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Abstract

Weak polyampholytes and globular proteins among them can be
efficiently absorbed from solution by polyelectrolyte brushes or micro-
gels even if the net charge of the polyampholyte is of the same sign
as that of the brush/microgel. We use a mean-field approach for cal-
culating free energy of insertion of a probe polyampholyte molecule
into a polyelectrolyte brush/microgel. We anticipate that insertion
of the polyampholyte into similarly charged brush/microgel may be
thermodynamically favorable due to the gain in the cumulative re-
ionization free energy of the pH-sensitive acidic and basic residues.
Importantly, we demonstrate that the polyampholyte (protein) charge
sign inversion upon transfer from the bulk of the solution into the
brush/microgel does not provide sufficient condition to assure nega-
tive re-ionization free energy balance. Thus (in the absence of other
driving or stopping mechanisms) charge sign inversion does not neces-
sarily provoke spontaneous absorption of the polyampholyte into the
brush/microgel.



Introduction

Interaction and electrostatically driven complexation of charged macromolecules
or (bio)nanocolloids with polyelectrolyte brushes, branched polyelectrolytes
and ionic microgels is actively investigated both experimentally and theoret-
ically which is motivated primarily by biomedical applications.™”

Polyelectrolyte brushes are arrays of ionically charged polymer chains
end-tethered to planar substrate (”planar polyelectrolyte brushes”) or to the
surface of colloidal particles (”colloidal polyelectrolyte brushes”).® 1t The
latter resemble micellar-like nanostructures formed upon self-assembly of
amphiphilic ionic block copolymers in aqueous media.'? Strong local elec-
trostatic field created by brush-forming polyions allows for entrapping of a
major fraction of mobile counterions, which are inevitably present in the solu-
tion, in the inner volume of the polyelectrolyte brush. As a result, the brush
swells due to excess osmotic pressure exerted by these coutnerions.!®* Simi-
lar effects of localization of couterions and osmotic swelling occur in strongly
branched polyelectrolytes!® (stars, dendrimers, dendrigrafts, etc.) and in
cross-linked polyelectrolyte microgels.!®

When the brush/microgel and the ”guest” polyelectrolyte are charged
oppositely, then Coulomb interactions lead to interpolyelectrolyte complexa-
tion with concomitant coacervation and collapse of the brush/microgel that
may provoke the loss of colloidal stability.

Charged globular protein can be absorbed from the solution in the in-
tramolecular volume of polyelectrolyte brush-like architectures. A striking
feature discovered by M.Ballauff and coworkers is that absorption of the pro-
teins may occur on the "wrong” side of the isoelectric point, that is, when
the net charge of the protein globule has the same sign as the charge of
the polyelectrolyte brush!”1? or microgel?>?! (see also recent comprehensive
reviews? %),

Although non-electrostatic forces may contribute to the overall protein-
polyelectrolyte interaction balance, it was convincingly demonstrated!”!®
that an increase in the ionic strength in the solution suppresses protein ab-
sorption into polyelectrolyte brushes. The latter observation suggest that
driving force for the absorption is of electrostatic origin.

A number of hypotheses were proposed to explain this counterintuitive
phenomenon. All these hypotheses were based on the fact, that globular
proteins comprise amino acid residues with both positive and negative ionic
charges. Moreover, these positively or negatively charged residues are weak
basic (tertiary amine) or acidic (carboxyl) groups and can be either ionized
(through protonation or deprotonation, respectively) or deionized depending
on the pH in the surrounding medium. Hence, most of globular proteins can



be classified as weak or pH-sensitive polyampholytes. The overall charge of
the polyampholyte vanishes at some particular pH=plI corresponding to the
isoelectric point (IEP), whereas the polyampholyte acquires net negative or
positive charge at pH above or below IEP, respectively.

