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Abstract

We have theoretically studied the uptake of
a non-uniformly charged biomolecule, suitable
to represent a globular protein or a drug, by
a charged hydrogel carrier in the presence of
a 1:1 electrolyte. Based on the analysis of
a physical interaction Hamiltonian including
monopolar, dipolar and Born (self-energy) con-
tributions derived from linear electrostatic the-
ory of the unperturbed homogeneous hydro-
gel, we have identified five different sorption
states of the system, from complete repulsion
of the molecule to its full sorption deep in-
side the hydrogel, passing through meta- and
stable surface adsorption states. The results
are summarized in state diagrams that also ex-
plore the effects of varying the electrolyte con-
centration, the sign of the net electric charge
of the biomolecule, and the role of includ-
ing excluded-volume (steric) or hydrophobic
biomolecule-hydrogel interactions. We show
that the dipole moment of the biomolecule is a
key parameter controlling the spatial distribu-
tion of the globules. In particular, biomolecules
with a large dipole moment tend to be ad-

sorbed at the external surface of the hydro-
gel, even if like-charged, whereas uniformly
charged biomolecules tend to partition towards
the internal core of an oppositely-charged hy-
drogel. Hydrophobic attraction shifts the states
towards internal sorption of the biomolecule,
whereas steric repulsion promotes surface ad-
sorption for oppositely-charged biomolecules, or
the total exclusion for likely-charged ones. Our
results establish a guidance for the spatial par-
titioning of proteins and drugs in hydrogel car-
riers, tuneable by hydrogel charge, pH and salt
concentration.

Introduction

Hydrogels are soft colloidal particles of nano-
metric size formed by cross-linked polymer
chains dispersed in water. They have received
considerable attention during the last decades
due to their exceptional physicochemical prop-
erties.! Firstly, hydrogels can be considered
as multi-responsive nanomaterials because they
are able to reversible swell and shrink in a
useful and reproducible manner in response to
various stimuli from their surroundings, such
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as variations of the the solvent quality, tem-
perature, salt concentration, pH, or external
electric/magnetic fields.? In the swollen state,
hydrogels are hydrophilic and incorporate a
large amount of water, leading to very open
porous structures that allow the permeation of
ions and other kind of cosolutes, such as pro-
teins, peptides, lipids, enzymes, genetic ma-
terial, drugs and chemical reactants. Con-
versely, in the shrunken state, the particles
partially expel their content due to the col-
lapse of the cross-linked network induced by
the enhanced hydrophobic attractions between
the polymers. The release of the entrapped
molecule can be triggered externally in a con-
trolled fashion.®® Moreover, hydrogels can be
designed to be biocompatible, biodegradable
and, due to the large water content allow the
incorporation of biomacromolecules with rela-
tively small changes in the native structure.
This preserves the drug’s biological activity and
conformation state, reducing the toxicity and
enhancing its protection from chemical and en-
zymatic degradation.’*® Due to the combina-
tion of all these features, hydrogels have been
proposed as excellent candidates for transport
and delivery systems of biomacromolecules and
drugs,'* e.g., in anti-cancer and gene therapy,
permitting a high payload capacity.

The uptake of biomolecules is mediated by
the underlying physical interactions between
the biomolecule and the polymer network. %16
These interactions not only determine the net
degree of uptake but also the preferential loca-
tion of the biomolecule in the hydrogel volume.
In this respect, it must be emphasized that the
properties of the hydrogel-biomolecule complex
strongly depend on whether the molecule is su-
perficially adsorbed at the external shell of the
hydrogel or internally absorbed deep inside the
polymer network. Protein surface adsorption in
fact leads to a protein ‘corona’ that largely de-
fines the biological identity of the particle.'” In
some practical situations, surface adsorption is
unwanted. An example would be the surface de-
position of lysozyme proteins on contact lenses,
which can cause adverse responses and short-
ens the time that lenses can be worn.!'® Analo-
gously, the use of hydrogels as nanocarriers re-

quires in some cases the complete encapsulation
of the therapeutic agent in the internal matrix
of the particle. In this way the biomolecule is
not able to interact with the biological environ-
ment, thus avoiding the enzymatic breakdown
before reaching the site of action in the body.
In some other circumstances surface adsorption
is desirable. For instance, the exposure of cer-
tain protein domains located at the hydrogel
surface (corona) can be used to activate specific
recognition pathways for cellular uptake.?’ 22
Clearly, the details of local interactions and spa-
tial partitioning of the drugs in hydrogels will
also affect their time-dependent uptake? and
release kinetics. !4

Therefore, it is of fundamental importance
to know the hydrogel-biomolecule interac-
tions implied in the uptake process in or-
der to understand how drugs partition in
the hydrogel carrier. In general, this inter-
action depends on many parameters that in-
volve solvent properties (such as temperature,
electrolyte concentration, pH), hydrogel fea-
tures (e.g., charge distribution, network mor-
phology, hydrophobicity) and properties of
the biomacromolecule (e.g., size, shape and
charge distribution). In particular, the elec-
trostatic interaction is shown to be one of
the most relevant contributions in biomolecule
uptake, as, e.g., shown in experiments per-
formed with different types of peptides in
the presence of oppositely-charged poly(acrylic
acid) or poly(acrylamidopropyltriethylammo-
niumchloride) hydrogels.?*2% Here, the in-
corporation is enhanced simply by increas-
ing the peptide charge. Similarly, the en-
capsulation of Cytochrome C proteins inside
oppositely-charged hydrogels is also electrostat-
ically driven, leading to a uniform distribution
of proteins within the structure.?” Naturally,
salt concentration and pH become then addi-
tional factors affecting the uptake process. On
the one hand, lowering the electrolyte concen-
tration enhances both the electrostatic inter-
actions and the osmotic repulsion induced by
the free counterions confined within the hy-
drogel. ' On the other hand, the presence of
pH-sensitive functional groups allows to con-
trol the sign (as well as the distribution) of



the charge in the biomacromolecule. In this
work we show that the charge tuning due to
pH-sensitivity may play a determinant role in
the total hydrogel-biomolecule interaction. For
instance, close to the isoelectric point of the
molecule, charge regulation can even lead to
charge inversion of the biomolecule. 2?3

