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ABSTRACT: We present a molecular theory to study the
adsorption of different species within pH-sensitive hydrogel
nanofilms. The theoretical framework allows for a molecular-
level description of all the components of the system, and it
explicitly accounts for the acid—base equilibrium. We
concentrate on the adsorption of hexahistidine, one of the
most widely used tags in bio-related systems, particularly in
chromatography of proteins. The adsorption of hexahistidine
within a grafted polyacid hydrogel film shows a nonmonotonic
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dependence on the solution pH. Depending on the salt concentration, the density of the polymer network, and the bulk
concentration of peptide, substantial adsorption is predicted in the intermediate pH range where both the network and the amino
acids are charged. To enhance the electrostatic attractions, the acid—base equilibrium of adsorbed hexahistidine is shifted
significantly, increasing the degree of charge of the residues as compared to the bulk solution. Such a shift depends critically on
the conditions of the environment at the nanoscale. At the same time, the degree of dissociation of the network becomes that of
the isolated acid group in a dilute solution, which means that the network is considerably more charged than when there is no
adsorbate molecules. This work provides fundamental information on the physical chemistry behind the adsorption behavior and
the response of the hydrogel film. This information can be useful in designing new materials for the purification or separation/

immobilization of histidine-tagged proteins.

B INTRODUCTION

Hydrogels formed by cross-linked pH-sensitive polymer chains
display large, reversible volume transitions in response to
variations of the acidity of the solution in which they are
immersed.' > In addition to the magnitude and reversibility of
the externally controlled mechanical response, these materials
can be easily designed to be biocompatible, which has made
stimuli-responsive hydrogels very attractive for biomaterials
research and applications.” The use of environment-sensitive
hydrogels has been investigated for applications in tissue
engineering,6 biosensors,” *® and intelligent materials that can
mimic biological function.'’ In drug delivery, hydrogels can be
used as carriers that encapsulate, within their network, low-
molecular-weight antibiotics, DNA and RNA molecules,
peptides, proteins, and enzymes.'>~"® For example, the swelling
behavior of pH-responsive hydrogels has been investigated for
the oral delivery of insulin'®*° and calcitonin.*"**

Protein tags are short peptides attached to proteins for
various reasons, which include immobilization and purification
from raw biological sources. A histidine oligomer (his-tag) can
be incorporated into the primary sequence of recombinant
proteins to facilitate their purification from cultures of
overexpressing cells using immobilized metal affinity chroma-
tography (IMAC).*® In this method, introduced by Porath et
al,** proteins with the histidine tag reversibly bind to the

-4 ACS Publications  © 2014 American Chemical Society

15335

chromatography matrix that contains chelating ligands.
Typically, that matrix is modified with either nitrilotriacetic
acid (NTA) or iminodiacetic acid, complexed with metal ions
such as cobalt, nickel, copper, or zinc. The most frequently used
his-tag in IMAC is that formed by six consecutive histidine
residues (hisg). Reversible immobilization of numerous
hexahistidine-containing peptides, proteins, and enzymes onto
metal-ion-functionalized solid or soft surfaces has been
achieved® ™ as well as the metal-ion-mediated assembly of
hiss-tagged proteins onto chitosan fibers.** Hydrogels are
frequently used as supporting materials for the immobilization
of his-tagged proteins.’>*® For example, the amount of
hexahistidine-tagged kinesin bound to the surface of NTA-
modified acrylamide hydrogels can be controlled by varying the
concentration of the chelating ligand.** Supermacroporous
poly(acrylamide) cryogels modified with metal affinity matrices
have been utilized for the capture and purification of hisg-
tagged enzymes using IMAC.>”>®

The immobilization of biologically relevant macromolecules
within the interior of hydrogels presents a number of
advantages. The host environment can help enzymes retain
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their activity, stabilizing them against thermally induced
denaturation and aggregation, as well as promote refolding of
acid-denatured proteins.’”** Therefore, hydrogels are excellent
candidates for the development of new materials that can serve
as the biocompatible matrix for the chromatography of
biomolecules. Immobilization and purification of hiss-tagged
proteins and enzymes within nickel functionalized poly(2-
acetamidoacrylic acid) hydrogels have been demonstrated.*' ~*
Poly(ethylene glycol) hydrogels, whose polymer network has
been modified with ligands for metal affinity, have been used
for the controlled binding and release of hexahistidine-tagged
proteins.***> Moreover, using the high affinity between
histidine residues and a metal-ion complex, his-tagged
rhamnosidase was immobilized within calcium alginate hydro-
gel beads.*