Importantly, acidic and basic residues on the globule surface are not ran-
domly distributed, but rather form ”patches” of pH-dependent negative and
positive surface charge. Therefore, even above (below) IEP one fined patches
of positive (negative) charge on the globule surface. As it was suggested by
M.Ballauff and coworkers,'®?4 this patchy charge distribution plays the key
role in the protein absorption by similarly charged polyelectrolyte brushes.
It was demonstrated theoretically?* using self-consistent field approach that
there is an essential asymmetry in the interaction of brush-forming polyelec-
trolyte chains with patches of charge with different signs on the globular
surface: The free energy gain due to polyelectrolyte chains adsorption onto
oppositely charged patch exceeds the free energy penalty for polyelectrolyte
depletion from similarly charged patch. This asymmetry is related to lo-
calization of small mobile counterions near strongly charged patches on the
globule surface and their release upon adsorption of polyelectrolyte chains
on these patches, which was also confirmed by molecular dynamics simula-
tions.2> 2" As a result, free energy gain due to polyelectrolyte attraction to
the oppositely charged patches may overcompensate the free energy losses
due to depletion from similarly charged patches even if the latter occupies
larger area on the globule surface and provide the same sign of the net charge
of the globule as that of the polyelectrolyte brush.

An alternative hypothesis (” charge reversal”) proposed in refs*® 2 is based
on the fact that both degree of dissociation of carboxylic groups and degree
of protonation of the amine groups depend on the local pH, that is protein is
a weak (pH-sensitive) polyampholyte. Because of the counterion entrapping,
local pH in polyelectrolyte brush (or in polyelectrolyte microgel) differs from
that in the bulk of the solution. That is, pH in the polycationic brush
is higher and pH in the polyanionic brush is lower than that in the bulk
of the solution, pHy. (Here and below subscript ”b” refers to the bulk of
the solution (the buffer)). Therefore, if pH<pI<pH, the protein is charged
negatively in the solution, but acquires positive charge inside polyanionic
brush. Similarly, if pH, < pI< pH the protein is charged positively in the
solution but acquires negative charge inside polycationic brush. Hence, the
net charge of the protein globule may change the sign upon transfer of the
globule from the solution into the similarly charged brush. It is anticipated,
that the resulting Coulomb attraction between the brush and the protein
drives absorption of the protein by the brush.

Although the charge reversal hypothesis provides a plausible explanation



of the protein absorption by charged brush/microgel on the "wrong” side of
the IEP, as we demonstrate below, the condition pH< pI< pH, (or pH, <
pl< pH) is not sufficient for providing thermodynamic driving force for the
absorption of negatively (positively) charged protein by polyanionic (polyca-
tionic) brush. A proper account of the free energy of re-ionization of acidic
and basic residues leads to stronger requirement rather than simple reversal
of charge of the protein upon transfer into the brush for assuring a decrease
in the free energy of ionic interactions in the system which provides driving
force for such absorption and can make it a spontaneous process.

Re-ionization free energy of a polyampholyte

Consider a polyampholyte molecule (e.g., the protein globule) comprising N,
monomer units capable of acquiring positive (elementary) charge upon pro-
tonation, and N_ monomer units capable of acquiring negative (elementary)
charge upon dissociation of a proton. When the molecule is immersed into
solution with buffered local pH, the fractions of positively and negatively
charged ionizable monomer units are, respectively

@ = (14 K /[HY]) 1= (14 10705 1)

and
a_ = (1+[H']/K )™t = (1+ 1075 #)~ (2)

where [H "] is local concentration of hydrogen ions, K, and K_ are respective
acidic ionization constants of basic and acidic monomer groups.
The overall net charge of the polyampholyte (measured in the elementary
charge units) equals
Q=a, N, —a_N_ (3)

A polyelectrolyte brush (or polyelectrolyte microgel) which is in equilib-
rium with the bulk of the solution with fixed pH, and salt concentration (i.e.
with fixed chemical potentials of all mobile ionic species) is characterized
by an excess electrostatic potential ¥ (which is also referred to as Donnan
potential) with respect to its reference (zero) value in the bulk of the solu-
tion. Below we consider negatively charged (polyanionic) brush or microgel,
where the excess potential is negative, ¥ < 0. Therefore, local concentration
of hydrogen ions inside the brush (or in the microgel) can be expressed as

[H"] = [H"]y exp(—e¥/kpT) (4)

where concentration of hydrogen ions in the bulk of the solution is by defi-
nition [H*], = 1077,



The free energy of the polyampholyte molecule inserted into the brush
can be presented as