Additional experimental studies evidence that
charged proteins can significantly partition into
planar and spherical polyelectrolyte brushes
even when they hold the same net charge,
at pH conditions far away from the isoelec-
tric point.3' 34 This adsorption ‘on the wrong
side’ is surprising in the sense that, intuitively,
proteins are expected to be repelled by elec-
trostatic and excluded-volume forces. Recent
theoretical studies and simulations have shown
that this phenomenon can be attributed to
the superposition of several interactions. First,
proteins and other biomacromolecules usually
carry patches of opposite charge sign.®® The
non-uniform, ‘multipolar’ charge distribution
generates an effective dipole moment that in-
teracts asymmetrically with the polyelectrolyte,
leading to an attraction that can overcome
the electrostatic repulsion.?®3¢ Second, due to
the larger electrolyte concentration found in-
side the brush compared to the bulk con-
centration, there is an attractive Born (self-
Jelectrostatic energy that arises upon insertion
into the charged brush.!'>?® Finally, there can
be additional attraction related to the release of
the condensed counterions in the case of highly
charged polyelectrolyte chains: when the pro-
tein patches of opposite charge come into con-
tact with the chains, the release of the counteri-
ons leads to a large increase of the translational
entropy in the system. '6:28:3235 Al these effects
are also expected to be present at some extent
in the sorption of biomacromolecules to charged
hydrogels.

In addition to electrostatic forces, the spa-
tial partitioning of the biomolecule inside the
hydrogel will be influenced by other sorts of
interactions, such as steric repulsion effects or
hydrophobic attractions. Excluded-volume ef-
fects, for instance, have been observed in the en-
capsulation of proteins and peptides when the
mean network mesh size is smaller than the size

of the biomolecule. '*37 Hence, the biomolecules
are precluded to enter the hydrogel and may
tend to adsorb at the surface as the molec-
ular weight of the biomolecule is raised, the
cross-linker concentration within the hydrogel
increases, or the hydrogel de-swells. Otherwise,
the hydrophobic attraction between the incom-
ing biomolecule and the hydrogel can be a very
important driving force for some specific macro-
molecules or drugs. Indeed, increasing both
the biomolecule and hydrogel hydrophobicity
significantly enhances the sorption to the hy-
drogel, where the preferential location of the
binding depends on the swelling state of the
nanoparticle, 16:38742

The aim of this work is to explore theoreti-
cally the conditions that guarantee stable and
metastable uptake of biomolecules and, in par-
ticular, how the latter spatially partition within
the hydrogel (e.g., surface adsorption versus
sorption deep inside). Our analysis is based
on a well-defined interaction Hamiltonian %%
extended to include dipolar contributions?® be-
tween a non-uniformly charged biomolecule and
the charged hydrogel particle. This allows to
consider many different types of biomolecules
attending to their net charge and dipole mo-
ment (charge asymmetry), both controllable by
pH. The potential of mean force exerted by
the hydrogel as a function to the distance (i.e.,
the effective interaction Hamiltonian) is deter-
mined for different combinations of net charge,
dipole moment, bulk salt concentration, and
hydrophobic/steric effects. The calculations in-
clude the effect of the local variation of the elec-
trolyte concentration from the bulk reservoir to
the internal volume of the hydrogel, which has
important implications especially for low salt
concentrations. We finally summarize in state
diagrams where the biomacromolecule uptake
is more likely to occur, i.e., classify the results
in five different states, namely repulsion (no ad-
sorption), metastable surface adsorption, stable
surface adsorption, and partial and full inside
sorption.



Model and method

Model of the hydrogel and globular
biomolecule

The system under study consists of a charged
hydrogel particle and a single charged dipolar
biomolecule in an aqueous suspension in pres-
ence of 1:1 electrolyte at a given bulk concen-
tration . The biomolecule is modeled by a
spherical particle of radius R}, representing for
instance a protein globule. Analogously, the hy-
drogel is represented by a penetrable sphere of
radius Ry, and assumed to be in the swollen
state. The inner structure of the polymer net-
work of the hydrogel may present many differ-
ent configurations. For instance, a wide range
of hydrogel particles with a highly cross-linked
core and a lightly cross-linked shell,*** and
even more exotic configurations such as hollow
microgels*® have been reported in literature.
The ionic groups of the polyelectrolyte network
may also distribute differently, either homoge-
neously within the hydrogel or forming an ex-
ternal charged shell. Nevertheless, as a start
we have assumed the most general situation of
a core-shell morphology, and considered that
both neutral monomers and charged groups fol-
low a uniform (i.e., fully homogeneous contin-
uum) distribution inside the hydrogel particle
(core). The charged and neutral monomer den-
sity smoothly decreases to zero at the hydrogel
interface (shell).

