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Analysis of the Binding of Cytokines to Highly Charged

Polymer Networks
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and Matthias Ballauff*

1. Introduction

A model describing the binding of biological signaling proteins to highly

charged polymer networks is presented. The networks are formed by
polyelectrolyte chains for which the distance between two charges at the
chain is smaller than the Bjerrum length. Counterion condensation on such
highly charged chains immobilizes a part of the counterions. The
Donnan-equilibrium between the polymer network and the aqueous solution

b

with salt concentration ¢/ is used to calculate the salt concentration of the co-
and counterions c¢ entering the network. Two factors are decisive: i) The
electrostatic interaction between the network and the protein is given by the
Donnan-potential of the network and the net charge of the protein. In addition
to this leading term, a second term describes the change in the Born-energy of
the proteins when entering the network. ii) The interaction of the protein with
the highly charged chains within the network is governed by counterion
release: Patches of positive charge at the protein become multivalent
counterions of the polyelectrolyte chains thus releasing a concomitant
number of condensed counterions. The model compares favorably to
experimental data obtained on a set of biohybrid polymer networks composed
of crosslinked glycosaminoglycan chains that interact with a mixture of key

signaling proteins.
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Polymer networks bearing charges have
been a long-standing subject of polymer
science.’?l Immersed in water these
hydrogels will swell until the osmotic
pressure of the counterions inside the
gel is balanced by the retractive force of
the polymer networks.[!! The salt concen-
tration within the gel is adjusted by the
Donnan-equilibrium with the reservoir and
the degree of swelling of the network is
depending on the ionic strength. These
basic features are largely understood by
now! 2l and the analytical theory of weakly
charged networks, that is, of networks
where the distance between the charges
along the polymer chain b is more than the
Bjerrum length I is well-developed.(**]

Charged hydrogels can take up and bind
proteins from aqueous solution. This phe-
nomenon has been discussed by various au-
thors and a review can be found in ref.[5]
Charged microgels are particularly suited to
study this process since adsorption equilib-
rium can be attained in a short time.[612]
This fact could be used to investigate the dependence of pro-
tein adsorption on various parameters, such as, e.g., the ionic
strength in the system.!'3] Moreover, adsorption of two different
proteins has been studied™ which presents an important step
towards a quantitative investigation of the competitive adsorption
and desorption of a mixture of proteins with temporal resolution
(Vroman effect; see the discussion in ref.[15]). Micron-sized gel
particles are equally well-suited to analyze and model the kinetics
of protein uptake with spatial resolution.®) These investigations
have clearly revealed that the diffusion of the proteins to the sur-
face of the gel is the rate-determining step.®1%]

A quantitative model for the uptake of proteins to weakly
charged networks has been developed some time ago by Yigit,
Dzubiella, et al. and applied to the uptake of a single protein!3]
and to the competitive adsorption of proteins.!'*] The theory of
Yigit et al. considers only weakly charged networks.['*] Hence, the
electrostatic interaction was mainly determined by the monopole
term deriving from the Donnan-potential of the network and
the net charge of the protein.[}] The Born energy that describes
the solvation of a charged protein in solutions of different ionic
strength was added as a further term to the free energy of bind-
ing. The comparison with experimental results demonstrated
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Figure 1. Scheme of a highly charged and hydrated polymer network consisting of two building blocks, namely, uncharged, star-shaped poly(ethylene
glycol) (starPEG) and negatively charged glycosaminoglycans (GAG) (see the details in refl38l). The GAG-chains are crosslinked by the tetrafunctional
polyethylene glycol stars (starPEG) as it has been described in detail in refl3] where all experimental work has been performed. Three equilibria are
considered: i) The concentration of the anions and cations inside the network are adjusted by a Donnan-equilibrium with the concentration in the
reservoir; ii) Cations which are condensed to the charged segments ([IMAGE]; marked in light red) within the network are in equilibrium with the free
cations ([IMAGE]; marked in dark red) in the network; and iii) The proteins in the reservoir are in equilibrium with the proteins bound to the network.
The positive surface patches of the proteins interact closely with the highly charged GAG-chains thus releasing a concomitant number of counterions.