F/kgT = N_ (a_ na_+(1—a_)In(l—a_)—a-In K_—a_tp+a_ ln[H+]b)+

Ny (a+ nay +(1—ay)In(l—ay)+ayIn Ky + a9 —ay ln[Hﬂb) (5)

which comprises (i) mixing entropies of ionized and non-ionized monomers
(logarithmic terms); (ii) electrostatic free energies of positively and negatively
charged monomers (the reduced Coulomb potential inside the brush is defined
as ¢ = eV /kgT); (iii) ionization free energies through respective ionization
constants K_ and K, = K,/ Kpase + where K, = [HT][OH~] = 107'*; and
(iv) accounts for equilibrium with the reservoir with fixed chemical potential
of hydrogen ions, kgT In[HT],.

Minimization of the free energy, eq 5, with respect to oy and a_ eq 4
leads to eqs 1 and 2 for equilibrium degrees of ionization of basic and acidic
monomer units, respectively. Upon substitution of oy and «_ into eq 5 one
finds that the free energy contribution due to ionization of positively and
negatively charged monomer units of polyampholyte inside the brush can be
presented as

Fion/kT = Ny In(1 —ay) + N_In(1 —a_) (6)

and the reference state Fj,, = 0 corresponds to absence of charges, oy =
a_ =0.

Transfer of a polyampholyte molecule from the bulk of the solution into
the brush/microgel leads to change in ionization degree of both basic and
acidic monomer units. The concomitant change in the free energy can be
expressed, with the account of eq 6 as

Aﬂon/kBT:N+ln<1_a+>+N_1n<1_a_> (7)
1— Olpy 1— Qp—
where .y, ay, ap_, a_ and the respective degrees of ionization of basic and
acidic monomer units in the bulk of the solution and in the brush/microgel.
Since all mobile ions are distributed between the brush and the bulk of
the solution according to Boltzmann law, eq 4, lower electrostatic potential
inside the brush/microgel implies that local concentration of H™ ions inside
the brush/microgel is larger than in the bulk of the solution. That is, pH
in the brush/microgel is smaller than pH in the bulk of the solution which
we denote as pH,. Consequently, as follows from eqs 1 and 2, degree of
ionization of acidic monomer units inside polyanionic brush is lower and
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degree of ionization of basic monomer units inside the polyanionic brush is
higher than in the bulk of the solution.

Because basic monomer units are stronger ionized inside the polyanionic
brush than in the bulk of the solution, ay > apy, the first term in eq 7 is
negative. On the contrary, acidic monomer units are weaker ionized inside
the polyanionic brush than in the bulk of the solution, a_ < «;_, and the
second term in eq 7 is positive. Hence, the sign of AF},, is determined by
the balance between re-ionization free energies of basic and acidic monomer
units and depends on polyampholyte composition (numbers of acidic and
basic monomer units), pH, in the reservoir, ionization constants of basic and
acidic monomers and on the shift of the electrostatic potential between the
solution and interior of the brush/microgel.

Polyampholyte absorption threshold vs isoelec-
tric points
At this point it is convenient to introduce a set of dimensionless variables:

v =K_/[H], = 10PHe—PK- (8)

controlled by the bulk value of pH, the asymmetry of ionization constants
characterized by parameter

K.

U—K—Jr

= 10PF+ PR~ (9)

and fraction of positively charged ionizable monomer units

NN o

f+:N,+N+ Ny,

were N + N_ = Ny is total number of ionizable (basic and acidic) monomer
units in the polyampholyte.
Finally,
A =exp(eV/kgT) (11)

serves as externally controlled (e.g. by salt concentration) parameter. We
remark that A < 1 since ¥ < 0 for an anionic brush/microgel. Disregarding
gradients in the charge distribution on grafted (brush-forming) or crosslinked
polyelectrolyte chains we can present the excess potential (the Donnan po-
tential) as (see e.g. ref!®)

Wy ey [y (S <y (12)

A= =
eXp(kBT) Cs Cs
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where «, is fraction of (negatively) permanently charged monomer units and
¢p 1s polymer concentration inside the brush/microgel and ¢ is concentra-
tion of all types of monovalent mobile ions in the bulk of the solution. Here
we remark that in brushes/microgels formed by weak (pH-sensitive) poly-
electrolytes the degree of ionization «, depends itself on pH and salt con-
centration in the buffer and increases as a function of ¢, that was predicted
theoretically®”3! and confirmed in experiments®*3* and computer simula-
tions.3?

