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Abstract

Weak polyelectrolyte brushes are a promising platform for the selective capture and
release of charged proteins from bulk solutions. Despite their potential for creating
smart responsive surfaces, a detailed microscopic understanding of the uptake behav-
ior in dependence of various parameters remains elusive. In this study, we employ
coarse-grained, particle-based simulations to investigate how charge regulation under
varying environmental conditions modulate the uptake and release of pH-responsive
ampholytes, serving as a toy model for proteins, into weak polyelectrolyte brushes.
For quenched brushes with constant ionization, the uptake of ampholytes remains
strong across different isoelectric points. In contrast, for weak brushes, the ampholyte
uptake becomes selectively sensitive to different isoelectric points and pK a-values and
exhibits a non-monotonic behavior with changing pH. Enhanced proton partitioning
into the brush lowers the local pH, significantly shifting the ionization states of both
the brush (pK™® > pKj,) and ampholytes (pI*?® > pl), such that the concurrent
ionization of the brush and the ampholyte results in an optimum uptake strength for

pK3’’ < pH < pI*’P. Adjusting the salt concentration broadens the uptake window
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and shifts the maximum uptake to higher pH values. Additionally, ampholytes with
higher charge regulation capacitance near the isoelectric point demonstrate stronger
adsorption, extending selective adsorption capabilities in ampholyte mixtures with sim-

ilar isoelectric points.

1 Introduction

Polyelectrolytes are chain molecules containing electrically charged groups, which means
they are soluble in water and thus interesting materials for many applications in ar-
eas such as biomedicine, nutrition, agriculture and cosmetics. A class of polyelec-
trolytes that have received renewed attention in recent years are weak polyelectrolytes.
These are polyelectrolytes which contain titratable, i.e. chemically reactive acid or
base groups that can change their ionization state depending on the pH-value and
the local (electrostatic) environment.! The reversible response of these systems to
external stimuli makes them suitable candidates for “smart materials” that can for
example be used in targeted drug delivery,?* pH-controlled hydrogel swelling,®” pH-
dependent gelation® and desalination processes.? Similar to synthetic weak polyelec-
trolytes, many biopolymers like proteins contain weak acidic or basic groups and can
thus undergo pH-dependent ionization changes. Proteins often contain both acidic
and basic groups, which means that they are “ampholytes” that do not only regulate
the magnitude of their charge but can even reverse its sign. Compared to synthetic
weak polyelectrolytes, their behavior is further complicated by the diversity of dif-
ferent amino acids and the complex spatial arrangement of the residues within the
three-dimensional protein structure. The pH-dependent “charge regulation” of pro-
teins significantly influences their interactions with charged entities such as other pro-

10,11 or synthetic polyelectrolytes!? and leads to a much richer behavior than is

teins
observed in the case of “quenched,” i.e. frozen charges. These characteristics can be
leveraged in biomedically relevant use cases such as protein detection and purification.

For example, in a recent experimental study, nanochambers gated by pH-responsive
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polyelectrolyte brushes were used to trap and release proteins.® In the past, grafted
polyelectrolyte brushes have also been employed to reversibly immobilize proteins in
large amounts under certain conditions without hampering their structural and en-

1419 which has significant implications for biomedical applications.

zymatic integrity,
Works on Bovine Serum Albumin (BSA) interacting with a spherical polyelectrolyte
brush reported electrostatically-driven adsorption of BSA into the brush when both are
oppositely charged.!#%16 Remarkably, these works demonstrated that protein adsorp-

“wrong side” of the isoelectric point (pI), where the brush

tion happens even on the
and the protein are like-charged. Furthermore, the adsorption strength is profoundly
influenced by the ionic strength of the buffer solution.

One proposed explanation of protein adsorption on the wrong side of the isoelec-
tric point is that the proteins have an inhomogeneous distribution of acidic and basic
groups on their surface, which results in localized charge patches. As a consequence,
even when the net charge of the protein is negative, a positive patch can instigate com-

plexation with a polyanionic brush, concomitant with an entropic counterion release

force. This explanation is referred to as the “charge patch argument” and has been

20,21 22,23

corroborated through various experiments, simulations, as well as theory??
in the case of patchy proteins. Another rationalization often invoked is the “charge
regulation” argument,?> 27 which suggests that due to a higher proton concentration
within the dense brush, the local effective pH inside the brush is lower than in the bulk
solution. The local pH causes a charge reversal of the ampholytic protein inside the
brush, making adsorption electrostatically favorable. While there are many works that
address the question which mechanism drives the adsorption,?®3? the answer seems
to be system-specific. Hence, any theoretical generalization is challenging, considering
the architectural and chemical diversity of proteins.

The theoretical treatment of two-phase systems such as polyelectrolyte brushes
requires a proper accounting of the ionic partitioning between the polyelectrolyte-rich

phase and the bulk solution. In polyelectrolyte brushes, the densely grafted brush

acts as a polymer-rich “brush-phase,” while the surrounding ionic solution acts as a
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“bulk-phase.” Imposing the electroneutrality of both phases and establishing chemical
equilibria for the small ions between them gives rise to a Donnan potential and an
enhanced partitioning of counterions into the brush. In a weak polyelectrolyte brush,
the reversible ionization of the acidic or basic groups of the brush is affected by the local
pH within the system. This ionization state of the polyelectrolyte affects in turn the
partitioning of ions (including HT) between the system and the reservoir and thus the
local pH within the system, leading to a complex coupling between ionization and ion
partitioning. Further complications arise due to (electrostatic) interactions, which can
lead to a strongly non-ideal ionization behavior, the so-called “polyelectrolyte effect.” 33
Accounting for all of these effects is crucial for a consistent theoretical description
of the charge-based sequestration of pH-responsive ampholytes such as proteins. A
popular class of brush models are based on the mean field approximation, which allows
for fast and efficient calculations.3*36:36-41 However, mean field models fail to capture
electrostatic interactions in their entirety, especially for the case of multivalent entitites,
where correlation effects become important. 4249

In contrast to the limitations of mean-field approaches, recent advances in simu-
lation methodology allow for simulations of charge-regulating two-phase systems on a
particle-based level, accounting for the full electrostatic interactions and charge regula-
tion effects at the same time. 33 Here, we employ this particle-based simulation approach
to study the tunable and reversible binding of pH-responsive ampholytes to a weak
polyelectrolyte brush. In the context of protein sequestration, a proper quantification
of the uptake and release of specific proteins by a polyelectrolyte brush necessitates
modeling several features such as the specific distribution of titrable groups on the

10,1120 pon-electrostatic, short-range

protein surface, including cooperative ionization,
attractive interactions? and steric interactions. Considering the multifaceted nature
of the problem and the fact that there is no holistic way to address all of these as-
pects simultaneously, a viable strategy to attack the problem is a bottom-up approach,

where one starts with a simplified model, adding further complexity step-by-step. Ad-

hering to this idea, in the current work we investigate how the acid-base equilibrium
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of a weak polyelectrolyte brush and the concomitant partitioning of ions dictate the
charge regulation and uptake of a small ampholyte molecule. We employ a simple
coarse-grained representation of a weakly ampholytic molecule that can dynamically
adjust its charge depending on the (local) pH. This construction allows us to solely
focus on the monopolar contribution of the charge regulation aspect, neglecting fur-
ther complications arising from the complex charge distribution of real proteins. In a
follow-up work, we will increase the complexity by introducing more realistic protein
models with asymmetric charge group distributions, accounting for dipolar and charge
patch-induced effects as well as steric interactions. The outlined approach enables us
to focus on generic features of the system that are independent of a specific protein,
thus allowing us a to gain a general understanding of pH-reponsive protein uptake by

brushes and guide future experiments.®%>!