The entropic gain by this process is an important driving force for binding of proteins to a such highly charged networks.

that this theory needs just one adjustable parameter to describe
the binding constant.['*!*l With this parameter which was ex-
plained by hydrophobic interaction, theory could predict the com-
petition of two proteins on such a weakly charged network with
remarkable success.!'*] If, however, the distance between charges
along the polymer chains b is less than the Bjerrum-length I (I,
= ¢’ [4me ekT; e: elementary charge; €,: permittivity of vacuum; e:
dielectric constant; k: Boltzmann constant; T: temperature; I, =
0.71 nm for water at 25 °C)!*] counterion condensation sets in.!¢!
In this case, the charge parameter & = /b of the polymer chains
of the network is larger than unity, and a fraction of the counteri-
ons given by 1-1/¢ will be condensed to these chains.'*!”] Hence,
these condensed counterions will no longer contribute to the os-
motic pressure in the system which must be taken into account
for the calculation of the Donnan-potential as well. The swelling
equilibria in such networks must hence use the effective charge
density of the chains given by the fraction of free charges with-
out condensed counterions."®191 To the authors* best knowledge,
there is no treatment yet for the protein adsorption to such highly
charged networks.

Complex formation of proteins with highly charged free poly-
electrolytes, on the other hand, is a long-standing and rather well-
understood problem of research.[>?0-24] Proteins can be bound to
such polyelectrolytes and this interaction can lead to phase sepa-
ration at higher concentrations (“complex coacervate”; cf. ref.[20,
22, 25]). Recent work has shown that the binding of proteins to
highly charged polyelectrolytes characterized by a charge param-
eter & > 1 is mainly determined by counterion release: Patches
of positive charge on the surface of the protein will become a
multivalent counterion of the polyelectrolyte thus releasing a con-
comitant number An; of counterions.[2°3] A review of this work
and possible medical applications has been presented recently.3!]
Hydrophobic interaction, namely, the release or uptake of wa-
ter molecules during complex formation can be included in this
model as well.3233] It rests to extend these considerations to a
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model that would allow us to understand the interaction of highly
charged networks with proteins.

Here we develop a theoretical model that is capable of describ-
ing the interaction of proteins with highly charged networks. The
study is motivated by the fact that biomolecular signals in liv-
ing matter are modulated by the interplay of globular proteins
with highly charged polymer structures, designated as sulfated
glycosaminoglycans (GAG), as they appear within the glycoca-
lyx of the cell or the extracellular matrix (ECM) as, e.g., in the
glycocalyx of the cell.?*37] Moreover, charged hydrogels can be
used for medical applications to sequester or release signaling
molecules.® Thus, sulfated glycosaminoglycan-based hydrogels
with varied GAG content and GAG sulfation pattern were pre-
pared and applied to sequester cytokines for resolving inflam-
mation and thereby supporting wound healing.[?** GAGs are
highly charged polymers that constitute important components
of the ECM.B+%7]

The aim of the present work is a fully quantitative understand-
ing of the experimental data given in ref 38! for protein interac-
tions with different GAG-based hydrogels. Figure 1 displays the
overall structure of the hydrogels studied in ref.,*®! GAGs such
as heparin or selectively desulfated heparin are crosslinked with
4-arm star-shaped poly(ethylene glycol) (starPEG) to form cova-
lent networks.*®) For simplification details of the crosslinking
chemistry and the particular properties of the respective build-
ing blocks have been omitted in Figure 1 but are given in ref.[38]
The architecture of these networks allows us to vary the decisive
parameters of such systems within wide limits: First of all, the
number of GAG-units within the network can be adjusted pre-
cisely. The overall concentration of charged units c, is thereby
fixed and the concentration of GAG-chains and with this the con-
centration P1 of charges in swollen networks is known accurately.
Parameter P1 hence could be varied over a wide range from 0.001
to 0.12 mmol ml~!. The GAG-units used to form the network
can be selectively desulfated so that the second parameter P2, the
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Table 1. Molecular weight and isoelectric points of the cytokines used in
the experimental study of protein adsorption to GAG-networks.[38] The
concentration ¢, o is the overall concentration of a given protein used in
the adsorption experiments. Uniprot ID: cf. www.uniprot.org.

Protein class Name Mwt [kDa] IEP Coror0 /PM Uniprot ID
A VEGF-A 38.2 9.2 0.097 P15692
bNGF 13.5 9 0.302 P01138
IL-8 8.9 9.2 0.233 P10145
MCP-1 8.7 9.4 0.391 P13500
B MIP-1 alpha 7.7 4.8 0.244 P10147
MIP-1 beta 7.8 4.8 0.634 P13236
C IL-6 20.8 6.2 0.230 P05231
TNF-alpha 17.4 7 0.246 P01375
D EGF 6.2 4.8 0.275 P01133
GM-CSF 14.5 5.2 0.478 P04141