Figure 1 shows the hydrogel charge distribu-
tion for the two concentrations of monovalent
salt studied in this work. Two limiting cases
of electrolyte concentration have been consid-
ered, namely ‘low’ and ‘high’ salt concentration.
These regimes are distinguished by the Debye
screening length, A\p, and the intrinsic hydrogel-
water interface width, o. In the low salt limit,
o < Ap, the interface total charge distribution
is governed by the salt, so the hydrogel shell
can be modeled by a sharp edge. On the other
hand, in the high salt regime the salt distribu-
tion follows closely the smoothly decaying shell
density. The high salt regime (c?"* > 100 mM)
is of special relevance since it fairly represents
the conditions found in physiological applica-

tions. For this we approximate the hydrogel
charge distribution as a error function, so that

en(r) = % [1 — erf (T\/_ﬁihﬂ ,0<r<+4oo. (1)

where ¢ is the hydrogel charge density in the
central core of the particle, and r is the dis-
tance to the hydrogel center. For both cases
(low and high electrolyte concentration) the
linearized Poisson-Boltzmann differential equa-
tion has been analytically solved to determine
the density profiles of counterions and coions in-
side and around the hydrogel particle (see Ap-
pendix). The ionic concentrations determine
the electrostatic and osmotic effective pair in-
teractions between a single charged biomolecule
and the hydrogel, as will be shown below.
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Figure 1: Model for the hydrogel charge distri-
bution in the low and high electrolyte concen-
tration regimes (in both cases ¢ = 100 mM and
Ry, = 100 nm).

It is important to notice that charged groups
in proteins, peptides and other biomolecules are
not usually located in the particle centre or ho-
mogeneously distributed either. On the con-
trary, these discrete charges are often asymmet-
rically distributed on and inside the molecules,
leading to multipolar contributions to the elec-
trostatic potential. To include the multipo-
lar effect, in this work we have modeled the
biomolecule as a particle with net charge ¢, and
an electric dipole moment gy, that accounts for
the heterogeneous charge distribution in leading
order. We also assume that the biomolecules
are at infinite dilution, that is, we neglect the
collective effects that arise from the interaction



between biomolecules. Therefore, this study fo-
cuses on the sorption and distribution of a sin-
gle globule.

Effective interaction Hamiltonian

To calculate the potential of mean force
(PMF), i.e., the effective interaction Hamil-
tonian between the hydrogel and the charged
biomolecule, we split the pair interaction in
three different phenomenological contribu-
tions, 132346

Viotal(r) = Vetee(r) + Vosm (1) + Vapee(r).  (2)

The electrostatic interaction is in turn split
into three additive terms, Vijee(r) = Vinono(r) +
Vaip (1) +AVBorn (). The first one, Vipono(7), rep-
resents the classical electrostatic monopole at-
traction or repulsion induced by the net charge
of both the hydrogel and the biomolecule. Since
we are considering the general situation of
a non-uniform distribution of charged groups
within the biomolecule, additional multipolar
contributions should be also taken into account.
In this work, we considered the dipolar interac-
tion, Viip(r), which represents the first leading
term of the multipolar expansion beyond the
monopolar contribution. Explicitly, the classi-
cal electrostatic interaction up to the dipolar
term is given by*”

Vinono(r) + Vaip(r) = 20y(r) — kpT'In {W}

finY (r)

(3)
where kg is Boltzmann constant, 7" is the ab-
solute temperature of the system, z, = gy/e
is the biomolecule valency, y(r) = ey(r)/kgT
is the normalized electrostatic potential calcu-
lated in the Appendix by means of the lin-
ear Poisson-Boltzmann approximation, [, =
tn/e is the electric dipole moment of the so-
lute and Y (r) = eE(r)/kgT is the normalized
electric field generated by the charged hydro-
gel. The electrostatic dipolar term is always
attractive because the heterogeneously-charged
biomolecule tends to align its dipole with the
electrostatic field generated by the charged hy-
drogel. The third contribution, AV (r), rep-
resents the Born interaction. It characterizes

the change of the self-energy difference of charg-
ing the biomolecule inside the charged hydrogel
versus bulk solvent. It is defined as the dif-
ference between the solvation energy at r and
the solvation energy in the bulk, AV, (r) =
VBorn(T) — VBom(r — 00), being?848

AB2E
VBorn(r) = ksT { 2Ry [Roklr) +1] (4)

32 [Ryk(r)+1][(Rur(r) 242 Ry (r)+2] }
2R3 [(Rpr(r)2+3Rpr(r)+3]2

where R is the radius of the biomolecule,
A = e?/4mepekgT is the Bjerrum length
and k(r) = /4 pz2[ci(r) + c_(r)] is the lo-
cal inverse screening length, which depends on
the local salt concentration.'® The first term
of equation (4) is the classical monopolar re-
sult of a sphere in an electrolyte suspension
in the Debye-Hiickel approximation.*® The sec-
ond term is the dipolar expansion for a dipole
moment i, centered in a sphere of radius Ry,.
Charging the particle inside the hydrogel is al-
ways an energy-favorable process due to the
larger ionic concentration there, so the differ-
ence in Born solvation energy contributes to an
attractive hydrogel-biomolecule interaction.

The second term of the right-hand side of
equation (2) stands for the effects of the os-
motic pressure due to the confined ions inside
the hydrogel,

Vosn (1) = kpTcs (r) + c—(r) — 2"V, (5)

which depends on the biomolecule volume Vj,
and on the difference between local number
density of free ions (¢, +c_) inside the polymer
network and within the bulk (2¢”"). The os-
motic pressure always exerts a repulsion on the
incoming solute and decreases with electrolyte
bulk concentration, given that the biomolecule
sorption is hindered by the excess of counteri-
ons.