As stated in the previous paragraph, pH-sensitive hydrogels
have been recently applied to design full three-dimensional
environments suitable for the manipulation of proteins.*' ~*>*
Although the physical properties of these materials can be
externally tuned by simply changing the composition of the
solvent, this responsive behavior has not been exploited in the
separation/immobilization of proteins. The long-term motiva-
tion for this work is to investigate the possibility of using the
solution to enhance or control the adsorption of biomolecules
into pH-responsive hydrogels. Thus, we begin by studying the
adsorption of different molecules within a surface-grafted
polyacid hydrogel film using a theory that allows for a
molecular-level description of all the components of the
system. In addition, the approach explicitly accounts for the
elasticity of the polymer network, the electrostatic and van der
Waals interactions, solvent confinement effects, and the
chemical free energy that accounts for the acid—base
equilibrium of all the titratable components of the system,
including those of the network. We delineate some general
aspects of the adsorption of molecules within the pH-sensitive
film but concentrate our attention on the adsorption of
hexahistidine and other his-tags. The theory also describes
charge regulation by histidine residues due to the local
variations of the environment.

In most experimental works, the specific binding interaction
between histidine residues and metal ions is used for the
immobilization of the hiss-tagged proteins. In the present work,
we investigate the behavior when the adsorption is due to
electrostatic attractions between ionized network units and
charged histidine residues. Our hypothesis is that the pH
sensitivity of the hydrogel can be useful to drive his-tagged
proteins to the immobilization matrix thorough controlling the
environment. Moreover, the physics and chemistry in the
absence of the metal ions are critical in determining the state
and amount of his-tag that will be found inside the gel.
Therefore, the proper understanding of the adsorption of his-
tag driven by electrostatic attractions is of primary importance
for the design of applications and for the comprehension of the
interplay between adsorption and binding. As we will show, the
behavior of the system in the absence of the metal ions is
complex, requiring its fundamental understanding before
addressing the competition between acid—base equilibrium
and ligand—receptor binding.

In a salt solution without adsorbate, the polyacid hydrogel
swells as the pH of the medium is raised because the polymeric
structure becomes increasingly charged. Swelling occurs to
lengthen the distance between confined network charges and
reduce the intranetwork electrostatic repulsions. To reduce

those repulsions more, the degree of charge of the network is
significantly smaller than that expected from ideal solution
considerations.*”*® Depending on the salt concentration, the
hydrogel can be weakly charged for pH values well above the
intrinsic pK, of the acidic units of the network (e.g., acrylic acid
with pK, around S). At the same time, from analogous solution
considerations, histidine residues (with basic intrinsic pK,
around 6) are expected to be uncharged in the range of pH
where the network is significantly charged. Therefore, it is not
clear a priori that network—histidine electrostatic attractions
can result in significant amounts of adsorption. In the current
study, we show that the adsorption shifts the acid—base
equilibrium of histidine residues dramatically, as compared to
the ideal solution, so that the amino acids remain charged even
at high pH. Moreover, the acidic network groups are charged at
much lower pH values than in the absence of the peptide. Both
phenomena produce and at the same time are also the
consequence of considerable amounts of adsorption at a wide
range of pH.

B RESULTS

In this work, we present theoretical predictions for the
adsorption of different molecular species within a pH-
responsive hydrogel nanofilm. We use a theory that combines
the explicit description of charge regulation with the
incorporation of specific molecular details of the polymer
network and solution species. The state of charge of the
ionizable groups of the network and that of the adsorbate units
are locally determined by the interplay between all of the free
energy contributions that include the chemical free energy
(acid—base equilibrium of the different titratable units), the
configurational degrees of freedom of the network, the entropy
loss of solvent and ion confinement, and the van der Waals,
steric, and electrostatic interactions. The basic idea of this
theoretical approach is to write the free energy of the system in
terms of the probability of each of the possible spatial
conformations of the polymer network and include all the
relevant repulsive and attractive interactions together with the
different chemical states of the ionizable species. The
optimization of the free energy provides the probability of
each of the conformers, the state of protonation for each
acidic/basic group of the network and adsorbate molecule, and
the electrostatic and other interaction potentials. Thus, the
theory does not assume the thermodynamic state of either the
hydrogel film (network degree of charge, thickness, amount of
molecules adsorbed) or the adsorbate species (configuration,
local concentration and state of charge). The properties of the
system and its components result from the minimal free energy
for each set of experimentally controllable variables, namely, the
pH, salt concentration, ¢, and the bulk concentration of the
adsorbate, [a]. A detailed presentation of the theory and the
optimization procedure are presented in the Methods section
and more completely in the Supporting Information.