number of sulfate groups per GAG-unit in the network divided by
the molecular weight of the repeating unit can be adjusted inde-
pendently from parameter P1. Parameter P2 directly defines the
charge parameter & by adjusting the number of charges per re-
peating unit. Evidently, both parameters fully characterize these
networks: Parameter P1 gives the overall charge density in the
swollen state. If parameter P2 is small, the adsorption of pro-
teins to such weakly charged networks can be treated in terms of
the theory developed by Yigit and Dzubiella."™**] If, however, pa-
rameter P2is increased, the charge parameter £ will exceed unity
and the chains of this highly charged network will interact with
proteins mainly via the counterion release mechanism.['7:3132] Tt
should be noted that details of the crosslinking procedure nor
the polymer network architecture does not matter for the out-
come of the subsequently discussed theoretical modeling of pro-
tein interactions with the hydrogels as long as two design cri-
teria are fulfilled: (I) Sterically restrictions to protein transport
should be neglectable and (II) the charge related parameters P1
and P2 should be precisely controllable but satisfying in parallel
before mentioned sterically restrictions. Given the fact that the
networks used in ref.[38] have a mesh size of 10 to 13 nm in the
swollen state which is much larger than the typical dimensions
of the proteins that have been studied the (1) criteria is fulfilled.
We thus deal with highly hydrated polymer networks (i.e., hy-
drogels) in which possible steric interactions or diffusional bar-
riers do not play any role for the adsorption of proteins. Fur-
thermore, the synthesis strategy that have been used in ref.[38]
for the experimental work did allow to precisely and indepen-
dently control of the charge parameters P1 and P2 over a broad
range.

Using these networks characterized by different parameters
P1 and P2, adsorption studies with mixtures of biomedically
important cytokines with different surface charge characteris-
tics were conducted.®®! Table 1 gathers the molecular weight
and the isoelectric points of the cytokines used in this study.
Cytokines grouped into (A) are strongly basic proteins with an
isoelectric point (IEP) > 9.0. Cytokines in group (B) are over-
all acidic proteins (IEP 4.8) that possess a positively charged
heparin-binding domain. Group (C) contains weakly charged or
neutral proteins of an IEP between 6 and 7. Finally, group (D)
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gathers acidic proteins with an IEP smaller than 5.5 that display
no heparin-binding domain. Adsorption experiments were done
as follows!*®): Micron-sized slices of defined GAG-hydrogels were
equilibrated with highly diluted mixtures of these cytokines in a
buffer.?®! The salt concentration was set in all cases to 150 mM
to match physiological conditions. Table 1 gathers the concentra-
tions of the respective proteins within the mixture. The degree
of adsorption was determined by analyzing the composition of
the supernatant after 24 h of contact using a multiplex assay. In
this way, the sequestration of medically important cytokines by
GAG-hydrogels could be determined quantitatively. Further ex-
perimental details are given in ref.[38] and further papers cited
therein.

We compare these experimental datal®®! to a simple semi-
quantitative theory of protein adsorption on highly charged net-
works developed here. For this purpose, we combine the theory
of Yigit and Dzubiellal**! with recent work on the interaction of
free polyelectrolyte chains with proteins.[3%3245] The main goal of
the present work is an understanding and modeling of the forces
that lead to the adsorption of different proteins to the polymer
network.

1.1. Theory

We start with the definition of the system as given in Figure 1, We
consider a gel composed of negatively charged chains immersed
in an aqueous solution of monovalent ions with concentration
¢,”. For the sake of simplicity, we assume that the charged moi-
eties of the network are fully dissociated. Proteins are modeled
as spheres with radius R, and net charge number z, that results
from the balance of number N. of negative and N, of positive
charges on its surface. The number of charged units N, per gel
volume V,,, defined the charge concentration P1 within the gel.
For a direct comparison with the systems depicted in Figure 1 the
charge within the network comes solely from the known number
Ngac of GAG chains each of which carries n 4 charges. There-
fore, we have for the concentration of charges within the network
P1 = ¢, = ngacNgac/ Vg These chains are highly charged, that
is, the average distance between the charges along the contour
of the chain is smaller than the Bjerrum length Iy ~ 0.7 nm.
For the fully sulfated repeating unit of heparin a charge parame-
ter & = 2.84 was found.*"] The analysis given there furthermore
showed that the carboxyl-group of heparin is fully charged at neu-
tral pH.[*®) The network is immersed in a reservoir with the con-
centration c,,,; of a given protein in a buffer at physiological salt
concentration.