The third term of equation (2) we have de-
fined a phenomenological specific potential that
accounts for the steric effects and the hy-
drophobic character of the biomolecule. On the
one hand, the partitioning of particles within
the hydrogel is always obstructed due to the
volume-exclusion exerted by the polyelectrolyte



chains of the network. This effect is natu-
rally small for swollen hydrogels and small glob-
ules (i.e., nanometer size) but becomes very
important when shrinking the hydrogel or in-
creasing the size of the biomolecule. However,
this repulsion may be overcome by the attrac-
tive interaction that results from the hydropho-
bic character of the molecule. Indeed, many
of the molecules employed in biotechnological
applications are significantly hydrophobic and
show preferential binding for the polyelectrolyte
network rather than the aqueous environment.
Both steric and hydrophobic effects are consid-
ered in the following mean-field potential

Vipee(r) = —kgT'In[1 — 2¢,(r)Ba],  (6)

where ¢,(r) is the monomer density of the net-
work and By is the second virial coefficient
(or ‘interaction’ parameter) of the local two-
body interaction between a biomolecule and a
monomer. This potential can be derived by
expanding the corresponding partitioning co-
efficient (for a charge neutral hydrogel) K =
exp(—Vipec/ksT) >~ 1 + ¢,I' in powers of the
polymer density. The parameter I' = —2B,
represents the protein-polymer adsorption in
the limit of infinite dilution of solute.’ If the
hydrophobicity of the particle is more rele-
vant than the excluded-volume effects, then
Vipee(r) < 0 and the specific potential will be
attractive. Otherwise, if the system exhibits
strong excluded-volume effects, the overall spe-
cific interaction will be repulsive. The particu-
lar form (6) has the nice feature that it diverges
for high steric constraints (i.e., close polymer
packing) and penetration of the hydrogel core
by the solute is strongly penalized.

An additional contribution to the biomolecule-
hydrogel effective pair interaction would be the
attraction induced by counterion release ef-
fects that arise due to gain of entropy associ-
ated to the release of confined counterions from
the polymer network to the bulk suspension. 32
However, we neglect this term since it only be-
comes relevant for the case of strongly charged
polyelectrolyte networks.?®

With the purpose of performing an exhaus-
tive discussion of the forthcoming results, it

is convenient to recall the main features of
the energetic terms that contribute to the to-
tal PMF, and their dependence on ¢, and puy,.
First, the electrostatic monopolar contribution,
Vinono(7), s attractive if the hydrogel and the
biomolecule are oppositely-charged, repulsive
otherwise, and does not depend on the elec-
tric dipole moment. Since this contribution is
proportional to the electrostatic potential, it
reaches its maximum (absolute) value inside the
hydrogel and quickly decreases in the bulk. The
electrostatic dipolar term, Vi, (r), is always at-
tractive and it is coupled to the local electric
field. Hence, it becomes especially relevant at
the hydrogel surface, where the electrostatic
field reaches its maximum value. Since Vip(r)
is the result of the inhomogeneous charge dis-
tribution of the biomolecule, it is independent
of g, and increases with uy,. Considering the
monopolar and dipolar part of Born solvation
energy together, their contribution is always at-
tractive and increases with g, and pp. On the
other hand, the osmotic pressure always exerts
a repulsive interaction and does not depend on
qr and py,, but increases as the salt concentra-
tion drops. Finally, the specific contribution,
Vipec (1), may be attractive, null or repulsive, as
it is the result of the interplay between steric
exclusion and hydrophobic effects.

Results and discussion

PMF features and the definition of
sorption states

From the shape of the PMF curves is possi-
ble to determine the sorption degree and pre-
dict where the biomolecule will be preferentially
partition. In this work we have distinguished
five different sorption states: (1) no adsorp-
tion, (2) metastable surface adsorption, (3) sta-
ble surface adsorption, and (4) partial and (5)
full inside sorption. As an example, in Figure 2
a representative PMF is plotted for each state
of the system.

e State 1 corresponds to those cases in
which the total PMF is completely re-
pulsive, avoiding any permeation of the



biomolecule within the polyelectrolyte
network of the hydrogel.

e In state 2 a local minimum in the re-
pulsive potential located at the hydrogel
interface arises. This potential well allows
an accumulation of biomolecules, leading
to a metastable adsorption onto the hy-
drogel surface.

e In state 3 the PMF is repulsive inside the
hydrogel, but the local minimum is deep
enough to become attractive, the adsorp-
tion of the biomolecule in the hydrogel
surface is stable.

e In state 4 the hydrogel-biomolecule in-
teraction potential is also attractive inside
the microgel, partitioning of the globules
will also significantly happen inside the
hydrogel network.

e Finally, in state 5 no surface adsorption
takes place but full inside sorption.

Many experimental evidences of these five
states for related systems may be found in the
literature. Representative examples of state 1
are often achieved for the case of charged pro-
teins electrostatically repelled to likely-charged
polyelectrolyte brushes or hydrogels at high
enough salt concentration.*? Surface adsorption
(states 2 and 3) are found, for instance, in the
interaction between cross-linked poly(acrylic
acid) hydrogels and oppositely-charged poly-L-
lysine peptides of large molecular weight.?” In-
deed, peptides larger than the effective network
pore size are unable to penetrate inside the hy-
drogel, and become concentrated at its surface.
In addition, surface adsorption states may be
also enhanced by dipolar interactions between
proteins and charged reverse micelles.? Parti-
tioning between surface adsorption and diffu-
sive penetration (state 4) has been identified
in isothermal titration calorimetry of sorption
of B-Lactoglobulin on spherical polyelectrolyte
brushes at low salt concentration.?* In these ex-
periments, the two sorption steps observed in
the integrated heat clearly indicates the exis-
tence of two different binding sites, one inter-
nal and another in the outer region of the brush.

Finally, complete inside adsorption (state 5) is
generally attained in the presence of oppositely-
charged proteins with small molecular size at
low electrolyte concentration. Under these con-
ditions, the strong electrostatic or hydrophobic
attractions with charged polymer network lead
to the total encapsulation of the biomolecule
within the internal core of the particle. %3237
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Figure 2: Potential of mean force (PMF) as
a function of the distance to the hydrogel-
center, r, evaluated in the low salt regime
(cbulk = 10 mM). Top graph shows results ob-
tained for a likely-charged biomolecule (¢, =
10e) and varying the electric dipole moment
of the biomolecule, p, (in Debye units). Bot-
tom graph depicts the curves calculated for a
oppositely-charged biomolecule, fixing the elec-
tric dipole moment to p, = 500 D and varying
its electric charge ¢,. All the subsequent re-
sults are classified in terms of the five states
illustrated in both graphs.