2 Simulation Model and Methods

Similar to our previous studies,%°2

we carry out coarse-grained, particle-based sim-
ulations of a weak polyelectrolyte brush in contact with a reservoir, using a hybrid
MD/MC scheme. All simulations are performed using version 4.2.0 of the simulation

software package ESPResSo. %34 In the following, we describe the employed model and

simulation methodology.

2.1 Coarse-Grained Model

We use a coarse-grained, implicit solvent model of a weak polyelectrolyte brush. The
generic bead-spring model is based on the popular polymer model of Kremer and

Grest,? in which all particles, i.e. monomers, small ions and ampholytes, interact via
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a truncated Lennard-Jones potential:

der,y ((%)12 - (%)6) — 4dery ((rc‘;)w — (Tit)ﬁ) if r < reut

0 if > reut.

VLJ-cut(T) = (1)

Here, o is the particle diameter with a value of 0 = 0.355nm and r¢,t is the cutoff
distance of the potential. Except for the case of non-electrostatic attractions between
ampholytes and monomers (rey = 2.50), we always use a purely repulsive potential
(reut = 26 o), corresponding to the Weeks-Chandler-Andersen (WCA) potential.®® If
not mentioned otherwise, we set the interaction strength to a value of €3 = kT,
where T" = 298.15 K corresponds to room temperature. The covalent bonds between
adjacent monomers in the chains are considered to be non-linear springs, described by

the Finite Extensibility Nonlinear Elastic (FENE) potential:®®

2
_%?naxln <1_ (ﬁ) > if 1 < Arpax
(2)

VFENE(T) =

o0 if r > Armax.

In the current study, we set the maximum extension of the bond to a value of Aryax =
2.0 0, the spring constant to k = 30 kgT'/o? and the equilibrium length of the bonded
potential to rg = 0. Electrostatic interactions are treated on the level of a restricted
primitive model (RPM). This means that all charged particles interact via the full

Coulomb potential

N )\BkBTZiZj

V(Z)z)ulomb (7“) - r ’ (3)

where z; and z; are the valencies of the respective particles. The strength of the
interaction is controlled by the Bjerrum length A\g = e?/4mekpT, which corresponds
to the distance at which the interaction energy between two monovalent ions is equal
to the thermal energy. Equation 3 models the solvent only implicitly, i.e. via an

effective dielectric constant that is contained in the Bjerrum length. In order to mimic
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an aqueous solution at room temperature, we set Ag = 20 = 7.1 A. To account for
the long-range nature of the Coulomb interaction in our simulations, we use the P3M

d,?""® complemented by the electrostatic layer correction (ELC)%%%Y to correctly

metho
model the geometry of the 2D-periodic slab system.

The described interaction potentials allow us to build up a coarse-grained represen-
tation of a weak polyelectrolyte brush as shown in Fig. 1 (a). Our brush consists of
5 x 5 chains of length N = 25, which are uniformly grafted to a flat surface at z =0
with a grafting density of I' = 0.1 0~2. This grafting is achieved by tethering one end of
each chain at a fixed position on the wall, which is impenetrable to all particles due to
a repulsive WCA interaction. In the directions parallel to the interface, labeled x and

y in the following, we employ periodic boundary conditions, while in the perpendicular

z-direction, the system is confined by hard walls at z = 0 and z = 150 0.

2.2 Methodology

We use Langevin dynamics at a temperature of T' = 298.15 K, with a friction coefficient
of v = 1.0 (in LJ units) and a reduced mass m = 1.0 to sample different conforma-
tional states of the system at a fixed chemical composition. The stochastic equations
of motion are numerically integrated using the Velocity-Verlet method®' with an inte-

gration time step of At = 0.01¢ (m/kpT)"/?

. Additionally, we explicitly consider the
effects of charge regulation, i.e. of the chemical equilibria corresponding to the weak
polyelectrolyte brush and other pH-responsive entities present in the system. On the
coarse-grained level, such chemical equilibria are conveniently modeled using Monte
Carlo approaches. 92766 Here, we employ a generalized version®” of the grand-reaction
method, 336668 which models a polyelectrolyte phase that is grand-canonically cou-
pled to a reservoir containing small ions, as shown schematically in Fig. 1 (b). This
method, originally developed for the simulation of weak polyelectrolyte hydrogels, %’
has been applied to a wide range of systems, including the dialysis of weak polyelec-
trolyte chains,?? polyelectrolyte complex coacervates®%” and grafted polyelectrolyte

49,52,70,71

brushes. For the present system, we have to consider two different chemical
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reactions: on the one hand, the weak acidic monomers HA of the brush can dissociate

in the reaction
HA = A~ +H", (4)

which is described by the equilibrium constant K, = 107PXA. Here, we set pKa = 4.0,
which corresponds to polyacrylic acid, a weak polyelectrolyte commonly employed in
experiments to synthesize pH-responsive brushes. 41618 On the other hand, the system
also contains small ampholytes, denoted by Ha in their neutral state. These ampholytic

particles can react as an acid,
Ha=—a +HT, (5)
described by the equilibrium constant Kf;‘"id = 10~PK2 and as a base,
Hya™ == Ha+ HT, (6)

described by the equilibrium constant Kgase = 10~PK2™ . n our coarse-grained de-
scription, the ampholytic particles are modeled as a single bead, i.e. apart from the
ionization state we neglect any internal structure and thus also dipoles and higher mul-
tipole moments. Contrasting with the weak acidic monomers constituting the brush,
we do not restrict pK29d and pKP*° to fixed values but systematically vary their

difference
ApK, = pKi! — pK™ (7)

in order to investigate the effects of charge regulation. Furthermore, we vary the

isoelectric point, given by

Kacid Kbase
pI P, ;p a 7 (8)
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Figure 1: (a): Simulation snapshot of the employed brush model. Small ions are not shown
for clarity. (b): Schematic representation of the grand-reaction ensemble employed in this
study.?367% The “system” phase, containing the weak polyelectrolyte brush consisting of
monomers HA, is grand-canonically coupled to a reservoir at a given pH-value that addi-
tionally contains salt (NaCl) and ampholytes (Ha). The weak ampholyte Ha can protonate
and deprotonate into H,a™ and a~, respectively (grey background). Equation (1) depicts
the chemical reaction of the brush monomers while (2) and (3) show the acidic and basic
reaction of the ampholyte, respectively. (c¢): Schematic of the umbrella sampling method for
a single ampholyte interacting with a brush. The harmonic biasing potential is shown as a
black line, biasing potentials at other positions are shown as dashed lines.

which corresponds to the pH-value at which the ampholyte is electroneutral. We
restrict ourselves to the case ApK, > 0, since the opposite case, corresponding to
ampholytic particles that exist in a zwitterionic state at intermediate pH-values, is not
properly captured by our simplified model due to the neglect of the internal structure
of the ampholyte.