The molecular model used to describe the system is
illustrated in Figure 1. The network is composed of cross-
linked monodisperse polyacid chains interconnected at six-
coordinated nodal monomers (cross-links). Each chain in the
network has 25 monomers (excluding the cross-links). Most of
the polymer chains connect two cross-links, except topmost
chains that have their solution-side ends free and some chains
that have one of their ends grafted to fixed positions on the
planar surface. Grafting points are arranged in a square lattice
with area density 6. The logarithmic acidity constant of a
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Figure 1. Schematic representation of the system of interest. The
picture illustrates a surface-grafted polymer network that can adsorb
hexahistidine (or other solute molecules) from a solution with
controlled pH, salt concentration, ¢, and adsorbate concentration, [a].
The pH-responsive network is composed of cross-linked polymer
chains, each having 25 acidic segments with acidity constant given by
pK, = 5. All units of the network are spherical and have the same
diameter (segment length), I, = 0.5 nm, and molecular volume, v, =
(#/6)1,> = 0.0655 nm®. Each histidine residue is represented by a
single bead centered at the position of the C, with a basic acidity
constant given by pK, = 6. The bond length of each bead is taken as I,
= 0.5 nm, which gives the effective distance between neighboring
centers of two unified groups, and its molecular volume is v, = 0.15

nm3.

titratable group of the network is taken as pK, = 5 to model a
carboxylic acid such as acrylic acid.*’ Thus, the adsorbent
material can represent a poly(acrylic acid) hydrogel nanofilm
that is chemically grafted to a solid surface. The molecular
model of the polymer network is more extensively described in
the Supporting Information as well as in our previous work.*®
The different molecular conformations of the polymer network
that serve as input of our theoretical approach are obtained
using molecular dynamics simulations. We concentrate in the
adsorption of oligomers of histidine (his,). Each residue of the
his,, is represented by a single bead centered at the position of

the C, with a basic pK, = 6.* The different conformations of
these oligomers are also an input of the molecular theory.
These conformations are obtained using a rotational isomeric
state model in which each bond can assume one of three
possible isoenergetic configurations.”® Within this model, we
generate (and include in the calculations) all the possible
conformations of each of the histidine oligomers considered.

We begin presenting results by describing the adsorption of
different molecular species inside the hydrogel nanofilm. To
this end, it is convenient to define the adsorption

r= / " d(p(2) - p) (1)

which gives the excess amount of adsorbed molecules per unit
area. In this definition, p, is the bulk number density of
adsorbate, and (p,(z)) gives the local number density at a
distance z from the surface (both inside and outside the film),
such that lim,_,.{p,(z)) = p,. The angle brackets in the local
density represent a position-dependent ensemble average over
the adsorbate conformations. The adsorption quantifies not
only the excess amount of molecules partitioned in the interior
of the network but also considers contributions from the
interfacial network-solvent region. Figure 2A shows the
dependence of the adsorption on the pH for several spherical
nanoparticles with different permanent charge. These results
are included to serve as a reference when discussing the
adsorption of histidine and oligomers of such amino acid. We
find that the adsorption of these spherical molecules depends
on the pH due to the different charge states of the hydrogel
network. The adsorption of positively charged species grows as
the pH increases. The more positive charge the adsorbate
nanoparticle carries, the more it adsorbs into the hydrogel at
sufficiently high pH. Negatively charged molecules are excluded
from the film as the pH increases. This depletion (I" < 0) is
more significant as the absolute value of the negative charge in
the particle increases. No adsorption (I" & 0) is predicted when
the species is electroneutral. Therefore, the I'" profiles of Figure
2A for permanently charged particles clearly show that the
driving force for the adsorption (depletion) are the network—
adsorbate electrostatic attractions (repulsions).

Panel A of Figure 2 also shows the adsorption of aspartic acid
(pK, = 3.7) and histidine (pK, = 6). The adsorption of aspartic
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Figure 2. Adsorption, I, as a function of the solution pH, for various adsorbate species, which include (A) different nanoparticles with permanent
charge g, aspartic acid, and histidine, as well as (B) several n-mers of oligohistidine. Aspartic acid is modeled as having the same diameter as a
histidine molecule, I, = 0.5 nm, volume v, = 0.12 nm®, and pK, = 3.7. The permanently charged molecules are spherical particles with a diameter
equal to that of a histidine residue to allow for direct comparison, and volume v, = 7(1,>/6). In all cases, the bulk concentration of the adsorbate

molecule is 1 mM, the salt concentration is ¢ = 100 mM, and the network grafting density is ¢ = 0.012 nm™.
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acid is not qualitatively different from that of a molecule with a
permanent negative charge. This is because the pK, of the
acidic groups of the network and that of the adsorbate
molecules are relatively close to each other. Then, at the same
conditions that the polymer network can repel like-charged
species, aspartic acid is significantly negatively charged and
therefore repelled from the nanofilm. The adsorption of a
monomer of histidine inside the polyacid film presents a
nonmonotonic dependence on the solution pH. At low pH, the
network is only weakly ionized, which results in no driving
force for the adsorption. At high pH, histidine residues are
uncharged, resulting again in negligible adsorption. At
intermediate values of pH, however, both the network and
the amino acids are significantly charged, leading to an
adsorption that displays a maximum at a pH in between the
pK, of the two titratable species. The same qualitative behavior
is observed for different histidine oligomers as can be observed
in Figure 2B, although the magnitude of the adsorption
depends critically on the degree of oligomerization. At both
extremes of the pH axis, the electrostatic attractions between
the peptide and the network are not sufficient to drive the
adsorption because either the network (at low pH) or the
adsorbate (at high pH) is weakly charged. In these regions, no
adsorption or even depletion is predicted, depending on the
size of the peptide. The longer the peptide, the stronger the
steric repulsions inside the hydrogel and the more depletion of
adsorbates from the network at low or high pH.