The present model disregards any steric interaction of the pro-
teins with the network. In principle, the uptake of a protein re-
quires work against the osmotic pressure of the network that can
be treated in terms of a semi-dilute polymer solution (see the dis-
cussion of this point in ref.[47]). Hence, the free energy of the up-
take of a single protein with volume V,,,, will scale as V,,,,/& o’
where £, is the correlation length of the polymers in the net-
work. The length £, can be estimated to be between 4 and
9 nm whereas the proteins under consideration here are small
and have dimensions of ~#2 nm only. Therefore, the contribution
due to steric interaction will be of the order of kT at the most
and can be safely dismissed. In addition to this, the excluded
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volume interaction among the proteins is disregarded since it
comes into play only at high protein concentrations within the
network.!131448] Also, the network is assumed to be entirely ho-
mogeneous so that boundary effects due to a surface layer can be
disregarded. The electric field would be finite in such a boundary
layer and its interaction with the dipole moment of the protein[*’!
would come into play as discussed recently by Androher-Benitez
et al.l*8]

As shown in Figure 1 we have to consider the following equi-
libria:

i. The Donnan-equilibrium between the ions inside and out-
side the network. For a given salt concentration ¢,” outside
the network we require the concentration c¢?# of the ions that
penetrate the network from outside.

ii. Counterion condensation will take place on the highly
charged GAG-segments within the network until the effec-
tive charge parameter is unity, exactly in the sense of Man-
ning’s theory.’¥l Hence, a part of cations 1 — 1/¢ within the
network will be bound firmly to the charged segments and
will not contribute to the osmotic pressure.[']

iii. The interaction of proteins with the polymer network can
now be described with two terms: First, the protein is treated
as an entity having a given net charge z, that interacts with
the network exactly as lined out in ref.[13, 14] (see the de-
tails below). Second, there will be an interaction of the pro-
teins with the highly charged GAG-sequences by counterion
release.l>?’] The driving force for this interaction is defined
by the ratio of the concentration of the cations condensed to
the GAG-sequences to the concentration of cations resulting
from the Donnan-equilibrium.

i) Donnan-equilibrium: The Donnan-equilibrium of networks
has been considered in terms of ideal ions inside and outside
of the network (cf. the review of Quesada-Perez!"l). However,
the ions inside of a network move in the electric field of the
charged polymer chains which will lower their activity. This prob-
lem has first been considered by Katchalsky and Michaeli in 1955
who developed analytical corrections for the classical Donnan-
term.[?] Recently, the activity of ions within charged networks has
been re-considered in great detail by Kosovan, Holm, and their
coworkers.[*3053] The main point of this model is the fact that the
salt concentration c# within the gel is much higher than antici-
pated by the classical Donnan-model. This is due to the marked
decrease in the activity of the counterions because of their strong
interaction with the chains of the network. For the present pur-
pose of a first semi-quantitative discussion of protein adsorption
to GAG-networks obtained at high ionic strength,38 the classi-
cal Donnan-equilibrium suffices and corrections for the higher
ion concentration within the network may be added in a later
stage.

Within the classical Donnan-model, the ratio r of the concen-
tration of salt ions that enter the gel ¢¢ to the respective bulk con-
centration c? follows as!**"!
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1.2. The Donnan-Potential A¢ Scaled by e/kT is Given by

e

AD =
kT

AD =Inr (2)

Since we consider the uptake of small amounts of protein com-
pared to the total charge of the polymer network P1 only, shifts
of the ion concentration within the network by the adsorbed pro-
teins as discussed in ref.[13] can be safely neglected. With the
experimental degree of swelling and the parameter P1 referring
to the swollen network, ¢, = P1 and Equation 1 can be used to
calculate the ratio r.

ii) Counterion condensation: For the highly charged GAG-
segments in the network, the charge parameter & exceeds unity.
Hence, a part of the ions within the network will condense onto
these segments until the charge parameter is unity again. Using
Manning’s theory!"’ the charge density ¢, provided by the GAG-
sequences will therefore be reduced to c,/&. To account for this
effect, Equation (1) must be changed t0[1§,19]

2 1/2
=|{—) +1| -— 3
r [( 2c! 2c! G)
iii) Uptake of protein; weakly charged networks: For the free en-
ergy of the uptake of a protein into this network, we first consider
the contribution already operative in a weakly charged network.
Here Yigit et al. could show that the difference of free energy be-

tween a protein outside and inside a weakly charged gel can be
well approximated as follows!!?]