Using eqs 1, 2 and 4 the degree of ionization of basic and acidic monomer
units in the bulk of the solution and inside the brush/microgel can be ex-

pressed as
u u

= — = 13
T e T T Wt (13)
x Ax
_ = Tl = 14
T Y T T (14)
The insertion free energy, eq 7, can be then expressed as
AF; 1 \1-F f
ion :m(( x + ) +<>\(x+u)> +> (15)
NskgT Az + 1) AT+ u
The condition AF;,, < 0 is fulfilled when
1—fy
r+1N\7 Az + u))
7)< 16
(Ax—l—l) <)\:c—|—u - (16)
that is, at x < x4 Where x4, is found from the equation
( xabs+1 )%(A(xabs+u)> -1 (17)
ATaps + 1 Naps +u /

The net charge of the polyampholyte molecule in the bulk of the solution
and inside the brush (gel) can be expressed as

22 + 2ux + u x
Qo = ap Ny =N = Ny <f+ (z+1)(z+u) =+ 1) (18)
and
B B (Az)? + 2udz +u Az
@in = @ Ny = a-No = Ny <f+ A+ 1)(A\x+u) I+ 1) (19)

respectively. As follows from eqs 18 and 19,
Qp(r =0) = Qin(r =0) = Nz fy

7



Qp(r = 0) = Qin(z = 00) = —=Nx(1 - f4)

The net charge of the polyampholyte in the bulk of the solution vanishes,
@, = 0, in the isoelectric point x = x;gp specified as

Cu 2f -1 u? (2f — 1\?2 ufy
xIEP_§'1—f++\/Z(1—f+> T (20)

As follows from eqs 18, 20 the net charge of the polyampholyte in the bulk
of the solution Qb S 0atx Z TIEP and Qb Z 0atx S TIEP-

Inside the brush the net charge of the polyampholyte vanishes at x = 2z p
where

Tipp = A Tipp (21)

Hence, the net charge of the polyampholyte inside the brush vanished at
r = 2igp > Trpp, i.e., at pHy > pl. In the range of z;pp < ¥ < A larpp
the polyampholyte is charged negatively in the bulk of the solution, but
positively inside the brush/microgel, i.e., charge sign inversion occurs upon
insertion of the polyampholyte into the brush/microgel.

It is easy to check that in the particular case of u = 1, eq 20 has a simple

form: F
n
TrEp = 1— f, (22)
and solution of eq 17 can be presented as
= 23
The analysis of eqs 17, 20, 21 proves that the inequality
Trpp < Taps < Trpp = N '21mp (24)

holds at arbitrary u as long as A < 1 (negatively charged brush), which is
also illustrated in Figures 1 and 2.

In Figure 1 the dependences of the polyampholyte molecule net charge
outside and inside the brush, @), and Q;,, respectively, and their difference,
AQ = Qin — @Qp, are plotted as a function of z = 10P#=PK-_ Ag one can
see from Figure 1, in the limit of + — oo (extreme alkaline pH, range)
the polyampholyte is negatively charged both in the buffer and inside the
brush. A decrease in z (in pH,) leads to a decrease in the magnitude of
the polyampholyte negative charge both in the buffer and inside the brush.
Inside the brush the polyampholyte charge vanishes at x = 2/ 5p while the
polyampholyte in the buffer remains negatively charged. Further decrease

8



—Ny(1 — f+)

Figure 1: Dependences of of the polyampholyte molecule net charge outside
and inside the brush, @ and Q;,, respectively, on x = 10PH—PK- at f =
0.5;u=1;A=0.2

in pH, results in increasing positive charge of the polyampholyte inside the
brush (and simultaneous decreasing magnitude of the negative charge outside
the brush), but the insertion free energy penalty remains positive, i.e., there
is no electrostatic driving force for the polyampholyte uptake in the brush.
Only when pH, drops down to the value corresponding to x .., the insertion
free energy becomes negative.