We now concentrate our attention on the adsorption of
hexahistidine. The reason is twofold. First, hisy is the most
frequently used protein tag for the immobilization and
purification of recombinant proteins. Second, the adsorption
behavior is qualitatively similar for all the n-mers considered in
Figure 2B. Figure 3 presents I' vs pH curves for different
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Figure 3. Adsorption of hiss as a function of the pH for different
grafting densities of the polymer network, . The bulk concentration
of the peptide is [hiss] = 1 mM, and the salt concentration is ¢ = 100
mM.

grafting densities of the hydrogel network. The I'—pH profiles
are qualitatively similar for all the different grafting densities,
although the quantitative adsorption depends critically on 0. A
larger grafting density implies more density of polymer within
the film and more electric charge on the network (per unit
area) to drive the adsorption of the hexamer. Then, at

intermediate pH, the adsorption is significantly enhanced by
increasing the grafting density.

Next, we investigate the influence of the bulk concentration
of his, on the absorption behavior. Adsorption (I'—pH) profiles
at different bulk concentrations are shown in Figure 4A, and
adsorption isotherms are presented in panel B of the figure. At
low (pH < 4) or high pH (pH 27.5), either negligible
adsorption or depletion is predicted in the range of
concentrations studied, as can be observed in both panels of
Figure 4. Under such conditions, adding [his] to the solution
reduces the adsorption monotonically. This behavior is because
I' is an excess quantity measured relative to the increasing bulk
concentration of hexahistidine, and there are no network—
histidine electrostatic attractions to drive the adsorption.
Histidine is positively charged at low pH, but the network is
only weakly charged under this condition. On the contrary, at
high pH the polymer matrix is negatively charged but histidine
is weakly charged. In the range of pH values where significant
adsorption is observed (ie, when the polymer network is
negatively ionized and the adsorbate positively charged), the
isotherms shown in Figure 4B display a nonmonotonic
behavior. When [hisg] is raised in the bath solution, I increases
until reaching a maximum at a given concentration in between
0.01 and 0.1 M depending on the pH. Increasing concentration
of his, further results in less adsorption. This maximum occurs
roughly when the charge of the network is completely balanced
by that of adsorbed hexahistidine. At higher hiss concentrations,
the network loses the ability to adsorb hisg through electrostatic
attractions. On the contrary, adsorbed hexahistidine residues
drive the incorporation of significant amounts of salt anions to
neutralize the total charge of the film (see Supporting
Information).

The I'—pH profiles presented in Figure 4A are asymmetric
with substantially more depletion of hexahistidine at high than
at low pH. This behavior can be more clearly observed for
[hiss] = 10 mM (blue curve in Figure 4A), but it is a general
feature of these profiles. Such result is interesting since the film
is swollen at high pH (see Figure 6), having more available
volume in the interior of network to adsorb peptide. However,
because the network is strongly charged under this condition,
the more favorable situation is for the hydrogel film to use the
extra volume to adsorb ionic species that can screen the
intranetwork electrostatic repulsions. This adsorption of ions
results in the expulsion of the mostly uncharged hexahistidine
molecules.

We analyze next the adsorption of hisy inside the hydrogel
film and study the charging behavior of both components (i.e.,
the polymer network and the adsorbate species) as well as the
ability of the structure to swell in the presence of hexahistidine.
We begin by describing the ionization of the polymer matrix.
The average degree of dissociation of network units can be
calculated using

B fooo dz f (2){p,(2))
wl fooo dz (p,(2)) @)

where (p,(z)) is the ensemble average of the local density of
network segments and f,(z) is the local degree of charge.
Figure 5 shows the average degree of dissociation of the
network as a function of the solution pH and salt concentration
for two different situations, depending on whether the solution
contains hexahistidine (A) or not (B). The dashed lines in the
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Figure 4. (A) Adsorption vs pH for different bulk concentrations of hexahistidine, [his¢]. (B) Adsorption isotherms, I', as a function of [his,], for
several values of the solution pH. A zoom-in of the isotherms for low bulk concentrations is shown in the bottom-left inset. In both panels, ¢ = 0.012

nm~2 and ¢ = 100 mM.
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Figure 5. Average degree of dissociation of the network as a function of the solution pH and salt concentration, for a bath solution containing 1 mM
of hiss (A) and for a solution that contains no hexahistidine (B). The polymer network is the same in both situations, with a grafting density of ¢ =

0.012 nm™2

graphs correspond to the ideal solution titration of acid groups,
ie.

fi=—
"1+ 10P5 TR ©)
with pK, = 5.