Parameter range

The sorption states of the system for a large in-
terval of (positive and negative) net charge and
electric dipole moment have been studied. It



should be emphasized that pH and salt concen-
tration may have a very important effect on the
spatial partitioning of the biomolecule. On the
one hand, it may modify the net charge of the
biomolecule, ¢,, and even invert its sign when
passing through the isoelectric point. On the
other hand, changes on pH also alter the spatial
distribution of charges within the biomolecule,
which in turn may induce changes in the value
of the biomolecule dipole moment, puy,. In our
work, we do not explicitly study the effect of
the pH, as it would imply to assume a specific
biomolecule in a particular salty condition. In-
stead of doing a particular choice, we try to
keep the study as general as possible, and inves-
tigate the equilibrium partitioning of any kind
of biomolecule in terms of ¢, and . The ap-
plication of our theoretical predictions to some
experimental data will require from the experi-
mentalist the previous determination of ¢, and
iy, of the biomolecule for the pH and salt con-
centration conditions of the experimental setup.
From the early experimental works,*! to more
recent computational tools working on data of
the Protein Data Bank, %53 we have determined
the range of possible values of (1, gr). We have
ensured that the broadness of the intervals is
enough to cover all the possible cases that may
take place in most of the experimental situa-
tions. The biomolecule net charge can reach
values up to +20e (elementary charge units)
because the solution pH can highly tune the
electric charge, especially when the biomolecule
bears pH-sensitive functional groups. Analo-
gously, the biomolecule dipole moment varies
from negligible values to 2000 D (Debye units).
Every sorption state resulting from each com-
bination of net charge and dipole moment has
been represented in (up, q) state diagrams.

As mentioned above, the electrolyte concen-
tration has also a determinant effect on the
hydrogel-molecule interaction. Therefore, two
limiting cases of low and high 1:1 electrolyte
concentration have been considered. In the low
salt regime we studied the system at cPk = 1
mM and P = 10 mM, but we observed that
in the former case the osmotic pressure was
so high that no sorption state was achieved in
any case. Therefore, in this work we have fo-

cused at c?® = 10 mM for the low salt regime,

while in the high salt limit we have considered
cbilk = 100 mM (note that this case is the rel-
evant one for physiological applications). We
also explored the role of the charge sign of the
biomolecule. Therefore, the combination of low
and high salt regimes and of oppositely- and
likely-charged biomolecules leads to four differ-
ent state diagrams.

In addition, the hydrophobicity of the
biomolecules and the volume exclusion exerted
by the hydrogel (entering through Vipe.(r))
can also determine the uptake into the poly-
electrolyte network. In order to investi-
gate both effects, three different hypotheti-
cal frameworks have been analyzed: a sys-
tem where both the hydrogel exclusion-volume
and the biomolecule hydrophobicity are neg-
ligible (Vipee(T) 0), a system in which
the biomolecule hydrophobicity dominates
the specific interaction (Vipec(r) < 0), and
a system with high excluded-volume effects
(Vipec(r) > 0). As a result, four state diagrams
have been plotted for each one of the three
systems in Figures 3, 4 and 5, respectively. A
summary of all the other system features is
listed in Table 1.

Table 1: Summary of the values of the variables
in the hydrogel-electrolyte-biomolecule system.

Variable Symbol Value
Absolute temperature T 298 K
Hydrogel radius Ry 100 nm
Concentration of hydrogel cg 100 mM
charged groups at r =0

Width of the hydrogel o 2 nm
shell (high salt limit)

Valence of ions 24 +1
Radius of the biomolecule Ry 1.5 nm

Discussion of state diagrams

To begin with, we discuss the general trends
of the state diagrams for Vipe.(r) = 0, that is,
a system where the hydrogel exclusion-volume
is negligible and the biomolecule does not pos-
sess any hydrophobic character (see Figure 3).
We first analyze the theoretical predictions for



biomolecules oppositely-charged to the hydro-
gel. In such scenario, the stable sorption states
4 and 5 are resulting from almost any combi-
nation of (up,q,), with the exception of very
small values of charge and dipole moment. This
is a predictable result, since all contributions
to the total PMF but the osmotic interaction
are attractive. Therefore, the repulsion exerted
by the osmotic pressure is only relevant when
up, and g, are small enough to make the other
interactions less dominant. For the lower salt
concentration the osmotic pressure is higher be-
cause of the larger difference between the neu-
tralizing counterions inside the hydrogel and
the counterions in the bulk.

On the other hand, in the case of likely-
charged particles, the biomolecule sorption
states are more dependent on the electrolyte
concentration. The osmotic pressure decreases
as the ionic bulk concentration increases, so
it has a negligible effect on the total PMF at
cbvlk = 100 mM. In addition, at this salt concen-
tration the difference in the Born energy is also
irrelevant for small values of (u, qp), although
it increases with both variables. Consequently,
the sorption state of the biomolecule at high
electrolyte concentration is mainly the result
of the competition between the electrostatic
monopolar repulsion (directly proportional to
¢») and the dipolar attraction (which increases
with p,). Hence, if the biomolecule net charge
is high enough, monopolar repulsion will hin-
der its permeation deeply into the carrier inde-
pendently of the electric dipole moment. How-
ever, as ¢, decreases and p, increases, dipolar
attraction becomes more relevant, raising the
chance of (meta- and stable) interfacial adsorp-
tion of the biomolecule, and so leading to sorp-
tion states 2 and 3. In this way, the sorption
of the molecule inside the hydrogel (state 4)
will be possible when py, is high enough to en-
hance the attraction produced by the difference
in Born solvation energy.