AG ~ zly [ K,R K,R
zl=sz¢(C?)_P_ gy b™p @)
kT 2R, \1+k,R, 1+4+KR,

where «, and «,, are the inverse screening lengths in the gel and
the bulk, respectively. The first term is the monopole term that
depends on the sign of the z,. For cationic proteins, it is nega-
tive and presents an unspecific driving force for the uptake into
the negatively charged gel. The second term is the Born term re-
lated to the screening of the surface charge of the proteins. This
term denotes the gain of free energy when transferring a charged
sphere of radius R, from a medium of salt concentration ¢, to a
medium with salt concentration ¢,/ £ + ¢£ . The inverse screen-

ing length «, in the gel then follows as!’]

k= (8aly(c, /e +)"” (5)
Hence, the two terms in Equation 4 describe the transfer free
energy when a protein enters into a weakly charged network.
Uptake of protein; strongly charged networks: As illustrated
in Figure 1, a second specific interaction takes place in case of
highly charged networks: The positive patches on the surface of
the protein interact with the charges on the GAG-chains of the
polymer network thereby releasing a number An; of counterions
condensed to these highly charged sections of the chains. In prin-
ciple, this is the interaction of a protein with a free linear polyelec-
trolyte chain in solution studied in detail in a number of previ-
ous investigations.[5:26:27:29:3032.33:46.54] The resulting free energy of
binding AGI™ can hence be determined precisely for various salt
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concentrations c” . In general, the dependence of AG;ree on the

s

concentration ¢, of a monovalent salt can be rendered as!*>!
AGP* = RTAn,Inc® — RT0.036Awc, + AG,, (©)

where An; is the net number of released counterions whereas
Aw denotes the net effect of water release/uptake during bind-
ing as discussed recently.*) This first term will only come into
play when the charge parameter ¢ is larger than unity, that is,
only if counterion condensation takes place on the chains of the
network. Since the number of condensed counterion is given
by 1-1/¢, the effect of counterion release will scale as 1-1/¢ for
a given protein. The second term in Equation 6 containing Aw
is usually quite smalll®**3] and defines hydrophobic interaction.
AG,,, denotes the residual free energy of binding resulting for a
salt concentration of 1 M.2%3] According to previous simulations
this term refers to the interaction of the polyelectrolyte and the
protein at direct contact through salt bridges and/or hydrogen
bonding,*"! i.e., together with Aw it can be attributed to rather
short-range specific interactions between the partners. In the fol-
lowing, we assume that both free energies as given by Equation 4
and Equation 6 add up

AG,=AG,+ AGI” = —RTInK, (7)

where K, denotes the thermodynamic binding constant. Hence,
the total free energy consists of two terms that react differently to
the environment which is mainly defined by c’.

1.3. Evaluation of the Experimental Binding Constant

The experiment conducted by Freudenberg et al.*¥] measured
the depletion of a given cytokine out of a mixture of in total 16
proteins. Table 1 gathers the total concentrations ¢, , of the cy-
tokines in the mixtures used in the adsorption experiments. The
data thus obtained can be evaluated in terms of the competitive
Langmuir adsorption isotherm where each chain in the network
has N binding places from which N,; are covered at a certain
stage by protein i. Therefore the coverage 6, for a protein of sort
i is defined by

Ny,
9. = —2 8
! N ®)

For the Initial Protein Concentration c}‘;mt 0 of Protein I, we have

= + Nbicgac ©

Ci
prot,0 prot,free

The Langmuir Adsorption Isotherm Reads

Khiciro ree .
0= = — i Ii RS Ky o (10)
+ Z b’icprotfree

since Y K, ;¢ <1 for the experimental conditions used in
)17 prot,free
ref.[38] The degree of coverage 0 is given by

i
Cprot,OA
g = ———

, = (11)
N cgag
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with ¢, being the total concentration of the GAG-chains in the
network and A is the amount of bound protein of a given protein
in percent. The binding constant K, follows as
0,' _ C;rot,OA A
N cope (100 — A) ¢ N cgac (100 — A)

prot,0

K,; =

i i
Cprotfnee

(12)

Here it is assumed that the number of free GAG-chains can be
safely equated to the total number of GAG-chains because of the
very low coverage 6.

2. Results and Discussion

The main point of the present analysis is embodied in Equa-
tion 7. Accordingly, the free energy of binding AG, consists of
the free energy AGI of binding of the protein to a single free
polyelectrolyte chain and is related to counterion release effects
and specific interactions. The term AG,; (Equation 4) is due to
the embedding of these polyelectrolyte chains and the protein in
the polymer network. The latter expression is dominated by the
monopole term sza (c?) which depends on the charge of the
chains within the network which thus can be positive or negative.

The second term in Equation 4 is always negative since the salt

concentration within the network will always be equal or larger

than the salt concentration outside, i.e., it will always result in
an attractive contribution for protein binding. The free energy

AGZTee of protein binding to free polyelectrolyte chains, on the

other hand, will be negative in practically all relevant cases if the

salt concentration within the network is small. In this case, it may
dominate and overcome the monopole term in Equation 4, so that
adsorption of negatively charged proteins to anionic networks be-
comes possible. A similar situation arises for negatively charged
polyelectrolyte brushes which may adsorb proteins above their
isoelectric point.>*%! For larger salt concentrations inside the net-

work, on the other hand, AGZrCC may become too small and as a

result no adsorption will take place.