Hence, ionic interactions provide driving force for spontaneous absorption
of polyampholyte by anionic brush/microgel in the range of the pH, corre-
sponding to the conditions x < x4, when the net charge of the polyam-
pholyte is still negative in the bulk of the solution, but positive inside the
brush. However, the inversion of the polyampholyte charge sign inside the
brush does not necessarily imply negative insertion free energy .i.e.,, there
is no driving force for the absorption in the z(pH,) range corresponding to
Taps < T < A lwypp and the polyampholyte is repelled from the polyelec-
trolyte brush.

As it follows from eq 20, the value of x;gp corresponding to vanishing net
polyampholyte charge in the solution depends only on the polyampholyte
composition (fraction of positive charged residues f,) and ratio of ionization
constants w = K_ /K . The values of 2., and x4, depend additionally
on A, that is, on the magnitude of excess electrostatic potential inside the
brush /microgel, see eqs 17, 21.



The dependences of the threshold values of z;pp, @) pp, and x.qs on fi
(at A\,u = const), on u (at A\, fy = const and on A (at fy,u = const) are
presented in Figures 2a,b,c.

Figure 2a and 2b illustrate that z;gp, 275p and x4 increase (corre-
sponding pH, values grow) when the fraction f; of basic monomer units in
the polyampholyte or the value of pK, increase. As one can see from Figure
2¢, xqps and 2} p grow upon a decrease in A (increasing magnitude of neg-
ative electrostatic potential inside the brush), whereas z;gp (the isoelectric
point in the solution) is obviously independent of A\. Remarkably, both s
and T7pp/Taps, do increase upon a decrease in A. This is easy to check in the
particular case of u = 1 when

/ -1,
Tipp/Tip = A

Taps/TIEP ~ AT

' -1
xIEP/xabs ~ A+

Hence, for smaller A (stronger anionic charge of the brush or lower ionic
strength of the solution), both the polyampholyte charge sign inversion and
the insertion free energy sign inversion occur at larger x, i.e. at higher
pHy. Therefore, at given pH, > pl the uptake of polyampholyte in the
brush /microgel can be provoked by a decrease in A caused, e.g, by a decrease
in the ionic strength of the solution which is consistent with experimental
observation.'®

In Figure 3 we present 3D diagram of states for the polyampholyte
molecule as a function of composition, f,, excess electrostatic potential in-
side the brush/microgel, A\ = exp(e¥/kgT), and pH in the solution, for a
typical set of ionization constants K_ = 5.5 and K = 4.5. The lower (blue)
surface corresponds to the pl of the polyampholyte in the solution, above it
the polyampholyte in the buffer is negatively charged. The upper (green)
surface corresponds to the polyampholyte charge inversion threshold: be-
low this pH value in the buffer the polyampholyte gets positively charged
(the charge sign inversion occurs) upon insertion from the buffer into the
brush/microgel. The brownish surface sandwiched between the blue and the
green ones corresponds to absorption threshold: the re-ionization free energy
upon insertion of the polyampholyte into the brush/microgel is positive at
higher pH; and negative at lower pH,.

Crossing of the boundary pH,(2/5p) upon a decrease in A or in pHy,
as well as upon an increase in f, leads to the charge sign inversion for the
polyampholyte inserted into the brush, but does not imply appearance of the
driving force for the absorption. Further decrease in A or in pH, (an increase

10
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Figure 2: The dependences of zipp, 2)pp, and x4 on f. for A =
0.1;0.5;0.9;u = 1 (a), on u for A = 0.1;0.5;0.9; f, = 0.5 (b) and on A
for u =0.1;1.0; 10; f1 = 0.5(c).
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Figure 3: Diagram of states for the polyampholyte molecule in (f,, A\ =
exp(eV/kgT),pHy) coordinates for pK_ = 5.5 and pK, = 4.5

in f,) associated with the crossing of the pHy(z.s) boundary is required
to make insertion of the polyampholyte into the brush thermodynamically
favorable.