The chemical free energy of the network describes the free
energy contribution of the acid—base equilibrium of titratable
units of the gel. A necessary condition to minimize such
contribution to the free energy is that (f,) = fb. When the bath
solution contains no adsorbate molecules, however, (f,.) is
significantly lower than f% in a wide range of conditions, but
most notably at low ¢, as can be observed in Figure 5B. This
deviation implies that the chemical free energy of the network
is far from optimal. The reason for this behavior is that a lower
degree of charge on the network reduces the energetic cost due
to the electrostatic repulsions arising mostly from counterion
confinement. The behavior of this hydrogel, particularly its
swelling state, is mainly determined by the competition
between the intranetwork electrostatic repulsions and the
chemical free energy. When the pH of the solution is raised, the
acid—base equilibrium drives the increase of the network
degree of charge. In response, the hydrogel swells to lengthen
the effective distance between charged network segments and
reduce the strength of the electrostatic repulsions.

The competition between the aforementioned physicochem-
ical interactions is modulated by the concentration of
monovalent salt. In addition to swelling, the hydrogel can
adsorb salt ions, which screen the electrostatic repulsions

between charged network units, thus shortening the effective
range of those interactions. However, the adsorption of salt
ions plays an additional and opposing role. A larger screening of
the electrostatic repulsions allows for more dissociation in the
network in order to reduce the chemical free energy further,
since (fy) is lower than 1o

One of the consequences of this dual role played by salt ions
is that the hydrogel film displays a nonmonotonic swelling
behavior when the bath solution does not contain hexahistidine.
In such situation, there is a range of solution compositions
where the film deswells as the bath pH increases*® (see Figure
6). On the contrary, if the bath solution does contain
hexahistidine, (fgel> o~ ff’l under most external conditions (except
for a small but appreciable deviation at very low c) as can be
seen in Figure SA. The minimum of the chemical free energy of
the network requires (fy) ~ f%, as previously mentioned. Then,
the results presented in Figure SA suggest that the contribution
to the free energy from the acid—base equilibrium of titratable
network units is nearly ideal.

Next we consider how this nearly ideal charging behavior of
the network, due to the presence of hexahistidine, modifies the
pH-triggered swelling of the film. Some of the polymer chains
of the gel are chemically grafted to the supporting surface.
Therefore, the film can only swell in the direction perpendicular
to the plane of the surface. The only relevant dimension of the
film is its thickness, which is defined as twice the first moment
of the density distribution of polymer:

dx.doi.org/10.1021/1a5040382 | Langmuir 2014, 30, 1533515344
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When the gel is in contact with a salt solution, the thickness of
the film is a nonmonotonic function of the pH, except at high ¢,
as can be observed in Figure 6 (dotted-line curves). As already
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Figure 6. Nanofilm thickness as a function of the pH for solutions
containing 1 mM of hisg and different salt concentrations (solid-line
curves). The network grafting density is 0.012 nm™ The thickness of
the film at identical conditions when the bath solution contains no
adsorbate species is represented using dotted lines.

discussed, this behavior results from the two opposing roles
that the adsorption of salt ions plays in modulating the
competition between the acid—base equilibrium of titratable
units of the network and the electrostatic repulsions between its
charged segments.** When the conditions are such that there is
no competition between these free energy contributions, the
thickness of the film is a monotonic function of the pH. In the
case of the solution containing hexahistidine, the degree of
dissociation of the polymer gel is almost ideal (see Figure SA).
Since the chemical free energy of the network is near its
minimum value, there is no competition with other

interactions. As a result, the thickness of the film is mostly a
nondecreasing function of the solution pH, as observed in
Figure 6 (solid-line curves), although a small region of
deswelling is observed with increasing pH.