As shown in Fig. 1 (b), the grand-reaction method considers a system that is
grand-canonically coupled to an aqueous solution of ions and ampholytic particles,
termed the “reservoir.” In the case of a weak polyelectrolyte brush, the reservoir
corresponds to the bulk solution far away from the brush,? and for the present system,

its composition is determined by the pH-value pH™®, the salt concentration cg,; and
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the total concentration of dissolved ampholytic particles C;?Z’O. We assume that the
pH-value of the reservoir is set by adding an appropriate amount of a strong acid
(HCl) or base (NaOH) to the solution. Furthermore, it is important to note that
the relative fractions of Ha, a~, Hya™ are not known a-priori, but are a non-trivial
consequence of the ionization equilibrium in the reservoir. The grand-reaction method
models the chemical reactions given by Equation 4, Equation 5 and Equation 6, as well
as the exchange of small ions, which can be formally represented by a set of “virtual”

chemical reactions:

) = Xt + X" (9)
) = Hyat + X~ (10)
)= X" +a" (11)
) = Ha. (12)

Here, X* can stand for Na™ or H" and X~ represents C1~ or OH™. The equilibrium
constants of these electroneutrality conserving reactions are determined by the chemical
potentials of the various species in the reservoir. In general, the mapping between
the reservoir composition and the equilibrium constants is non-trivial and requires

67

additional simulations,®’ as explained in the ESI (section 1). Once the required values

of the equilibrium constants have been determined, the set of reactions is sampled using

the established Reaction-Ensemble Monte Carlo method (RxMC)%3%4 with a Monte

) o

In this equation, Al , is the change in potential energy between the old (o) and the

Carlo acceptance probability given by

0 o\Vi€
PN = min {1, (H m> exp (6 [&Z vi(ps — p157) — Ay o

i

proposed new (n) state, £ is the extent of reaction, § is the inverse temperature, v; the
stoichiometric coefficient of species i and u; the corresponding chemical potential. We

perform equilibration runs for a total of 10° integration steps, with 50 reaction steps

10
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performed every 100 integration steps. The production runs consist of a total of 2 x 108
integration steps with 50 reaction trials every 100 integration steps.

Additional information about the interaction between the brush and the ampholytes
can be obtained from the potential of mean force (PMF) A(z), which describes the
effective interaction of a single ampholyte with the brush at a given distance z, averaged
over different chain conformations, ion positions and ionization states. The symbol
Q is used to stress that the PMF is not a Helmholtz free energy but a semi-grand
canonical potential. In simulations, the PMF can be obtained using enhanced sampling
methods.%! Here, we opt for the umbrella sampling method,”™ which constrains
the ampholyte in a harmonic biasing potential (cf. Fig. 1 (¢)). By carrying out
multiple simulations at different distances of this harmonic potential from the brush
and analyzing the data using the Weighted Histogram Analysis Method (WHAM), 747
we can thus obtain the PMF. We choose a spacing of 0.5 o along the reaction coordinate
and a spring constant of kumbrella = 3kBT/U2 for the harmonic potential. For each
distance, we perform a total of 10° integration steps for equilibration and 10° for the

production run. Every 100 integration steps, we perform 50 reaction moves.

3 Results

3.1 Titration behavior

Before we study the interaction of ampholytes with a weak polyelectrolyte brush, we
briefly consider these two entities independently. For this purpose, we investigate the
ionization behavior of a weak polyelectrolyte brush in equilibrium with a salt solution
as well as the ionization behavior of the ampholytes in a salt solution.

Fig. 2 (a) shows the degree of ionization a = ¢ /()2 + ¢j1) of the polyelec-
trolyte brush as a function of the pH in the reservoir for various salt concentrations.

A comparison with the ideal titration behavior of a weak acid (in dashed line) as

described by the Henderson-Hasselbalch equation, a@ = (1 + IOPKA*pH)*l, reveals a

11
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Figure 2: Titration curve of the brush: (a) Degree of ionization («) of the polyelectrolyte
brush as a function of the pH in the reservoir (pH"®) for varying salt concentrations. The
dashed line represents the corresponding ideal curve described by the Henderson-Hasselbalch
(HH) equation. (b) Shifted ionization curve of the brush (solid symbols) with respect to the
local pH inside the brush. Titration curve of weak ampholyte: (c¢) and (d): Degree of
ionization vs. reservoir pH (pH™) of the acidic part of the ampholyte (aciq), shown with
blue triangles (y-axis on the left), and the basic part of the ampholyte (apase), shown with
red squares (y-axis on the left). Dashed lines depict the ideal HH acid (in green) and HH
base (in orange) curves. The net average charge of the ampholyte (255 ),) is shown with black
circles (y-axis on the right). (c) corresponds to the case of pK24=12.0 and pK 3¢=2.0, and
(d) is for pK294=7.0 and pKP*°=7.0.

marked pK a-shift in the ionization behavior that increases as the salt concentration is
lowered. Polyelectrolyte brushes constitute a two-phase system with a “brush-phase”
containing polyelectrolyte chains and a surrounding “bulk-phase” that contains only
small ions. In an ideal system, imposing the condition of electroneutrality and chemical

equilibria between these phases, gives rise to a Donnan partitioning of ions. Here, de-

12
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pending on the concentration of impermeable ions and the ionic strength, an enhanced
concentration of cations (including H+) is seen in the system than the reservoir. The
enhanced partitioning of H+ ions causes a lowering of the local effective pH inside the
brush which affects the ionization state of the weak PE brush. In addition to this
Donnan effect, in the non-ideal case the electrostatic interactions within the brush af-
fect the ionization of the chains as well, the so-called “polyelectrolyte effect”. Hence,
the shift in the ionization seen in Fig. 2 (a) is caused by a combination of “polyelec-
trolyte effect” and the Donnan effect, with the latter dominating in the case of densely
grafted brushes. 573352 By plotting the degree of ionization as a function of the local
pH within the brush (shown in Fig. 2 (b)), the Donnan effect can be effectively sub-
tracted, leading to an ionization curve that almost coincides with the ideal prediction.
The small remaining shift is caused by electrostatic interactions. However, at lower
grafting densities, although the Donnan effect weakens, a substantial ionization shift
still occurs due to the electrostatic interactions. After correcting for the local pH,
the ionization curve does not fully revert to the ideal prediction; instead, a significant
deviation remains, driven by the “polyelectrolyte effect”.