Regarding the low electrolyte concentration
regime for likely-charged particles, the sorp-
tion state diagram shows less dependence on
the electrostatic monopolar repulsion than in
the high salt regime. The main reason of
this change is that the relevance of both the

osmotic pressure and the Born solvation en-
ergy to the total PMF becomes enhanced at
low electrolyte concentrations. For instance,
at pup, = 1000 D and ¢, = 10e, the osmotic
contribution at the center of the hydrogel is
VO L~ 0.25V0  “and the Born contribution is

for a salt concentration

AVY -~ —0.82V]2

mono

chulk = 10 mM, while in the high salt regime,
both contributions are only V2 —~ 0.04V0°

and AVR ~ —0.27V0  at cPulk = 100 mM.
Consequently, although the increase in osmotic
pressure enhances the repulsion already dom-
inated by the electrostatic monopolar interac-
tion, the sorption state of the system becomes
strongly dependent on the electric dipole mo-
ment of the biomolecule by means of both
the dipolar and Born attractive interactions.
Hence, for small values of puy, the total PMF
is repulsive and no molecule adsorption takes
place in the system, with the exception of ex-
treme values of ¢,. In the case of very low
molecule net charge, monopolar and osmotic re-
pulsions are not strong enough to prevent sta-
ble surface adsorption due to the dipolar at-
traction and, to a lesser extent, the Born solva-
tion energy contribution. On the other hand,
for the highest values of ¢, the system exhibits
metastable adsorption as a result of the com-
petition between the repulsive monopolar in-
teraction and the attractive Born contribution,
given that the electrostatic dipolar interaction
does not depend on the biomolecule net charge.
Indeed, at high values of ¢, the difference in
charging energy dramatically increases and can
overcome the effect of monopolar repulsion at
the hydrogel surface. As the biomolecule elec-
tric dipole moment increases, the repulsion due
to the electrostatic monopolar interaction and
the osmotic pressure remains constant for a
given q,. Therefore, the increase of the dipo-
lar interaction with g, at the hydrogel sur-
face and the Born contribution inside the hy-
drogel network lessen the total PMF, leading
first to metastable surface adsorption of the
biomolecule, then to stable adsorption, and fi-
nally to the partial sorption of the particle in-
side the hydrogel for the highest values of dipole
moment. These trends with the net charge
and the dipole moment of the biomolecule



have also been observed in the encapsulation
of charged proteins such as cytochrome-c, chy-
motrypsin and ribonuclease within oppositely-
charged reverse micelles.*%*5¢ Indeed, increas-
ing the protein net charge enhances the en-
capsulation of the protein, whereas raising the
dipole moment strongly enhances its binding to
the micelle interface. Moreover, the addition
of screening salt reduces the electrostatic bind-
ing of the protein, in a similar fashion to our
theoretical predictions with porous hydrogels.

Likely-charged . Oppositely-charged

High salt
ae)
o

State 4
0
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500
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He(D)

0 500 500 1000 1500 2000
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Figure 3: (up,qn) state diagrams obtained in
the high and low salt concentration regimes
(up and down panels, respectively) and for like-
charged (left panels) and oppositely-charged
(right panels) hydrogel and biomolecule in a
system where steric repulsion is compensated
with hydrophobic attraction (Vipec(r) = 0).

Let us now focus on the influence of specific
hydrophobic-steric effects. In Figure 4 we show
the state diagrams for likely- and oppositely-
charged biomolecules at high and low salt con-
centrations for a system in which the hydropho-
bic attraction dominates the specific interac-
tion. In particular, we fixed the specific at-
traction at the hydrogel center (r = 0) to be
VS?)eC = —bkpT'. The state diagram is now ex-
plored taking into account this new specific at-
traction together with the other energetic con-
tributions discussed above. Therefore, it is ex-
pected an enhancement of the biomolecule sorp-
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tion with respect to the system described in Fig-
ure 3. In fact, we can clearly see that there is
always some kind of sorption in the four state
diagrams of the hydrophobic system, while the
state 1 of no-adsorption never takes place. In
particular, for oppositely-charged particles, the
biomolecule is always sorbed due to the strong
attraction induced by the hydrogel. Only for
very small values of net charge and dipole mo-
ment and at low salt concentrations, the os-
motic pressure is repulsive enough to avoid the
permeation inside the polyelectrolyte network,
but leading instead to a stable adsorption of the
biomolecule onto the hydrogel surface.

On the other hand, when the electric charge
of the hydrogel and the biomolecule share the
same sign, it has been mentioned that the sorp-
tion state at high electrolyte concentration is
resulting from the interplay between the elec-
trostatic monopolar repulsion and the dipolar
attraction. However, in the case of hydrophobic
molecules, the monopolar repulsion is overcome
by this effective attraction due to the tendency
of the particles to exclude water molecules.
Hence, the resulting state diagram is highly
dominated by the sorption state, although when
the biomolecule net charge is high enough, the
electrostatic repulsion restricts its sorption to
the hydrogel surface, leading to state 3. Sim-
ilar changes affect the state diagram of likely-
charged particles in the low salt concentration
regime: the repulsion due to the electrostatic
monopolar interaction and the osmotic pres-
sure is not enough to prevent the sorption of
the hydrophobic biomolecule. Hence, even for
small values of the electric dipole moment, the
molecule experiences a metastable surface ad-
sorption. As u, increases, the attraction due to
the dipolar interaction at the hydrogel surface
and the difference in Born solvation energy in-
creases, leading to stable surface adsorption at
mid-values of dipole moment and to full inside
sorption of the particle for higher values of py,.