Let us now investigate the influence of the solution salt
concentration on the adsorption of hexahistidine. Figure 7A
presents I'—pH profiles for different salt concentrations, which
display several interesting features. First, hiss adsorption
significantly diminishes as ¢ increases due to the more intense
screening by salt ions of the electrostatic attractions between
network and histidine units, which is the main driving force for
the adsorption. The second intriguing observation is that the
range of pH where significant adsorption is predicted grows
with decreasing c. This result can be rationalized by looking at
Figure 7B, which depicts the average degree of association
(charge) of histidine units that are adsorbed inside the film,
defined as

1
<fh15> = h_

gel

e
[Tag,@
0 ©)

where f1,,(z) is the local degree of charge of histidine units at a
distance z from the supporting surface. In addition, Figure 7B
shows the degree of charge of the species in the bulk solution,
given by

1
b _
f his

1 + 107" 7PKu (6)

with pKy;, = 6. Similarly to the bulk solution behavior, adsorbed
histidine residues are strongly charged ({fn;) ~ 1) at low pH
and weakly charged at high pH ({(fy;) ~ 0). However, the
degree of charge of histidine is larger inside the film than in the
bulk solution, independently of the pH. As ¢ decreases, more
units of the adsorbed hexahistidine molecules are charged,
which implies that (f,;) deviates further from f};, especially at
high pH. Lowering the salt concentration broadens the pH-
dependent discharging transition of adsorbed hexahistidine
because the condition of uncharged residues is obtained at
higher pH values. Such response of hexahistidine with
decreasing ¢ results in more adsorption (Figure 7A) due to
the stronger electrostatic attractions with the oppositely
charged network units. Not only more residues are charged
with a lower ¢ but also the electrostatic attractions are longer
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Figure 7. (A) Adsorption as a function of the pH for bath solutions having different salt concentrations and [hiss] = 1 mM. The squares along the
curves give the adsorption value when pH = pKifP, the apparent pK, of adsorbed histidine residues. At this value of pH, exactly half of the adsorbed
histidine units are protonated (charged). (B) Average degree of charge of adsorbed his; as a function of the solution pH for various ¢ as well as the

degree of charge of a histidine residue in the bulk solution (dashed magenta curve). The grafting density of the network is 6 = 0.012 nm™.
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Figure 8. (A) Local degree of charge of histidine residues, fi,(z), as a function of the distance from the supporting surface, z, for several pH values.
Dotted lines give the average degree of charge inside the film, (fy;). The bulk solution contains [hiss] = 1 mM and ¢ = 1 mM, and the network
grafting density is ¢ = 0.012 nm ™% (B) Local pH, pH(z), as a function of z for different values of the solution pH, at the same conditions of panel A
(solid-line curves). Panel B also shows pH(z) for a system at otherwise identical conditions but whose bath solution contains no adsorbate molecules
(dashed-line curves). Either a star or a circle along the curve, depending on whether the solution contains or not hisg respectively, marks the distance
from the surface at which the local and bulk pH differ from each other by less than 1%. The bottom-right inset shows the bulk ionic strength, I, as a
function of the pH for both salt and hexahistidine solutions, at the same ¢ as the main plot.

ranged. Then, this broadening of the deprotonation transition
of adsorbed hisg units as a function of pH explains why the I'
profiles widens as the salt concentration decreases.

The pH-dependent discharging of adsorbed histidine
residues can be further characterized using the apparent pK,
pKiEP, which gives the midpoint of the transition. When pH =
pKif?, exactly half of the adsorbed histidine units are
protonated (charged). In Figure 7B, the apparent pK, is
marked by the intersection between the corresponding (fy;)—
pH curve for a given ¢ and a horizontal line at (fy,) = 0.5
(orange dotted line). In Figure 7A, pKif? is represented by a
square along the I profile. At low pH, (fy;) is relatively close to
fﬁis for all salt concentrations. As the pH approaches pKil?, the
degree of charge begins to deviate from its bulk value, an effect
that is more noticeable as ¢ decreases. Under such conditions
(pH ~ pKP), both the network and the adsorbate molecules
are significantly charged. The electrostatic energy is reduced by
increasing the number of network—histidine attractions. Thus,
the equilibrium conditions are shifted to a higher degree of
charge in the hexamer as compared to the bulk value. At low
salt concentration, the electrostatic interactions are long-
ranged, which makes the shift more pronounced. In particular,
at the lowest ¢ shown in Figure 7B, this effect occurs to such an
extent that (fi;) nearly plateaus for more than 1 unit of pH
around its apparent pK,. This asymmetry of the different (fi;)—
pH profiles is also present in the I" profiles of panel A, which
are wider as ¢ decreases. As a consequence, the pH of maximal
adsorption, which occurs near pKif? (see squares in Figure 6),
shifts to higher values as ¢ decreases.

Additional information on the charging behavior of hisy is
presented in Figure 8A, which shows the local degree of charge
of peptide units as a function of the distance from the surface.
Three regions can be clearly defined in the graph. Inside the
film (0 < z < hyy ~ 50 nm), the local degree of charge takes
values that average to (fy;) (represented by dotted lines in the
figure). The spikes observed in this region, which occur
regularly spaced, correspond to the position of the network
cross-links which have, consequently, the highest density of
polymer. Around these positions, histidine residues are slightly
more charged due to the higher density of localized negative
charge. Therefore, these features depend not only on the

molecular architecture of the network but also on the
conditions of the environment.