For the ampholytes, we have to distinguish the degree of ionization of the acid,

res / cres ,0

given by aacid = ¢, /¢y and the degree of ionization of the base, given by ap.se =

res

s /cﬁe;’o. The average net charge of the ampholyte, Zamph

Hoa+ can accordingly be

expressed as z;‘fflph = e(hase — Macid), With the elementary charge e. Fig. 2 (c¢) and
(d) show the quantities aeid, base and Zpmph for pK29d = 2.0, pKP*¢ = 12.0 (c) and
pK2id = pKbase — 7.0 (d). In the case pK29d > pK P2 (subfigure (c)), the ionization
steps of the acid and the base are completely decoupled. Because in the concentration

regime considered here, electrostatic interactions are of minor importance, the resulting

res

amph 1S well-described by a simple superposition of the Henderson-Hasselbalch

charge z
equation for the acid and the base and changes from +1 to —1 with increasing pH. The
broad plateau at intermediate pH-values results from the negligibly small ionization of

both the acid and the base, resulting in neutral ampholytic particles. In contrast, for

the case pK29d = pKPase (subfigure (d)) the coupling between the ionization of the

13
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acid and the base leads to a slight suppression in the ionizations compared to a naive
application of the Henderson-Hasselbalch equation. Importantly, due to the concurrent
ionization of the acid and the base near the isoelectric point, in this case the titration
curve is much steeper. This behavior corresponds to a pronounced charge regulation

effect near the isoelectric point.

3.2 Uptake of Ampholytes by the Brush

Now we investigate the uptake behavior of ampholytes by the brush at a range of
conditions. To gain a holistic understanding of the influence of various factors, we
systematically vary external conditions (pH and salt concentration) as well as material
parameters (acidity constants and short-range attractions). We quantify the uptake
in terms of the partition coefficient of the ampholytes between the brush phase and
the reservoir. The partition coefficient of any species i is defined as the ratio of the
concentration of this species in the system and the reservoir,
&= .

Since we model the brush-solution interface explicitly, in our case, the monomer con-
centration fairly remains homogeneous throughout the brush bulk, with only slight
peak at distances very close to the wall and a sharp decrease at the brush-solution
interface (cf. Fig.S2 in the ESI). This in turn results in a homogeneous partitioning
of ions across the brush interior (cf. Fig. S3 in the ESI). It is evident from the ionic
partitioning profiles that the partitioning attains a maximum and remains almost con-
stant for z < R,, where R, is the average end-to-end distance of the tethered polymers,
followed by a rapid decay towards the brush boundary. Consequently, we define the

partition coefficient of ampholytes as

Tus 2<Re
chrush - NE<Be) yp TR

__ “amph __ “‘amph
gamph = ores = cres ’ (14)

amph amph
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Figure 3: (a): Average net charge of the ampholyte in the reservoir (235 ,), shown with

open symbols and dashed line, and average net charge of the ampholyte within the brush

(zggllfﬂ), shown with solid symbols and solid line, as a function of the pH in the reservoir

(pH™*) for ampholytes of varying pl. (b): Ampholyte uptake (€umpn) in a quenched brush as
a function of the pH in the reservoir (pH') for different isoelectric points pl. The dashed
lines with arrows on both ends indicate the pH range (pl — pI*"?) where the ampholyte
undergoes a charge reversal. The parameters chosen in both subfigures are ApK, = 0 and
Coatt = 1072 M, ¢f52° = 10~* M.,

where NV éfnf)ﬁe) denotes the total number of ampholytic particles at a distance z < R,

from the wall.

3.2.1 Uptake in Quenched Brushes

Before introducing charge regulation of the brush, we focus on the simpler case of a
quenched (strong) polyelectrolyte brush, which means that the brush is always fully
ionized, irrespective of the pH-value. Furthermore, the reaction constants of the am-
pholytes are always chosen as pK2“d = pKPase gsuch that the charge regulation ca-
pacitance near the isoelectric point for all combinations remains the same, with only
the isoelectric point shifting. Because the ionization state of the quenched brush is not
affected by the pH, the uptake behavior is thus solely dictated by the net charge of

the ampholytes and the overall ionic strength. Fig. 3 (a) shows the average charge of

res

amph) and the average charge of the ampholyte upon

an ampholyte in the reservoir (z

brush

adsorption into the brush (25!

) in response to changing pH"™® for ampholytes of vary-

ing pl. The ionization of the ampholytes inside the brush is estimated using the local
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pH inside the brush. This estimation is in agreement with the net charge evaluated
directly from adsorbed ampholytes (cf. Fig. S5 in the ESI). However, the latter gives
no statistically reliable values for the ampholyte charge inside the brush for higher pH,
where no uptake happens. Comparing the ionization curves in the reservoir and the
brush, we observe in all cases a similar shift of the isoelectric point, pI*PP? = pI+ ApH,
upon adsorption into the brush, with ApH = 2.7. Thus, in a window of approximately
ApH beyond the isoelectric point, adsorption into the brush is accompanied by a charge
reversal of the ampholyte from negative to positive. Consequently, one expects a large
uptake of ampholytes for pH™® < pI*PP, with a sharp decrease around pH™® = pI?PP.
Beyond pI?PP, the uptake should vanish almost completely due to the like charge of the
brush and the ampholyte. The observed pH shift, in case of quenched brushes can be
understood in the context of the Donnan model.?? According to ideal Donnan theory,
the proton concentration inside the brush and thus the local pH shift within the brush
depends on the ratio of the brush’s charge density (cs-) and the ionic strength (1)

in the reservoir: 2

ideal CA— CA— 2
ApH =" log, <2Ires + (2]1"65) +1>

For a quenched brush, the charge density remains constant with changing pH. However,
the ionic strength in the reservoir changes with pH, but for a given salt concentration,
it largely remains constant for a wide intermediate pH range (see ESI Fig.S1). Re-
sultantly, quenched brushes exhibit a nearly constant ApH shift in ionization across
different pH values. Like for the present case with cx— ~ 5M and I = 1072 M,
the predicted pH shift from the Donnan model gives ApH = 2.7, and closely matches
with the observed pH shift. While this behavior is consistent across most pH levels,
deviations from the characteristic plateau in ionic strength at extreme pH (see ESI
Fig.S1), might lead to change in the local pH shift as well. Nevertheless, for strongly
grafted brushes, the constant pH shift remains valid as long as ionic strength remains

relatively invariant under changing pH, and can be predicted from the ideal Donnan
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shift. 52