In Figures 4a and b we show the cross-sections of the 3D diagram pre-
sented in Figure 3 corresponding to variation of fraction f, of cationic groups
at constant A (Figure 4a) and to variation in the excess electrostatic poten-
tial inside the brush/microgel, that is, variation in A at constant composition
of the polyampholyte (constant f,). Evidently the larger the fraction f, of
cationic groups, the higher are pH thresholds corresponding to charge sign
inversion and to the onset of absorption. However, the difference between
these two characteristic pH, values does not noticeably change upon varia-
tion in f,. The pH-range at which re-ionization favours absorption widens
and pH}Ep and pHg,s increase when A decreases that corresponds to larger
difference of the electrostatic potential between the brush/microgel and the
buffer. Such decrease in A can be caused, e.g., by increasing fraction of
negatively charged monomer units in the brush or by a decrease in the salt
concentration in the buffer (see eq 12). Obviously at A — 1 all the three
surfaces separating different charge inversion/absorption regimes intersect at
the line corresponding to IEP of the polyampholyte in the solution, given by

12
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Figure 4: The crossections of the 3D diagram of states (shown in inserts) at
constant values of A\ (indicated in the figure) and varied fraction of cationic
monomer units f, (a) and at constant values of f; (indicated in the figure)
and varied A (b).

eq 20.

Comparison of theory to experiment

Our theory describes the electrostatically driven uptake of protein from
buffer solution by polyelectrolyte brushes/microgels. We model polyelec-
trolyte brush/microgel as a reservoir comprising polyelectrolyte chains with
the average concentration ¢, of monomer units, and mobile monovalent ions
distributed via Donnan equilibrium with buffer solution. The gradients in
polymer concentration and chain ionization are neglected. The electrostatic
potential difference ¥ between the interior of polyelectrolyte brush/microgel

13



and buffer solution is accounted for via parameter A (eq 12) in terms of the
average concentration ¢, of the monomer units, their degree of ionization, c,
and the concentration ¢4 of mobile ions in buffer solution. The brush geome-
try and chemical nature of the tethered polyelectrolytes are accounted via the
dependence ¢, (o, ¢s). For strong polyelectrolytes, e.g., poly(styrenesulfonic
acid), ay, is constant specified by the degree of polystyrene sulfonation, while
for weak polyelectrolytes, e.g., poly(acrylic acid), «, is pH-sensitive, and is
governed by the brush geometry, grafting density of polyelectrolyte chains,
pH, and the ionic strength in buffer solution.®

To confront the predictions of our model to experiment, we focus on up-
take of globular proteins by colloidal polyelectrolyte brushes.!”3¢ Absorption
of bovine serum albumin (BSA) in poly(acrylic acid) (PAA) spherical brushes
decorating poly(styrene) latex particles was thoroughly investigated in ref.!”
A detailed characterization of the experimental system (L.16) was performed
in ref.3% It was concluded by the authors that BSA uptake by PAA spherical
brushes occurred via two, time separated stages. During the first (quick and
reversible) stage, BSA progressively accumulates inside PAA brushes. Dur-
ing the second (later) stage, protein molecules bind to polyelectrolyte chains
exhibiting minor changes in the secondary structure. At this stage, an addi-
tional, non-electrostatic protein - chain interactions are plausible. Notably,
our current model addresses the first stage of the electrostatically driven
protein uptake, in which the structure of the polyelectrolyte brush/microgel
remains essentially unperturbed by interaction with proteins.

The pH-sensitivity of PAA brush was experimentally confirmed by 3-
fold increase in the brush thickness L upon an increase in pH; from pH,
= 2 up to neutral conditions, pH, = 7, at low salt, ¢, = 10mM (Figure
2 in ref!”). The increase in L of the spherical brush formed by polyelec-
trolytes with contour length L. = 209 nm and NN, acidic groups per chain
(tethered with grafting density ¢ to the surface of core particle with ra-
dius R, ~ 50 nm), from L ~ 100 nm (pH, = 5) to L ~ 120 nm (pH,
= T7) leads to the decrease in the average concentration of monomer units,
¢y = NyoL™'/[1+ L/R.+ (L/R.)?/3], approximately twice. At low salt (i.e.,
in the osmotic polyelectrolyte brush regime with a,c,/cs > 1), the degree
of ionization a;, of monomer units with dissociation constant K, varies as
a, ~ (K,/c,)/215 As a result, parameter A ~ c,/(a,c,) ~ ¢,/ slightly
increases (by approximately 1.3 times) upon an increase in pH, from 5 to 7.