For cationic proteins of type A (Table 1), two cases can be dis-
tinguished:

i. The outside salt concentration ¢ is small. Then the concen-
tration c®will be small and the salt concentration inside the
gels is more or less identical to the concentration c, defined
by the number of charged units. Therefore both AG,; and the
term AG;**’ will become dominant. Strong adsorption of pro-
teins will take place regardless of the charge distribution on
the protein surface.

ii. The gel is immersed into a solution with high salt concentra-
tion (c? ~ 150 mM). Then AG,, will be much smaller since ¢}
is of the order of ¢’. A Donnan-exclusion, that is, ¢; _ is con-
siderably smaller than c?, may occur, however, if the concen-
tration ¢, of charged units with the network is of the order of
cb. It must be noted that only the effective charge density ¢, /¢
comes into play (see Equation 3). Thus, if a high charge den-
sity is induced by chains with & > 1, the resulting Donnan-
exclusion as expressed through the lowering of ¢¢ and with
this the magnitude of AG,; (Equation 4) will be greatly dimin-
ished. Hence, AG, will be dominated by AGyg,., which will be
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Table 2. Survey of the experimental results on the adsorption of proteins to networks.

Gel type 1: PEG-HEP-1 2: PEG-NDHEP-2 3: PEG-HEP-3 4: PEG-HEP-4 5: PEG-60ONDHEP-5 6: PEG-HEP-6
P1/P2 114.5/0.005 112.7/0.0035 112.7/0.005 75.1/0.005 61.58/0.002 35.58/0.005
Ceac/é 1.69/2.84 2.41/1.93 1.67/2.84 1.11/2.84 2.63/0.97 0.526/2.84
A K, 1073 A K, 1073 A K, 1073 A K, 1073 A K, 1073 A K, 1073
A VEGF-A 90 + 1 5.31 86+ 1 2.55 7+4 1.47 5545 1.1 69 +4 0.925 34+38 0.98
bNGF 84+ 7 3.10 79+ 4 1.56 9341 7.97 71+8 2.21 71+4 1.02 54+9 2.23
IL-8 94+ 1 9.24 70 +2 0.969 79 + 1 2.26 N+7 2.21 45+3 0.340 55+6 2.32
MCP-1 95 11.21 88+ 1 3.05 81+ 1 2.56 70+9 2.10 45+ 4 0.339 51+38 1.98
B MIP-Talpha 58 +3 0.815 4141 0.288 67 +2 1.22 5345 1.02 21+4 0.1 3543 1.02
MIP-1beta 56 + 2 0.751 38+3 0.255 66 + 1.16 49+7 0.87 23+3 0.124 3243 0.89
C IL-6 24 +5 0.186 845 0.036 61+ 0.938 42+4 0.65 17+8 0.085 22+5 0.536
TNF-alpha 39+3 0.377 25+3 0.138 56+ 4 0.763 46+ 6 0.767 25+ 4 0.138 26+4 0.668
D EGF 745 0.044 8+3 0.036 24 + 0.190 122 0.123 M1 0.051 743 0.143
GM-CSF 6+2 0.37 41 0.017 27+ 1 0.22 16 +2 0.172 1M+3 0.051 6+3 0.121

p

—

: charge density in swollen gel in mM (mmol L™'), Ccac in mmol L™

smaller but still of appreciable magnitude when compared to
case i). In this way, the polyelectrolyte chains of the network
interact with the proteins much in the way of free chains.

For proteins of type B, the Donnan-term AG,; will be positive
since the overall charge of the proteins is negative as well. How-
ever, the heparin-binding domain will strongly interact with the
chains within the network which is followed by a negative con-
tribution AGy,,. which ultimately can lead to binding of the pro-
tein. In addition to these terms due to electrostatic interaction,
hydrophobic interaction as embodied in the second term of Equa-
tion 6 may lead to protein adsorption even in cases where the
electrostatic attraction is not operative anymore. This effect will
be operative for the proteins of class C and D and may lead to
binding in absence of electrostatic effects.