Furthermore, this expected window of favorable uptake is in general agreement
with the uptake behavior observed in the simulations, as shown in Fig. 3 (b). In
all cases, we observe a window of substantial uptake at intermediate pH-values, while
the uptake diminishes at extreme pH-values. Furthermore, we find that the size of
the window is strongly dependent on the chosen value of the isoelectric point pl. The
substantial uptake seen beyond the isoelectric point in each case can be attributed
to the described shift of the isoelectric point and charge reversal upon adsorption.
However, it is important to note that the boundary of the uptake window lies below
the value of pI?PP in all cases, which suggests that charge reversal alone is not sufficient
for ampholyte uptake beyond the isoelectric point. Additionally, there are deviations
from the maximum uptake at lower pH-values (pH™ < 3.0). This effect stems from
the increase in the ionic strength of the reservoir at extreme pH-values (cf. Fig. S1 in
the ESI). As a result, the Donnan effect and thus the partitioning of cations weaken

in these limits. 33:%2

3.2.2 Uptake in Annealed Brushes

Now we introduce charge regulation of the brush, i.e. we consider the uptake of am-
pholytes into an annealed (pH-responsive) polyelectrolyte brush with pKy = 4.0. In
Fig. 4 (a), we show the charge on the ampholyte in the reservoir (21 ) and within the

mph
brush (zgfr}‘;ﬁ) for different values of the isoelectric point. For a comparative analysis
of the change in the charge of the brush and the ampholyte, we also plot the ideal
prediction for the degree of ionization aprysh,ideal Of the brush and the actual degree of
ionization aprush- There are major differences to the case of a quenched brush. Firstly,
similar to the case of the isolated brush above, the brush ionization itself varies with
pH and undergoes a pKa shift due to the coupled Donnan and polyelectrolyte effects.
Secondly, a non-uniform pl-shift of the ampholyte inside the brush is seen across dif-

ferent isoelectric points, with pI = 2.0 undergoing a minimal shift compared to the

other cases. This happens, because in weak brushes the strength of the Donnan effect
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res
amph

open symbols and dashed line, and average net charge of the ampholyte within the brush

Figure 4: (a): Average net charge of the ampholyte in the reservoir (zI ), shown with

(z;’;l;ﬁ), shown with solid symbols and solid line, as a function of the pH in the reservoir

(pH™®) for ampholytes of varying pl. curushidear 1S the ideal degree of ionization of the brush
(Henderson-Hasselbach), aprusn is the degree of ionization of the brush obtained from the
simulation. (b): Ampholyte uptake (&umpn) in an annealed brush as a function of the pH in
the reservoir (pH™®) for different isoelectric points pl. The dashed lines with arrows on both
ends indicate the pH range (pI — pI*"?) where the ampholyte undergoes a charge reversal.
The parameters chosen in both subfigures are ApK, = 0 and ¢y = 1072 M.

strongly varies with the reservoir pH. At low pH values, when the brush is uncharged,
there is a minimal Donnan effect and consequently, the pH inside the brush and the
bulk are approximately equal. However, with increasing pH in the bulk, the chains
ionize more, leading to a pronounced Donnan effect (and lower pHP™"). At very high
pH-values, this shift decreases again due to the increased ionic strength (cf. Fig. S4 in
the ESI).

To study the partitioning behavior, we show in Fig. 4 (b) the partition coefficient of
ampholytes. In comparison to the quenched brush (cf. Fig. 3 (b)), the pH-window in
which a significant uptake of ampholytes into the brush happens is now much smaller,
with a lower uptake at low pH-values. By comparing the uptake behavior with the
ionization (Fig. 4 (a)), it can inferred that in the case of a weak polyelectrolyte
brush the ampholyte uptake is dictated both by the pH-response of the brush and
the ampholyte itself. In the present case, the apparent pKa-value of the brush is

around 6.5, and only for pH™ 2> 4.0 the chains begin to obtain a noticeable charge.
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Thus, the pK" of the brush and the pI*"P of the ampholyte determine the size of
the pH-window in which one expects a significant uptake. For example, in the case
pl = 2.0, we have pI**P < 4.0, suggesting that there is no window of pH where the
ampholyte is positive while the brush is negative. Hence, no adsorption ({ampn > 1) is
seen for the whole pH range in this case. In contrast, for ampholytes with pI = 4.0 and
pl = 9.0, there is a substantial window between the pH where the polyanionic brush
starts ionizing and the shifted isoelectric point (pI*PP), where uptake is favorable due
to the electrostatic attraction. Therefore, in those cases, roughly in the window of
4.0 < pH < pI?PP. we expect an uptake of ampholyte by the brush. As the pH-value is
increased, initially the uptake grows due to the increasing ionization of the chain. At
some point, the uptake should reach a maximum and decrease again, now due to the
decreasing partial positive charge of the ampholyte. For pH-values beyond pI?PP, the
uptake should vanish, since charge reversal of the ampholyte does not happen anymore.
The overall uptake behavior obtained from the simulations, shown in Fig. 4 (b), is in
agreement with this picture. However, like in the case of quenched brushes, the pH
window in which charge reversal is observed (between pl and pI*PP) is broader than
the pH window in which a substantial uptake happens. This shows again that charge
reversal alone is not sufficient for uptake favourability. Furthermore, we observe that
the maximum uptake strength for an ampholyte into an annealed brush increases with
the isoelectric point pl, contrary to the case of a strong brush. This behavior arises
due to the competition between the growing partial negative charge of the brush and
the diminishing partial positive charge of the ampholyte with increasing pH. In the
case pI = 9.0 > pKpr, there exists an overlapping window of pH where both the
brush and the ampholyte are fully ionized to aP™? =1 and z;ﬁ;‘;ﬁ = —1. In that case
the maximum uptake strength becomes similar to that seen in the case of a quenched
brush. Our observations suggest that the use of weak brushes enhances the tunability
of both the window of adsorption/desorption, as well as the strength of uptake with
changing pH as compared to strong brushes. Moreover, weak brushes provide better

selectivity of adsorption depending on the pl of the ampholyte and the pKa of the
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Figure 5: (a): Ampholyte uptake ({ampn) in an annealed brush as a function of the pH in the
reservoir (pH™®) for different salt concentrations. (Inset) Ampholyte uptake (&umpn) plotted
as a function of ratio of concentration of impermeable A~ ions to the ionic strength in the
reservoir (ca-/21™®), for different salt concentrations as in main plot. The dashed pink line
corresponds to the ideally predicted counterion partitioning by Donnan theory. (b): Average

net charge of the ampholyte in the reservoir (2}, ) shown in dashed line and average net

charge of the ampholyte within the brush (zggls}?), shown with solid symbols, as a function

of the pH in the reservoir (pH"*). The parameters chosen in both subfigures are ApK, =0
and pl = 7.0.

brush, which makes them useful tools for the separation of protein mixtures.”®

Interestingly, the uptake behavior observed in our simulations is in qualitative agree-
ment with experiments on the selective adsorption of the proteins S-Glucosidase and
BSA into a quenched polycationic (PMAETA) and an annealed polycationic brush
(PAEMH)."® As these experiments demonstrated, quenched brushes exhibit a broad
pH-window of strong adsorption compared to the narrow window seen in annealed
brushes. Also, while the maximum uptake of BSA was found to be comparable in both
PMAETA and PAEMH, p-Glucosidase showed a much stronger adsorption into the
quenched brush than the annealed one. In line with our previous discussion, this likely
happens because PAEMH and BSA have an overlapping window of pH where both are

strongly ionized, compared to PAEMH and -Glucosidase.
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3.2.3 Effect of Salt Concentration