Let us finally consider the least favorable case
for the biomolecule sorption, that is, a hydro-
gel with high excluded-volume effects. To rep-
resent such a system we have considered a re-
pulsive specific potential featured by a repul-
sion of VO . = 5kgT at the hydrogel center.

spec
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Figure 4: (up,q») state diagrams obtained in
the high and low salt concentration regimes
(up and down panels, respectively) and for like-
charged (left panels) and oppositely-charged
(right panels) hydrogel and biomolecule in a
system in which biomolecule hydrophobicity
dominates the specific interaction (Vipec(r) <
0).

The corresponding state diagrams are plotted
in Figure 5, where we can easily observe that
the steric exclusion leads to the opposite trend
to the one predicted in the presence of hy-
drophobic attraction (described in Figure 4).
That is, while the inside sorption states were
dominant in most cases in the presence of hy-
drophobic attraction, in this situation it looses
ground in favour of other hydrogel-biomolecule
configurations. Actually, at first sight the four
state diagrams are quite similar to those of
Figure 3, with subtle differences. Regarding
the oppositely-charged systems, we can see that
higher values of net charge are needed to attain
the biomolecule sorption inside the polyelec-
trolyte network. This effect is more remarkable
at high electrolyte concentration, where the
sorption state of the biomolecule is the result
of the competition between electrostatic attrac-
tion and steric repulsion. Moreover, for small
enough values of net charge and dipole moment,
the excluded-volume effects dominate the total
hydrogel-biomolecule interaction, avoiding any
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permeation of the molecule (state 1).

The same tendency is observed for likely-
charged biomolecules, especially in the high
electrolyte concentration regime, where the to-
tal PMF is mainly repulsive due to the joint ef-
fect of electrostatic monopolar interaction and
steric exclusion. Only for small values of the
net charge and high values of the dipole mo-
ment, the electrostatic dipolar attraction be-
comes strong enough to allow meta- and stable
surface adsorptions of the biomolecule. Con-
versely, in the low salt concentration regime,
the state of the system is principally controlled
by the osmotic and Born energetic terms, so
the volume exclusion represents an small per-
turbation, leading to a similar behavior than
the one predicted for V. = 0. This is a rea-
sonable result because, in contrast to the high
salt regime,the total PMF has a magnitude of
tens of kg7 at low salt concentration. Conse-
quently, a steric repulsion of V! = = 5kgT has

spec
little effect on the total interaction potential.
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Figure 5: (up,q») state diagrams obtained in
the high and low salt concentration regimes
(up and down panels, respectively) and for like-
charged (left panels) and oppositely-charged
(right panels) hydrogel and biomolecule in a
system with strong excluded-volume effects

(Vipee(r) > 0).



Conclusions

The aim of this work was to understand the
different mechanisms that are involved in the
sorption and spatial distribution of a multipo-
lar biomolecule to a hydrogel particle in pres-
ence of a 1:1 electrolyte. To construct the to-
tal potential of mean force (PMF) between the
hydrogel and the dipolar biomolecule, differ-
ent phenomenological contributions were con-
sidered. These are the electrostatic interaction
and Born solvation energies up to the dipolar
term of the multipolar expansion, the osmotic
pressure contribution, and a specific (excluded-
volume or hydrophobic) interaction. From the
study of the PMF, five sorption states of the
system were specified, namely no adsorption,
metastable surface adsorption, stable surface
adsorption and partial and full inside sorption.
The resulting sorption states were compiled
in state diagrams as a function of net charge
and electric dipole moment, for different elec-
trolyte concentrations and specific hydrogel-
biomolecule interactions.

Results show that for oppositely-charged par-
ticles, the biomolecule was sorbed inside the
polyelectrolyte network for almost every combi-
nation of net charge and dipole moment at both
high and low salt concentration limits, with the
exception of very small values of (u,qy) and
high excluded-volume effects. In those less fa-
vorable situations the biomolecule experienced
a stable surface adsorption or, just in case of re-
ally high steric repulsion, it was not adsorbed.

For likely-charged hydrogel-biomolecule, how-
ever, the electrolyte concentration had a de-
terminant effect on the overall configuration of
the state diagrams, which showed more vari-
ability. At high electrolyte concentration, the
sorption state of the biomolecule was mainly
the result of the interplay between the elec-
trostatic monopolar repulsion and the dipolar
attraction. Consequently, in most cases the
biomolecule is precluded by the hydrogel net-
work, except for hydrophobic particles. In the
rest of cases, high values of the electric dipole
moment were needed to achieve some kind of
sorption of the molecule. On the other hand,
in the low salt regime the adsorption of the
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biomolecule was subject to a multiple compet-
ing interaction mechanisms, being the electric
dipole moment the driving variable that leads
the system to all the different sorption states,
from complete repulsion to full inside sorption.

From this study we can conclude that the
electrostatic interaction has a determinant
role in the uptake and spatial distribution of
charged molecules inside hydrogels, as has been
suggested by several authors.?*2" Although
biomolecules of the opposite charge of the hy-
drogel are more feasible to be adsorbed, we
have seen that different sorption states can be
achieved even for likely-charged biomolecules.
Importantly, the non-uniform charge distribu-
tion of the biomolecule leading to large dipoles
15 15 a determining factor to take into account,
especially when surface adsorption is a focus.
We emphasize again that the protein charge
distribution is tuneable by pH. Further, the
hydrophobicity of the particle clearly enhances
the biomolecule uptake inside the polyelec-
trolyte network.

In summary, there is no a unique variable
which controls the sorption of molecules inside
the hydrogel, but a wide range of factors are
to consider. The total hydrogel-biomolecule in-
teraction potential is the result of a complex
combination of mechanisms that depend on the
molecule net charge and electric dipole moment,
electrolyte bulk concentration, hydrogel charge,
monomer distribution, volume, and hydropho-
bic character of the particles, among others. Al-
though the complexity of the problem may seem
discouraging, we have demonstrated that it is
possible to predict the qualitative behavior of
such systems with the help of a relatively sim-
ple theoretical framework. Not only discerning
whether the molecule is taken up by the hy-
drogel or not, but determining the place where
the particle is located within the carrier par-
ticle is crucial for both the encapsulation and
release kinetics of the biomolecule and hence
hydrogel carrier functionality. Therefore, our
work should serve as a useful guide in the de-
velopment of hydrogel-based carrier systems for
biotechnological applications due to its simplic-
ity and effectiveness.