Table 2 summarizes the main results on the interac-
tion of the well-characterized GAG-networks>’! with different
cytokines.[?84258-60] Here we evaluate the data of six networks
differing in charge density P1 and parameter P2 defining the
charge parameter ¢ of the chains. System PEG-HEP-1 possesses
the repeating unit of heparin with the highest charge density
leading to a charge parameter & = 2.84 (see the second row
of Table 2). The calculation of £ has been done as lined out
recentlyl*l: The repeating unit of heparin has a length of 1 nm
and bears 4 charges. The length b per charge is therefore 0.25
and & = I;/b = 2.84. The other systems bear less charges per
repeating unit which leads to a concomitantly smaller P2 and
. The other decisive parameter is c.,, the molar concentra-
tion of heparin or modified heparin chains per volume. Hence,
these systems allow us to change the overall charge density P1
by considering systems 1, 3, 4, and 6 while keeping parameter
P2 and thus ¢ constant. On the other hand, comparing results
from systems 1, 2, and 5 will show mainly the influence of the
local charge density as expressed through &. The concentration
ccac and parameter P1 refer to the swollen networks and can di-
rectly be used to calculate the Donnan-equilibrium according to
Equation 4.

Macromol. Biosci. 2023, 23, 2200561 2200561 (6 of 9)

To these networks mixtures of cytokines of type A to D (cf. Ta-
ble 1) have been added.*®! The concentrations of the cytokines
in these solutions are extremely small (cf. Table 1) which justi-
fies the approximation made in Equation 10. The depletion of a
given cytokine in solution after equilibration with the network
was measured which leads to the amount of protein adsorbed to
the network. Table 2 gathers the percentage A of adsorbed pro-
tein for a given network. Equation 12 then leads to the binding
constant K, tabulated for each combination of a network and a
given cytokine (cf. Table 2). In this calculation, the number of
adsorption sites N per chain in the network is not known. How-
ever, we can compare the present system to our recent experi-
ments in which the binding of lysozyme to heparin has been
analyzed.[*®! Previous work has demonstrated that lysozyme is
a good model for cytokines.[?’] For free heparin chains, we found
that ~6 lysozyme molecules are bound at a heparin chain of
molecular weight 16 000.14] Since N cannot be evaluated from the
present experiments for a given network and protein, we set this
parameter to unity in all calculations presented here. Evidently,
Equation 10 works best for A-values between 10% and 90%. For
stronger or weaker degrees of adsorption, the experimental error
of K, will become too high, and data deriving from these data
will not be considered in the subsequent discussion. Hence, only
a part of the data given in ref.[38] could be evaluated here. The
binding constants K, summarized in Table 2 may then be con-
verted to the binding free energy AG, via Equation 7.

The values for cytokines of type A and the respective free
energies of binding gathered in Table 2 are much smaller than
anticipated from data obtained for heparin/lysozyme extrapo-
lated to a salt concentration of 0.15 M.[*6] A direct comparison
can be done for VEGF-A where the binding constant with hep-
arin and heparin oligomers had been measured by Zhao et al.l®!]
The binding constant K, for VEGF/heparin was found to be of
the order of 107 M. Smaller values down to 10°, however, are
found for heparin-oligomers. This finding points to the fact that
a minimum length of heparin oligomers is necessary for the
electrostatic binding of proteins.[®?]
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Figure 2. The binding constant K}, obtained for IL-8, VEGF-A, and for EGF is plotted against the charge density P1 in the network while keeping the
charge parameter ¢ constant. The data have been derived (from left to right) for systems 1, 3, 4, and 6 (cf. Table 2). The line shows the model calculation
for the binding constant based on Equation 7. See text for further explanation.

The different data may first be discussed by comparing cy-
tokine adsorption to polymer networks 1, 3, 4, and 6 where the
overall charge density P1 is being changed systematically while
keeping parameter P2 and thus & = 2.84 constant. In this way
mainly the influence of the term AG, in Equation 7 is probed.
The parameter An; in Equation 6 remains constant because it is
strongly dependent on the charge parameter £.

Figure 2 explore the consequences of the charge density of the
network by showing the binding constant K, as the function of
P1. The data have been derived (from left to right) for systems
6, 4, 3, and 1 (cf. Table 2). Here the results for just three pro-
teins are shown, namely for IL-8 and VEGF-A which are proteins
of class A (see Table 1) and EGF which belongs to class D. The
binding constant for proteins of type A are highest and decreases
subsequently for classes B to D. A similar trend is observed for
the other proteins from class A, namely, K, is decreasing with
decreasing P1 while the charge parameter is kept constant. The
effect is small, though outside of experimental error.

In order to understand the effect of AG, in more detail, a
simple model calculation is done: For a temperature T'= 298K we
can estimate AGiree to be of the order of 5 — 6 kT. This magnitude
can be derived from the first term of Equation 6 assuming that
3 counterions are released during binding into a solution with a
salt concentration of 0.15 M. Hence, AGE“/kT =-5.69. AG,/kT
can be estimated from Equation 4 with neglect of the Born-term
to be — 1.33 for system 1 (see Table 2). A concomitantly smaller
value follows for systems 3, 4, and 6. The red line in Figure 2
indicates the resulting binding constant K,. The changes of
K, seen in the experimental data for VEGF-A are comparable
to the changes effected by the Donnan-potential. However, the
present limits of error do not allow us to do a fully quantitative
comparison.