In addition to the pH-value, another important control parameter that can be lever-
aged in experiments is the salt concentration. For example, recent experiments!® and
simulations®? have shown that changing the salt concentration has a profound influence
on the ionization behavior of weak polyelectrolyte brushes. In Fig. 5 (a) we show the
uptake of ampholytes with pI = 7.0 into a brush at various bulk salt concentrations.
Evidently, the strength of the uptake enhances and the pH window of uptake becomes
broader with decreasing salt concentration. Qualitatively, this behavior is already ex-
pected on the level of the classical Donnan theory, which predicts that the partitioning
of counterions increases as a universal function with the ratio cy- /21", where cp- is
the concentration of the impermeable ions and I™* ionic strength of the reservoir.?? In
the inset of Fig. 5 (a), the ampholyte partitioning is plotted as a function of ¢ /21",
For all cases, the partitioning at pH-values below the isoelectric point follows a mas-
ter curve with cy- /21", suggesting that in this regime the uptake is predominantly
dictated by cy-and the ionic strength ™. The observed deviations near and above
the isoelectric point happen because the charge regulation of the ampholyte becomes a
decisive factor in this regime. The dashed pink line is the ideal counterion partitioning
predicted by the Donnan theory and is given by &4 = % + (%)2 + 1. A similar
behavior is observed in the case of quenched brushes (cf. Fig. S6 in the ESI). To
explain the broadened pH window of uptake that is observed at lower salt concentra-

tions, we investigate the charge regulation of the ampholyte upon adsorption. Fig. 5

brush

amph estimated from

(b) displays the net charge of the ampholyte inside the brush, z
the local pH, and the net charge of the ampholyte in the reservoir as a function of
the pH in the reservoir. (The net charge of the ampholyte inside the brush calculated
explicitly from adsorbed ampholytes is shown in Fig. S7 in the ESIL.) It is evident
that with decreasing salt concentration, the window beyond the isoelectric point where
charge reversal happens, widens. The larger shift seen at low salt concentrations stems

from an enhanced lowering of the local pH inside the brush at low salt concentrations

(shown in Fig. S8) and thus explains the concomitant widening of the uptake win-
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dow. Furthermore, as another consequence of this effect, the pH-value at which the
maximum uptake happens increases with decreasing salt concentration.

The observed salt-dependent uptake behavior is qualitatively similar to the one ob-
served in experiments on BSA adsorption into weak brushes. %2677 BSA is known to be
a protein with a non-patchy, i.e. fairly homogeneous distribution of amino acids, such
that charge regulation dominates the adsorption near the isoelectric point. This insight
gives a plausible argument why it shares a qualitative resemblance to our simplified

ampholyte model.

3.2.4 Effect of Charge Regulation

Until now, we only studied how the uptake changes as external parameters, i.e. the pH-
value and the salt concentration are varied. However, in general, the uptake behavior
is also profoundly influenced by intrinsic material parameters of the ampholyte such as
ApK,. Fig. 6 (a) shows the net charge of the ampholyte in the reservoir and the net
charge of the ampholyte inside the brush for pI = 7 and a range of ApK, values. The
window beyond the isoelectric point where charge reversal of the ampholyte happens
remains the same in all the cases. However, even though this shift is invariant, the
different slopes of the ionization curves lead to a varying amount of ionization near the
isoelectric point. The slopes of the ionization curves can be quantified using the charge

regulation capacitance C.,'% which is defined as

H2res
amph (15)

= = 5 in(10) pi)

and shown in Fig. 6 (b). For ApK, = 0, the concurrent ionization of the acid and
the base leads to a large charge regulation capacitance near the isoelectric point. On
the contrary, for ApK, > 0, a complete decoupling of the ionization of the acid
and the base leads to a broad window of pH near the isoelectric point where both
remain neutral, rendering the ampholyte overall neutral and leading to a small charge

regulation capacitance. Consequently, the observed uptake behavior, shown in Fig 6
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Figure 6: (a): Average net charge of the ampholyte in the reservoir (zI ), shown with

amph
dashed lines, and average charge of the ampholyte within the brush (227%5"), shown with solid

symbols, as a function of the pH in the reservoir (pH*) for a range of different ApK, values.
(b): Charge regulation capacitance (C,) of the ampholyte in the reservoir as a function of
pH™for different ApK, values. (c): Ampholyte uptake (&umpn) in an annealed brush as
a function of the pH in the reservoir (pH"™®) for a range of different ApK, values. The
parameters chosen in all subfigures are cg = 107 M and pl = 7.0.

(c), is strongly dependent on the value of ApK,. We observe a maximum uptake
strength for the case ApK, = 0, with the uptake diminishing as ApK, increases.
This behavior is consistent with the charge regulation capacitance, which is large near
the isoelectric point for ApK, = 0 and subsequently diminishes. Since the charge
regulation capacitance directly encodes the ability of the ampholyte to adjust its charge,
a large value thus increases the uptake of ampholytes.

The above insight is especially useful for the separation of different proteins with

similar isoelectric points but different charge regulation capacitances. For example,
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Figure 7: (a): Ampholyte uptake ({ampn) in an annealed brush as a function of the pH in
the reservoir (pH'™®) for a range of different non-electrostatic attraction strengths ep; and a
salt concentration of cgy = 1072 M. (b): Ampholyte uptake (€umpn) in an annealed brush as
a function of the pH in the reservoir (pH') for a fixed non-electrostatic attraction strength
e,y = 2.0 kgT and different salt concentrations. The parameters chosen in both subfigures
are ApK, =0 and pl = 7.0.

the previously mentioned model proteins BSA and [-Glucosidase have very similar
isoelectric points (4.4 and 4.9, respectively), but BSA reaches its maximum negative
ionization upon adsorption at a lower pH-value than SB-Glucosidase.”® As a result,
the maximum uptake of both proteins into a quenched brush (PMAETA) happens at

clearly separated pH values, allowing for a selective uptake.