The IEP of BSA was experimentally estimated as p/ = 5.1, indicating
that charging inversion of the protein occurs in the examined range of pH,.
That is, overall protein charge @), changes its sign from positive to negative
at pH, > 5.1. By modelling BSA molecule as a compact globule containing

14



Ny, available ionizable groups with dissociation constants K = K, (i.e.,
u = 1), the free energy of protein insertion (eq 15) reduces to

AFion —ln(x—i_1 ) —1In (—xab8+1 ) (25)

NszT Ar+1 /\xabs +1
As it follows from Figure 4, the choice of f, and A affects the value of pH s,
corresponding to the protein absorption threshold (shown by dashed lines
in Figures 4a and 4b). Recall that AF,,, < 0 (and the protein absorption
is promoted) if x < x4, or, equivalently pH, < pHgs. By choosing, e.g.,
f+ = 0.5 and A = 0.05, one finds AF},, < 0 for experimentally examined'”
values of pH, = 5.1 and 6.2, and AF},, > 0 for pH = 7.2. The reduction in
absolute value of AF;,, < 0 is also expected upon addition of salt in buffer
solution via the increase in A ~ c;.

In the electrostatically driven protein uptake, the slope of the equilibrium
absorption isotherm at low concentrations of BSA is governed by exp(—AF;,,/kgT).
By introducing the difference between 4 and z, Azx = (245 — x) with
0 < Ax < T4, the free energy of protein absorption reduces to

A-Fion -] Tabs T 1 - Az ] Tabs + 1
NekT — ()\:cabs T /\AI) I ()\xabs + 1)

a-xy
(14 2abs ) (A" + Zabs)
since A = exp(eW/kgT) < 1. Therefore a larger deviation from the ab-
sorption threshold, Az = (z4s — ) > 0, should lead to the larger slope of
absorption isotherm.

These expectations are in accord with the data in Figures 6 and 8 in
ref.!” A decrease in the initial slope of the absorption isotherm is clearly
seen in Figure 6 upon increasing c;. As for the pH-dependence of the slope
in Figure 8, it is difficult to distinguish the difference in slopes for for pH, =
5.1 and pHy, = 6.2 due to extremely sharp increase in the absorbed amount at
small concentrations of BSA. However, at pH, =7.2, the dramatic decrease
in slope is clearly seen, indicating reduction/elimination of the electrostatic
driving force. Overall, the conclusion about the electrostatic origin of BSA

absorption by PAA colloidal spherical brushes!” is in reasonable agreement
with our theory.

~ Ax —Ax (26)

Discussion and conclusions

To summarize, our theory proves that transfer of a polyampholyte molecule
(e.g., globular protein) containing pH-sensitive acidic and basic monomeric
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groups from the buffered solution into a similarly charged polyelectrolyte
brush (or a microgel) can lead to a decrease in the ionic part of the free
energy of the system thus making uptake of the polyampholyte molecule
thermodynamically favorable. The negative balance in the free energy is
assured by overcompensation of the free energy losses due to suppression
of ionization of similarly (with respect to the brush) charged monomeric
groups by gain in the free energy due to promoted ionization of the oppositely
charged ones.

One of the predictions of our theory is separation of the protein absorp-
tion threshold by a pH-window from IEP in buffer solution. For both weak
and strong polyelectrolyte brushes/microgels, A = exp(eV/kgT) ~ cs/(pcy)
decreases upon decreasing ¢, in buffer solution and increasing charge concen-
tration (a,c,) in the polyelectrolyte brush/microgel, widening the window
between T,y and T;pp as Taps/Trpp ~ A~/ (see also Figure 2c).

Hence, in full accordance with experimental observations,'”'® our theory
correctly predicts that an increase in salt concentration at constant buffer
pH, leading to an increase in A = exp(eW/kgT) reduces the driving force
and may ultimately suppress uptake of a polyampholyte (protein) by the
similarly charged polyelectrolyte brush or microgel at sufficiently high ionic
strength of the solution.

