood.*® This test requires a blood volume of 1—3 mL, which is
compatible with the requirements during routine surgical inter-
ventions, even in children. The blood can be taken from the
basilic vein or directly from the heart—lung machine. The
centrifugation process to obtain a clear plasma sample from full
blood accounts for less than S min, and can most probably be
replaced by a filtration/separation technique. Finally, a test kit
consists of a clear plastic tube that serves as a cuvette for the light
scattering measurement and already contains the excess prot-
amine, freeze-dried, in solution, or as a coating at the inner wall.
The point-of-care test can thus be performed in a few minutes,
which comfortably matches the time for an ACT test. Further-
more, heparin testing could be even faster for high concentra-
tions than for very low concentrations, because formation of
the nanoscale particles proceeds much faster (cf. Figure 1b). The
performance of this test was analyzed through a calibration and
validation series of heparinized blood (data not shown). The
sensitivity, accuracy, and reproducibility were found to be more
than sufficient for clinical application.

We have already performed a clinical study of the applicability
of this heparin level test during open heart surgery with 50
patients at the University Clinics of Frankfurt, Germany, using a
simplified version of the light scattering device with a collimated
red light-emitting diode (LED) light source centered at 635 nm
and photodiodes at two scattering angles at 45° and 135°,
respectively. The detailed results of this test will be reported
elsewhere. Briefly, the test shows that for a high fraction of the
patients (~2/3) both the rules of thumb for dosing of heparin
and protamine as well as the control by ACT work reasonably
well. However, for a substantial fraction of the patients, neither
does the ACT test yield reliable results nor does the blood
coagulation state at the end of the surgery match the optimum
values. This is presumably the important fraction of patients that
would greatly benefit from a precise determination of the actual
heparin level to calculate additional heparin or protamine dosing,
With a rational blood coagulation management, the intra- and
postoperative risk of bleeding or pathological thrombus forma-
tion could be minimized.

B ASSOCIATED CONTENT

© Supporting Information. Full experimental details and
further AFM images of heparin—protamine nanoparticles. This
material is available free of charge via the Internet at http://pubs.
acs.org.
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