3.2.5 Effect of Non-Electrostatic Attractions

Previous studies stressed the inevitability of including non-electrostatic attractions to
quantitatively describe the uptake of BSA into planar brushes observed in experi-
ments. 2% Thus, in this section we address how the inclusion of non-electrostatic short-
range attractions influences the uptake behavior of the ampholytes. To model the
short-range interactions between the ampholyte and the monomers that comprise the
brush, we change the repulsive WCA potential between these particles to a Lennard-
Jones potential with an interaction strength er;. In Fig. 7 (a) we show the uptake as a
function of the reservoir pH for varying interaction strengths e,y and a salt concentra-

tion of cgy = 1072 M. Evidently, the inclusion of short-range attractions enhances the
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uptake of ampholytes both below and above the isoelectric point. Our analysis of the
PMF for a neutral particle (cf. Fig. S9 in the EST) shows that by increasing ey,j beyond
a value of roughly kgT', non-electrostatic attractive interactions outweigh entropic and
volumetric effects within the brush and lead to an enhanced partitioning into the brush.
Thus, even in the regime of low pH-values (pH"® < 2.0), where the brush is electroneu-
tral with no relevant electrostatic interactions, a substantial amount of ampholytes is
adsorbed for er,; 2 kpT. Fig. 7 (b) shows the effect of salt concentration for the case
ey = 2.0 kpT. Previously, in the purely repulsive case (Fig. 5 (a)), even for pH-values
below the isoelectric point there was a strong dependence of the uptake behavior on
the salt concentration. In contrast, here the uptake is nearly independent of the salt
concentration in this regime. This happens, because the free energy contribution from
the non-electrostatic attraction is dominant over the electrostatic adsorption energy
in the regime where the brush is weakly charged. However, for pH™ > pl, the free
energy penalty associated with a charge reversal is high compared to the short range
attraction forces, resulting in an electrostatically dominated regime. As a result, with
decreasing salt concentration an enhanced window of adsorption is seen beyond the

isoelectric point, anaologous to the case without short-range attractions (Fig. 5 (a)).

3.3 Potential of Mean Force for Ampholyte Adsorption

Until now, our analysis neglected the spatially varying structure of the brush, treating
brush and bulk solution as a two-phase system. In this section, we employ potential
of mean force (PMF) calculations to study the free energy of interaction of an am-
pholyte with a weak polyelectrolyte brush, fully resolving the spatial inhomogeneity of
the system. As explained in the methods section, we use the umbrella sampling tech-
nique to calculate the PMF in our simulations. Here, we use a single charge regulating
ampholyte as our probe and the distance z between the ampholyte and the grafting
surface of the brush as the collective variable. This calculation assumes that the pres-
ence of the ampholyte does not noticeably affect the ionic profile or energetics of the

system. Since there is only a single ampholyte present in these simulations, in this
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Figure 8: (a): Potential of mean force for an ampholyte (Af) as a function of distance from
the brush grafting surface (z) for different pH. The dashed lines represent the brush boundary
estimated from the average end-to-end distance of the brush polymers. (b): Average net
charge of an ampholyte (zampn) as a function of distance from the brush grafting surface (z2)
for different pH. Parameters chosen are pK2“id = 7.0, pKP*¢ = 7.0, pl = 7.0, ¢y = 1072M.

case the retrieved free energy of insertion is similar to the case where the concentration
of ampholytes in the bulk is negligibly small compared to the other salt ions. The
local partition coefficient &,mpn(2) of ampholytes can be related to the PMF A€Q(z) by
Eamph(2) = exp(—BAN(2)).

Fig. 8 (a) shows the PMF for a system with pI = 7, ApK, = 0 and a bulk salt
concentration of cg; = 1072 M at various pH-values. In the case pH™ < pl we observe
that the minimum of the PMF lies within the brush, indicating an uptake favorability.
Furthermore, the PMF is essentially constant throughout the brush, which results in a
nearly uniform distribution of ampholytes within the brush. For larger molecules such
as proteins, this might not be the case due to steric effects and one expects a localization
at the brush-solution interface.??2?? An examination of the corresponding z-dependent
charge profile of the ampholyte, shown in Fig. 8 (b), reveals that the ampholyte is
always completely negatively charged within the brush in the case pH™ < pl. For a
pH-value slightly above the isoelectric point (pH"™® = 8), we observe that the free energy
minimum still lies within the brush, indicating a tendency to take up ampholytes.
This uptake is furthermore accompanied by a reversal of the charge from almost fully

negative to a fully positively charged state within the brush. Interestingly, in this case
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Potential of mean force (AQ2) as a function of distance from the grafting

surface (z) for different pH beyond pl for the case of ApK, = 0. (b): Average net charge
of an ampholyte (zumpn) as a function of distance from the brush grafting surface (z) for
different pH beyond pl. Dashed lines in (a) indicate the peak of the potential barrier which
overlaps with the zero crossing points in the charge regulation plot in (b). Parameters chosen
are epy = 0.0, pK24 = 7.0, pKP>° = 7.0, pl = 7.0, coars = 107*M.

there emerges a free energy barrier that will be discussed below in detail. While this
barrier should have no noticeable influence on the equilbrium uptake behavior, it could
kinetically hinder the uptake of ampholytes. Finally, for pH™ > pl the free energy
minimum lies in the solution phase, which indicates that the uptake of ampholytes
by the brush is unfavorable in this case. Note that even in this case there happens a
(partial) charge reversal as the ion moves into the brush, which is however not sufficient

to cause an uptake. This behavior is consistent with our earlier observations above.

3.3.1 Interfacial Free Energy Barrier

In this section we solely focus on the pH regime beyond the isoelectric point, where
an interfacial free energy barrier exists. Fig. 9 (a) shows the PMF for a system with
pl =7, ApK, = 0 and a bulk salt concentration of cey = 10~* M at various pH-values
in the range 8.0 < pH™ < 10.5. We observe the emergence of an interfacial free energy
barrier for pH™ 2> 8.5 that vanishes again for pH™ 2> 10.5. Noticeably, as the pH-
value is increased, the free energy barrier becomes more prominent and moves closer

to the wall. Furthermore, the vanishing of the barrier is related to an increase of the
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PMF within the brush. We can explain the emergence of the barrier by investigating
the spatially resolved average net charge of the ampholyte, shown in Fig. 9 (b). An
examination of the charge profile reveals that the ampholyte regulates its charge as it is
moved closer to the brush, ultimately leading to a charge reversal. However, the point
of charge reversal, i.e. the distance at which the ampholyte is neutral, depends on the
pH-value. Specifically, it moves closer to the wall as the bulk pH-value is increased.
This behavior is related to the fact that the z-dependent local pH-profile, pH (z),
changes depending on the pH-value in the bulk solution. As a consequence, the point
of charge reversal (i.e the point of zero crossing), defined by pH (z) = pl, also moves.
Consequently, as the ampholyte enters the interactive vicinity of the brush from the
solution, it initially retains a negative charge, leading to an overall repulsive interaction
that is a seen as the barrier in the PMF. However, once the local pH crosses a value
of pl, charge reversal happens and the interaction can become energetically favorable.
Following this explanation, one expects the maximum of the free energy barrier roughly
at the distance where the charge reversal happens. An analysis of the simulation results
(Fig. 9 (a)) reveals that this is indeed the case. Besides that, a closer look also reveals
that charge reversal itself might not suffice to ensure adsorption at higher pH beyond
pl.