When the net re-ionization free energy balance is negative, the polyam-
pholyte net charge changes its sign upon transfer from the bulk of the so-
lution in the brush (charge inversion). However, the opposite is not true,
i.e., in spite of earlier claims,?® the charge inversion is not sufficient for mak-
ing the absorption thermodynamically favorable. In other words, even if the
charge inversion of polyampholyte inside the brush/microgel occurs, the re-
ionization free energy upon insertion may be still positive. A closer approach
to the IEP in terms of pH, is required to make insertion free energy negative.

Upon calculating the contribution to the free energy of the system re-
lated to the presence of ionically charged (ionizable) monomeric groups as
a function of the polyampholyte parameters (f., K_, K) and environmen-
tal controlled parameters (pHy, A\ = exp(eW/kgT)) we used a number of
simplifying approximations.

At fixed pH, and c,, uptake of protein molecules from buffer solution by
polyelectrolyte brush/microgel is presumed to occur without changing the
state of polyelectrolyte brush (i.e., at a fixed value of ). This assumption is
justified for small protein concentrations in buffer solution and no binding of
protein molecules to polyelectrolyte chains. Under these conditions, the pro-
tein uptake is electrostatically driven, and is accompanied by re-ionization of
protein amino acids. For naturally disordered proteins, re-ionization could
incorporate all Ny, ionizable amino acids in the primary sequence. How-
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ever, for globular proteins with compact ternary structure, the number Ny,
of re-ionizable amino acids could be much less and associated merely with
protein/water interface. Notably, the initial slope of the protein absorption
isotherm is governed by exp(—AF;,,/kgT) and is mediated, in particular, by
buffer parameters ¢, and pHy.

Another essential assumption used is neglecting (anti)cooperativity of re-
ionization process, that is, dependence of the effective ionization constants
of the ionogenic groups on their position inside polyampholyte molecule and
on the actual charge of the polyampholyte. This approximation implies that
ionization of each acidic or basic monomer group is controlled solely by av-
erage electrostatic potential inside the brush/microgel and is not affected by
charge state of other ionogenic groups in the polyampholyte. Evaluation of
the effective ionization constants requires specifying the spacial distribution
of ionogenic groups in the polyampholyte molecule (on the surface of the
protein globule) that is far beyond the scope of mean-field approach applied
here. We also neglected spacial gradients in the charge density and related
electrostatic potential distribution inside the brush/microgel.

Furthermore, we assumed pH and A = exp(eW/kgT) to be independently
controlled parameters that is the case for strong polyelectrolyte brushes/microgels
but not for weak (pH-sensitive) ones, where electrostatic potential ¥ is a
function of pH in the buffer as well. The dependence of A\ on pH, introduces
new feature in the pH-controlled polyampholyte absorption by weak polyelec-
trolyte brush/microgel and will be studied in our forthcoming publication.
The interplay between pH-dependent ionization of weak polyelectrolyte gel
and absorbed by the gel proteins was recently investigated by Longo and
Szleifer,>” who pointed that re-ionization of the protein upon transfer into
the gel significantly enhances absorption.

Finally, we have to stress that we have evaluated only the contributions to
the free energy change related to re-ionizaton of ionogenic monomer groups
upon insertion of a polyampholyte (or a protein globule) into polyelectrolyte
brush/microgel . There are other contributions to the free energy which have
to be accounted for to evaluate the net free energy balance. The insertion of
a globule into the brush requires the work to be done against excess osmotic
pressure acting in the brush. This leads to a positive contribution AF,,, to
the full insertion free energy which has to be overcompensated by negative
ionic contribution AFj,, evaluated above. The re-ionization may provide
a dominant driving force for uptake of weakly charged polyampholytes, in-
trinsically disordered proteins or, in some cases, of globular proteins with
quasi-uniform surface distribution of basic and acidic residues. For most of
globular proteins with pronounced patchiness in distribution of positive and
negative surface charge the asymmetry of interactions of both with brush-
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or gel-forming polyelectrolyte chains and counterion release can be equally
or even more relevant in the overall balance of interactions leading to the
protein uptake on the "wrong” side of the IEP.

In spite of all these limitations and reservation, we believe that our theory
provides a valuable insight into generic physical mechanisms of spontaneous
uptake of weak polyampholytes (e.g. globular proteins) by similarly charged
polyelectrolyte brushes (or microgels).
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