Similar observations can be made for all proteins of class A
indicating a small but finite contribution from AG,,. For the pro-
teins of class B this effect can no longer be observed but the over-
all negative charge will lead to a repulsive monopole term (first

Macromol. Biosci. 2023, 23, 2200561 2200561 (7 of 9)

term in Equation 4). The same holds true for proteins of classes
CandD.

A comparison of the data obtained with systems 1, 2, and 5 al-
lows us to check the influence of the charge parameter &. System
5 has a slightly lower charge density P1 as systems 1 and 2. How-
ever, the foregoing discussion has revealed that the influence of
charge density is rather small, except for system 1. To a first ap-
proximation, we can rationalize the binding constant K, for a
varying charge parameter ¢ in the following way: As already ar-
gued above, a fraction 1-1/¢ of the counterions will be condensed
to the chains.['®! Hence, this fraction will increase the concen-
tration near to the macroion considerably. Manning has argued
that this increase of concentration can be captured in terms of a
surface concentration c; which is linked to the number of con-
densed counterions.l'”] The concept of a surface concentration
due to counterion condensation has been corroborated in recent
MD-simulations!®*! and found to be very useful when consider-
ing the binding of proteins to highly charged polyelectrolytes.>?”]
Thus, protein binding to polyelectrolyte chains should correlate
with the fraction of condensed counterions.

Figure 3 shows the binding constant K, against 1-1/&. The
strong dependence of the free energy of binding on the charge
parameter for proteins of group A is directly obvious. MIP-1alpha
belonging to protein group B exhibits a much weaker depen-
dence since opposite effects with charge-driven repulsion and
counterion release are present (see discussion above for Table 2).
K, obtained for proteins in groups C and D is independent of &
within the limits of error. As an example of the proteins of these
groups, we plot here the data for EGF. The data shown in Fig-
ure 3 underscore directly the importance of the counterion re-
lease mechanism: For & < 1, no counterion condensation takes
place, and the first term in Equation 6 vanishes. Only if £ is signif-
icantly larger than unity, counterion condensation sets in, and a
fraction 1-1/¢ of the counterions is bound firmly to the macroion.
Figure 3 demonstrates the consequences of the increasing charge
parameter directly in a semi-logarithmic plot of K, against 1-1/¢&:
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Figure 3. Analysis of the dependence of the binding constant on the
charge parameter & as measured for systems 5, 4, and 1 from left to right.
The binding constant K, is plotted against 1-1/& of the respective systems
(cf. Table 2) that is, against the fraction of condensed counterions accord-
ing to Manning’s theory.['®l See text for further explanation.

For proteins of type A, there is a clear correlation of the free
energy of binding to the fraction of condensed counterions. A
slightly weaker increase of K, with 1-1/¢ is found for cytokines of
type B, here exemplified for MIP-1alpha. No correlation is found
for proteins of type D which was already apparent from the dis-
cussion in Figure 2.

3. Conclusions

A simple model of protein binding to strongly charged networks
has been developed. Two main factors lead to adsorption: i) the
Donnan-potential of the network leading to Equation 4, and ii)
the counterion release effect (see Equation 6) that is already oper-
ative for free chains. Both contributions add up and the entire
free energy Equation 7 can be determined quantitatively for a
given network. This model is used to discuss the data obtained
previously for the adsorption of cytokines to highly charged GAG-
networks.*®! The model can explain all trends seen in these ex-
periments and in particular justify the classification of these pro-
teins into classes A — D (Table 1): Markedly positive cytokines of
class A will adsorb much stronger than the ones of class B and
C. For class D, virtually no influence of charge-charge interac-
tion is seen and no binding to the polymer networks occurred.
Viewed together, the comparison of the model with experiments
demonstrates that charge-charge interaction can raise the bind-
ing constant by 2-3 orders of magnitude.

The present comparison demonstrates that a semi-quantitative
understanding and prediction of the binding of proteins to highly
charged networks can be achieved based on the classification
of proteins as is done in Table 1. Since the mechanism of pro-
tein/polyelectrolyte interaction in a polyelectrolyte brush layer is
very similar to the one discussed here,[*#49] this classification will
be highly useful when considering the interaction of proteins
with brush-like systems as, e.g., the glycocalyx or the ECM. Ac-
cordingly, the results could pave the way for a deeper understand-
ing of how these important signaling molecules are managed in
tissues and thus help design artificial matrices to control cell fate
decisions.
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