Far from the film (large z), the degree of charge of histidine
is that of the bulk. The last distinctive region is the interface
between the film and the bulk solution, where f;(z) goes from
(fuis) to fii as the distance from the surface increases. These
general features are common to all solution compositions.
However, in Figure 8 we have chosen a relatively low salt
concentration, ¢ = 1 mM, to highlight the fact that the presence
of the pH-sensitive adsorbate reduces the thickness of the
interfacial region. To illustrate this phenomenon, let us define
the local pH as

pH(z) = —log[H"(2)] 7)

where [H*(z)] is the local molar concentration of protons. In
panel B of Figure 8, we show the local pH as a function of the
distance from the surface in both situations, for a solution with
1 mM of hiss and for one without an adsorbate component. As
z increases, stars and circles mark the point at which the values
of the local and bath pH are within 1% of each other, for the
cases with and without hiss in the solution, respectively. We
have arbitrarily chosen this value to quantify the position where
the interface ends.

The width of the interfacial region correlates with the ionic
strength of the bulk solution

I = l Z cl-zl-2

2 i € bulk ionic species (8)

where the sum runs over all the ionic species in the bulk
solution, including protonated histidine residues. The symbol ¢;
represents the molar concentration of ionic species i and z; its
charge number. The bottom-right inset of Figure 8B shows I as
a function of the pH. The rest of the conditions are the same as
in the main plot and panel A. For the salt solutions of Figure
8B, the interfacial region ends around the same distance from
the surface independently of the pH. This behavior occurs
because the bulk ionic strength of these solutions is
approximately constant within this range of pH (see inset).
The lower the ionic strength of the solution, the longer the
effective reach of the electrostatic interactions and the
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extension of the interface. The bulk ionic strength of
hexahistidine solutions decreases with increasing pH (in
between 6 and 8, see inset), which leads to a longer interface.
Stars are tens to almost a hundred nanometers closer to the
surface than circles. The interfacial region can be remarkably
longer in the absence of the adsorbate species because the bulk
ionic strength is lower for salt solutions (more than 1 order of
magnitude at pH 6). At pH 8, on the contrary, the ionic
strengths of both bulk solutions are similar, and the interfaces
end roughly at the same distance from the surface.

Finally, the pH inside the film is always higher for the system
containing the peptide, as observed in Figure 8B. Thus, the
drop in pH between the bulk and the interior of the film is
more significant for salt solutions. This observation is
consistent with the results presented in Figure 5A,B, which
show that for a hexahistidine solution the degree of dissociation
of the network is almost the one expected from bulk
considerations, contrary to what occurs for salt solutions.

B CONCLUSIONS

We have presented a theoretical study of the adsorption of
different molecules within a grafted polyacid hydrogel film in
contact with a salt solution of controlled composition. The
empbhasis has been placed in solutions containing hexahistidine
because this peptide has several applications, the most frequent
of which is its use as a protein tag in immobilized metal-ion
chromatography. To approach the problem, we have employed
a molecular theory that explicitly accounts for the conforma-
tions of the polymer network, the electrostatic and van der
Waals interactions, solvent confinement effects, and the
chemical free energy that describes the acid—base equilibrium
of all the titratable groups of the system. In addition, the
method allows for a molecular-level description of all the
components, in particular the adsorbate molecule and the
polymer network.

The adsorption of hisg inside the film shows a nonmonotonic
behavior as a function of the solution pH. The acidic units of
the network are protonated (uncharged) at low pH, while the
residues of the hexamer are uncharged at high pH. Both
situations result in no electrostatic attractions between the
adsorbate species and the adsorbent macromolecule. Con-
sequently, no adsorption or depletion inside the film is
predicted under these conditions. At an intermediate pH
range, however, significant adsorption can be observed, which is
mainly driven by the electrostatic attractions between the
positively charged hiss and the negatively charged network. The
amount of adsorption at a given pH, as well as the pH of
maximal adsorption, depends on the salt and adsorbate
concentrations and the density of the network. For example,
our results suggest that increasing the area density of ionizable
polymer is an excellent strategy to increase considerably the
adsorption of the histidine tag.

The physicochemical response mechanisms that underlay the
observed nonmonotonic adsorption of hexahistidine are not
trivial. As a result of the adsorption, the degree of dissociation
of the polymer network becomes that of the isolated acid group
in a dilute (ideal) solution with the same pH as the bath.
Therefore, the contribution to the total free energy from the
acid—base equilibrium of the network is near its minimum
value. Such a response is unexpected based on the predictions
for solutions without hiss, where the degree of charge of the
network can be significantly lower than that of the ideal
solution. On the other hand, the degree of charge of adsorbed

hiss units can be considerably higher than its bulk value. The
magnitude of such shift from the bulk behavior depends
critically on the solution pH and salt concentration.