In future extensions of our theory we intend



to further investigate the interplay between in-
ternal absorption and surface adsorption on the
equilibrium distribution of many (interacting)
biomolecules as well as on the kinetic properties
of the sorption process, making special empha-
sis on the effect of the finite biomolecule con-
centration. In this regard, experimental results
show that the accumulation of biomolecules at
the external shell of the hydrogel can behave
as a steric barrier for further permeation of
cosolute into the hydrogel core.?” Therefore, it
would be interesting to extend our model to
these more complex situations for different hy-
drogel charge distributions, namely, uniformly
charged or surface charged hydrogels.
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Appendix: Electrostatic po-
tential and electric field

The full Poisson-Boltzmann (PB) equation in
spherical coordinates is given by

_ps(r) + n(r) fph(r). 0<7 <Ry
€0

_o).

EvEo

&y

2dy _
rdr

(7)

Ry <r <400

where p; = ec; = e(cy — ¢_) and p, = ecy, are
the charge densities of the salt and gel (with
monovalent monomers), respectively. We as-
sume the same relative permittivity of water
inside and outside the swollen hydrogel particle
(el = &, = 80). Since the electrolyte ions obey
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Boltzmann’s law,

(). o

the charge density at r in the case of a symmet-
ric 1:1 electrolyte with valence z1 = £1 and
bulk concentration c?U* is given by

ps(r) = 9)

Therefore, we obtain the following Poisson-
Boltzmann equation:

—2ec?™* sinh[Be(r)].

QP(bulk

£r€0

sinh [ ha

Q
=

P
|

d2y

dr?

2dy
rdr 2ecbulk ew(r) ' (10>
;smh[u ], Ry <r < +oo

&r€o

We define the scaled electrostatic potential
as y(r) e(r)/kgT. In the low potential
limit we can linearize the PB equation, so that:
ly(r)] < 1 = sinh(y) ~ y. This yields to the
Debye-Hiickel equation:

aan(r)

bk 0<r <Ry

y'(r) + =y (r . (11)

Ry <r<+c

where & is the the inverse of the Debye screening
length, also known as Debye-Hiickel parameter:

9,202 bulk 1/2
k=|——"- .
( €r€0k’BT )

If the electrolyte bulk concentration is small,
the Debye screening length Ap is much greater
than the intrinsic hydrogel-wather interface
width, 0. Hence, in the limit of low salt con-

centration we can assume a vanishing o, that
is, a step charge distribution inside the hydro-

gel particle:
A,
0,

In this limit the linearized PB equation is
given by

0<r<Ry
R, <r<-+oo

en(r) (12)

K2y (r) — Kyo,
2

0<r<Ry
, (13
o y(r)., ( )

Ry <r<+4oo’

ORETOR {



0

where yy = is the electrostatic potential

at r = 0.

On the other hand, in the limit of high
salt concentration, the hydrogel-water interface
width is comparable to Debye length. In this
case we can approximate the charge distribu-
tion as a error function, so that

0
_Ch |y r— Ry
_2{1 erf(\/§0>},0<r<+oo. (14)

In this case the linearized PB equation is
given by

_h
bulk
2ct

en(r)

V() + 2y () =

e 1 1)

7‘—Rh
V2o

)]7O<r<+oo.

Electrostatic potential

In the low electrolyte concentration limit is
possible to analytically solve the linearized
Poisson-Boltzmann equation (13). This equa-
tion was solved by Ohshima®" for a spherical
soft. core-shell particle. The solution for our
model is a particular case of this previous work:

Yo 1—(ff,Rh—O—l)e"‘"““M
y(r) =

yoRn[cosh(kRy) — sinh(kRy)) ¢

}, 0<r<Ry
RT

- (16)

, Ry <r<+4o00

—KT

In the high electrolyte concentration limit,
however, the solution is much more straight-
forward. If the thickness of the charge layer is
much greater than the Debye length (o > \p),
then the potential deep inside the particle be-
comes the Donnan potential vp, which is ob-
tained by setting electroneutrality at » = 0:

k‘BT . ZC?1
Yp = v arcsinh (22’05“”‘ =
17
kT | | _Zc) Zd \? (17)
e 2zcbulk b 2z cbulk

In the limit of large electrolyte concentration
[cs(r) > cn(7)] we can linearize the Donnan po-
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tential,
kBT CO
Yp =~ bh Ik
e 2ci

In this regime the electrostatic local effects de-
cay very fast with distance to the hydrogel cen-
ter, so electroneutrality is fulfilled at any 7:

r— Rh
[1—erf( T o )] . (19)
Electric field

We define the scaled electric field as Y (r) =
eE(r)/kgT. Given that the system under study
has spherical symmetry, the electric field can
simply be obtained from the potential:
dep(r)

=g

dr

(18)

cn(r) Y

~ -

~ 2k T2

y(r)

E(r) = =Vu(r) (20)
Hence, in the low electrolyte concentration
limit:
Yo(reFRa + )P kr cosh(kr) — sinh(kr)
Yo h —
Y(r)=
Yok Ry cosh(kRy) — sinh(kRy))

5 s 0<r<Rhy
KT

- (21)

o4 1o
(k7 + Ve , Ry <r<+4o0

Kr2

In the high electrolyte concentration limit:

(7’ - Rh)2
Y(ir)= X e 202 (22)
o\ 2T
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