For the case ApK, > 0 (Fig. 10 (a)), no free energy barrier exists. This behavior
can be explained by the fact that, in contrast to the previous case, the charge regulation
capacitance near the isoelectric point is low. Consequently, even for pH values beyond
the pl, the ampholyte charge remains close to zero in the solution, eliminating the
barrier that is associated with the free energy cost of charge reversal. Furthermore, an
examination of the charge profile (Fig. 10 (b)) reveals that the slow charge regulation
near the isoelectric point leads to only a partial charge reversal inside the brush. The
partial charge reversal reduces the uptake favorability (i.e., AQ > 0 inside the brush)
as the pH increases beyond the pl. In summary, for ApK, = 0, despite the presence
of a free energy barrier, complete charge reversal occurs. This results in a stronger

binding affinity at pH values beyond the pl compared to the case of ApK, > 0, where
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Figure 10: (a): Potential of mean force (Af2) as a function of distance from the grafting
surface (z) for different pH beyond pl for the case of ApK, = 4.0. No interfacial free
energy barrier is seen. (b): Average net charge of an ampholyte (Zumpn) as a function of
distance from the brush grafting surface (z) for different pH beyond pl. Parameters chosen
are epy = 0.0, pK2d = 9.0, pKP>° = 5.0, pl = 7.0, cgare = 1074 M.

the absence of the interfacial barrier does not compensate for the limited uptake caused

by the partial charge reversal of the ampholyte.

4 Conclusion and Outlook

In this study, we used particle-based simulations to explore how the adjustable response
of a weak polyelectrolyte brush, influenced by changes in pH or salt concentration, can
regulate the uptake and release of simple toy proteins, here modelled as pH-responsive
ampholytes. Using the Grand-Reaction Monte Carlo method, we simulated a two-phase
system comprising a weak polyelectrolyte brush coupled to a bulk solution containing
salt ions and pH-dependent ampholytes. The enhanced partitioning of protons into
the polyanionic brush effectively lowers the pH inside the brush, significantly shifting
the ionization of the brush (pKpr) and the ampholyte upon uptake. The ampholyte
undergoes a reionization and charge reversal within a pH window (ApH ~ pI*PP — pI)
beyond its isoelectric point. This coupling of the ionization state of the brush and the
ampholyte has intriguing implications for controlling the uptake behavior.

In quenched brushes, where the brush ionization remains constant, the maximum
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uptake strength remains the same for ampholytes of any isoelectric point, with only
the pH window shifting accordingly. Conversely, in weak brushes, the coupling of the
charge regulation of the brush and the ampholyte leads to a selectivity in uptake that
depends on the isoelectric point. For weak brushes with pKa < pl, a substantial
pH window exists where the brush bears a negative charge while the ampholyte is
partially positive (pK " < pH < pI*PP), resulting in a non-monotonic uptake profile.
The maximum uptake strength depends on the maximum ionization state of both the
brush and the ampholyte within the overlapping pH window. Thus, in the limit of
pKa < pl, both the brush and the ampholyte can reach full ionization at the same
time, attaining a maximum uptake strength similar to that of quenched brushes. In
contrast, in the case pKa 2 pl no ampholyte uptake occurs at all. To summarize,
while quenched brushes exhibit a larger uptake strength than annealed brushes, better
selectivity and tunability of protein uptake from a protein mixture are attainable with
annealed brushes. 70

In addition to the pH, our simulations demonstrate that adjusting salt levels is
another control parameter that can be leveraged to achieve a tunable response. With
decreasing salt concentration, the pH window for charge reversal of the ampholyte
widens due to an enhanced lowering of the local pH within the brush. This results
in a broader uptake window and a shift of the maximum uptake towards a higher
pH-value. Thus, at a fixed pH-value beyond the isoelectric point, adding more salt
to the bulk solution can lead to a complete desorption of an ampholyte from the
brush. The overall behavior observed in our simulations is qualitatively similar to

experimental observations of BSA adsorption into weak brushes, !4:26:77

where charge
regulation plays a governing role, as demonstrated by de Vos et al.?6 This highlights
the protein’s adjustment of its charge in response to the brush’s potential, even on
the ”wrong side” of its isoelectric point (pl), emphasizing the importance of charge
regulation in protein-brush interactions.

Further, our study demonstrates that the charge regulation capacitance of the am-

pholyte profoundly influences its binding affinity. Ampholytes with a comparatively
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high charge regulation capacitance near the isoelectric point (ApK, ~ 0) can achieve
significant adsorption across a wider pH range beyond the isoelectric point.3° Although
there is a free energy barrier due to the reionization cost of the ampholyte upon up-
take, the complete charge reversal due to steeper charge regulation near the pl favors
stronger adsorption. In contrast, ampholytes with low charge regulation capacitance
near the isoelectric point (ApK, > 0) do not encounter a free energy barrier, but
their uptake is limited by partial charge reversal. Overall, ampholytes with ApK, ~ 0
exhibit stronger uptake for any given pH compared to those with ApK, > 0. This
observation is in qualitative agreement with experiments on the proteins BSA and
B-Glucosidase, " which share similar isoelectric points but differ in their charge regula-
tion capacitances. Because BSA reaches a substantial negative ionization at a lower pH
than B-Glucosidase, the uptake peaks of the two proteins occur at distinctly different
pH values and vary in strength, allowing for selective separation. Besides that, a closer
look at the potential of mean force also reveals that with increasing pH beyond pl,
charge reversal itself might not suffice to ensure adsorption.

Further, our study suggests that non-electrostatic short range attractions broaden
the window of uptake both below and above the pl. Also, increasing the short range
attraction strength reduces the pH sensitivity at lower pH values, where electrostatic
interactions play a minor role, in contrast to higher pH-values, where the electrostatic
energy cost involved leads to discernible differences in the uptake strength. Addition-
ally, brush grafting density is another control parameter that profoundly influences the
uptake window of ampholytes (see ESI Section 9).

The present work primarily addresses the pH-response of weak polyelectrolyte
brushes and its coupling with charge regulating ampholytes as a function of various
environmental and intrinsic parameters. Our simple coarse-grained model isolates and
examines the explicit role of monopolar charge regulation of an ampholyte under the
interactive influence of the brush and will serve as a useful reference when studying
more complex protein models. Interestingly, most of our findings are consistent with

experimental results on non-patchy proteins like BSA, %2677 suggesting that in these
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cases charge regulation plays a dominant role in the uptake by polyelectrolyte brushes.
Nevertheless, it is obvious that assessing protein behavior within the context of the
interaction with brushes requires consideration of various factors beyond charge reg-
ulation alone, such as the specific distribution of dissociable groups on the protein

22,23,27

surface, leading to higher multipole moments, non-electrostatic attractive inter-

actions,?% and even volumetric contributions.?? All of these points will be addressed
explicitly in our follow-up work.

Overall, our results demonstrate the potential of tuning the uptake properties of
ampholytic entities into weak polyelectrolyte brushes by manipulating external pa-
rameters, providing valuable insights for designing responsive interfaces with specific
adsorption characteristics. These findings can aid in the development of advanced

78-80

separation techniques, "% targeted drug delivery systems and smart filtration tech-

50,51

nologies, where precise control over uptake and release of proteins or enzymes is

crucial.
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