The swelling of the hydrogel, triggered by a raise in the pH,
is qualitatively different whether the solution contains or not
hexahistidine. In both cases, as the polymer network becomes
increasingly charged when the solution pH augments, the
intranetwork electrostatic repulsions drive the swelling of the
hydrogel. When the bath solution contains no adsorbate, the
electric charge of the network is much less than that expected
from ideal solution considerations. This effect occurs to reduce
the electrostatic repulsions between charged network units.
Less dissociation in the polymer backbone, however, comes at
the expense of increasing the chemical free energy of the
network, which is minimized when the degree of charge is
exactly that of the ideal solution. During swelling, the gel
incorporates salt ions from the solution, which has two
opposing consequences on determining the optimal thickness
of the film. Salt ions screen the intranetwork electrostatic
repulsions, thus disfavoring swelling. The opposite effect is that
such screening allows for more dissociation on the polymer to
relax the chemical free energy of the network. This dual role of
the salt concentration in modulating the competition between
the intranetwork electrostatic repulsions and the network
chemical free energy can lead to some interesting behavior,
such as the nonmonotonic swelling of the grafted polyacid
hydrogel film that we have recently reported.** On the
contrary, when the solution contains hexahistidine, the degree
of dissociation of the network is close to that of the ideal
solution. The chemical free energy of the network is almost
optimal, implying that there is no competition with the
intranetwork electrostatic repulsions. The equilibrium of
peptide units, however, undergoes a significant deviation from
ideality, thus paying the corresponding chemical free energy
price. As a result, the thickness of the hydrogel is roughly a
monotonic function of the solution pH. This is one example of
the nontrivial interplay between the different contributions to
the free energy that determine adsorption. The coupling
between molecular organization, physical interactions, and
chemical state depends exquisitely on the conditions. Pure
hydrogel show a highly nonideal chemical behavior. The
presence of adsorbed oligohistidine changes the chemical
behavior of the network to be seemingly ideal; however, the
adsorbed peptide shows a highly nonideal chemical behavior.

The immobilization and purification of histidine-tagged
proteins using IMAC are based on the relatively high affinity
and reversibility of the binding interactions between histidine
residues and metal ions. We are currently working on
incorporating metal—histidine binding in our theoretical
approach to study the adsorption behavior for a pH-responsive
network functionalized with metal ions. In parallel, our current
research efforts concentrate on considering the adsorption of
full proteins within the hydrogel. The results presented in this
work suggest that the pH sensitivity of the hydrogel can be
useful to drive histidine-tagged proteins more efficiently to the
interior of the chromatography matrix. We have shown that the
equilibrium adsorption of pH-sensitive molecules within the
polymer film displays nontrivial features. Consequently, the
microscopic information that this work provides can be useful
in designing novel, full three-dimensional assays for the
immobilization and purification/separation of histidine-tagged
proteins.
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B METHODS

To describe the equilibrium adsorption of different species within the
polyacid hydrogel film, we have used a theoretical approach that
accounts for specific molecular details of both components the
polymer network and the adsorbate molecule of interest. This theory
explicitly describes the regulation of electric charge by each of the
weak electrolyte units of the system. The molecular conformations of
the polymer network are incorporated into the theoretical framework
using molecular dynamics simulations. The present formalism
combines the molecular theory that we have recently used to study
the swelling behavior of pH-responsive hydrogel nanofilms,***" with a
molecular theory that was developed to investigate protein adsorption
on surfaces with grafted polymers.>> The initial procedure of this
methodology consists in writing the total free energy of the system,
which is given by

F=-TS

conf

TSmix + []de + LIst + Fchm + LIelec (9)

where T is the system temperature and S, includes the conforma-
tional entropy of the adsorbate and that of the flexible polymer
network that makes the backbone of the hydrogel. S, is the
translational entropy of the different free species in the solution
including the adsorbate molecule, U,q,, is total attractive van der Waals
interaction, U, is the total repulsive steric (excluded volume)
interaction, and U, is the total electrostatic energy. In addition, the
chemical free energy, F.,,, accounts for the acid—base equilibrium of
all the titratable units of both the polymer network and the adsorbate
molecule if the species bears acid or basic groups. Each of these terms
of the free energy can be explicitly expressed as a functional of the
probability of the different molecular conformations of the network,
the local density profiles of the mobile species, the local degree of
dissociation/association of every ionizable species, and the position-
dependent electrostatic potential. Optimization of the total free energy
with respect to the aforementioned functions leads to a series of
equations that can be solved numerically to obtain the local interaction
fields (the osmotic pressure and the electrostatic potential). All
structural properties can be determined from the probabilities and
interaction fields obtained from the optimized free energy. Any
thermodynamic quantity of interest can be computed by taking the
adequate derivative of the proper thermodynamic potential. Technical
details and all the relevant equations of the molecular theory can be
found in the Supporting Information and in our previous works.*”*
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