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s ABSTRACT: The self-consistent field Poisson—Boltzmann frame-  position-dependent charge @ insertion free energy
6 work is applied to analyze equilibrium partitioning of ampholytic | D eg°
7 nanoparticles (NPs) between buffer solution and polyelectrolyte - ot %k,
8 (PE) polyanionic brush. We demonstrate that depending on pH ool }%} o
9 and salt concentration in the buffer solution, interactions between @%‘o Cdslo 2
10 ionizable (acidic and basic) groups on the NP surface and ofe® \ég‘%@é@
11 electrostatic field created by PE brush may either lead to the — @jéfg%j b ko °
12 spontaneous uptake of NPs or create an electrostatic potential z
13 barrier, preventing the penetration of NPs inside PE brush. The
14 capability of PE brush to absorb or repel NPs is determined by the

1
16 NP distance from the grafting surface. It is demonstrated that, at a
17 pH value below or slightly above the isoelectric point (IEP), the
18 electrostatic free energy of the particle is negative inside the brush and absorption is thermodynamically favorable. In the latter case,
19 the insertion free energy exhibits a local maximum (potential barrier) at the entrance to the brush. An increase in pH leads to the
20 shallowing of the free energy minimum inside the brush and a concomitant increase in the free energy maximum, which may result in
21 kinetic hindering of NP uptake. Upon further increase in pH the insertion free energy becomes positive, making NP absorption
22 thermodynamically unfavorable. An increase in salt concentration diminishes the depth of the free energy minimum inside the brush
23 and eventually leads to its disappearance. Hence, in accordance with existing experimental data our theory predicts that an increase
24 in salt concentration suppresses absorption of NPs (protein globules) by PE brush in the vicinity of IEP. The interplay between
25 electrostatic driving force for NP absorption and osmotic repelling force (proportional to NP volume) indicates that for large NPs
26 with relatively small number of ionizable groups osmotic repulsion overcomes electrostatic attraction preventing thereby absorption
27 of NPs by PE brush.
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1. INTRODUCTION role here, and their interactions with charged species have been 46
actively explored experimentally and theoretically (see ref 1 for 47
a comprehensive review). Planar, spherical, and cylindrical PE 4s
brushes are distinguished according to the geometry of the 49
grafting surface. The latter closely mimic natural glycosami- so
noglycans (GAGs) (e.g, aggrecan in articular cartilage, s1
envisioned as a cylindrical brush with keratan sulfate and s2
chondroitin sulfate side chains end-tethered to the core s
protein'®), or heparan-sulfate proteoglycans (HSPG) emanat- 54
ing from the cell surface. 55

In living systems, globular proteins interact with charged s6
biomacromolecular assemblies that often have complex brush- s7

28 Electrostatic interactions between charged biomacromolecules
29 and proteins play an important role in many biological
30 processes.' ' A better understanding of the interactions
31 between natural polyelectrolytes and proteins could thus
32 have both fundamental scientific importance and direct
33 medical implications. Synthetic polyelectrolytes (PEs) and
34 colloidal polyelectrolyte nanostructures could mimic natural
35 polyelectrolytes and their assemblies to unravel mechanisms of
36 molecular processes in living nature, including those of direct
37 medical relevance (e.g., inflammation or coagulation cascades).
38 On the other hand, colloidal PE nanostructures, such as
39 polyelectrolyte brushes, microgels, or block polyelectrolyte
40 micelles can be used in medical and biotechnological
41 applications (e.g, drug and gene delivery, inhibition of viral
42 infection, etc.).””"

43 PE brushes (layers of charged macromolecules terminally
44 attached to a planar substrate or to the surface of colloidal
45 particles and immersed in aqueous solution) play a prominent
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like architectures (e.g., layers of bacterial extracellular
polysaccharides, endothelial glycocalyx, complexes of aggre-
canes with hyaluronic acid, etc.) comprising both weak
(carboxyl) and strong (sulfate) anionic groups. Synthetic PE
brushes can be formed by macromolecules comprising either
strong (permanently charged) or weak (pH-sensitive)
ionizable groups. Proteins, on the other hand, are weak
polyampholytes (PAs) that bear pH-sensitive cationic and
anionic groups on their surface. Hence, the net charge of the
protein globule depends on pH, and vanishes in the so-called
isoelectric point, pHygp, in which the net charges of cationic
and anionic groups exactly match each other. Hence, the
protein globule possesses a net positive or negative charge at
pH < pHygp or pH > pHgp, respectively.

Under physiological conditions, biomacromolecular brushes
and most of globular proteins are similarly (negatively)
charged, so that their interactions could be mediated by the
Coulomb electrostatic repulsions. On the other hand, seminal
works of M. Ballauff and co-workers convincingly demon-
strated that synthetic polyanionic brushes can efficiently uptake
globular proteins above (on the “wrong side”) the IEP, that is,
when the PE brush and the protein are both negatively
charged."”*° It was also demonstrated that absorption of the
proteins is efficient at low and suppressed at high ionic
strength due to the electrostatic nature of attraction between
similarly (negatively) charged PE brushes and proteins.

Two possible mechanisms were proposed to explain this
experimental observation: First, it was suggested that, due to
the Donnan equilibrium, pH inside the polyanionic brush may
be lower than pHigp even when pH in the buffer is higher than
pHigp so that the protein which is negatively charged in the
buffer, acquires positive charge inside the negatively charged
brush and, therefore, is spontaneously absorbed by the
brush.”' ~>* An alternative hypothesis exploits the fact that
cationic and anionic groups on the protein globule surface are
distributed inhomogeneously and give rise to “patches” of
positive and negative charges. Even when in total the globule is
charged negatively, adsorption of the brush-forming polyanions
on the (minority) patches of positive charge leads to the gain
in the electrostatic free energy which overcompensates the free
energy losses due to depletion from the negatively charged
patches.””*> Recent experiments on complexation between
polyelectrolytes and green fluorescent protein mutants with
varied patchiness in the surface charge distribution™
convincingly supports the importance of this mechanism of
polyelectrolyte—protein binding. Both hypotheses provide
qualitatively plausible explanation of the protein absorption
by similarly charged PE brushes though both lack quantitative
theoretical justification. Presumably, the reionization may
serves as the dominant driving force for binding of proteins
with fairly uniform (nonpatchy) distribution of cationic and
anionic groups on the globule surface, by strongly charged PE
brushes, including biological ones (e.g, HSPG). This is in a
line with results of numerical self-consistent field calculations
for protein-like ampholytic particles interacting with planar PE
brushes”® and molecular dynamics simulations of short
ampholytic molecules interacting with a starlike PE.>” At the
same time, the short-range nonelectrostatic interactions
between protein amino acid residues and the brush monomer
units could also be significant, and in a general case, absorption
of proteins by PE brushes is governed by both types of
interactions.”

In our recent paper’® we have demonstrated that charge
inversion due to reionization of a weak ampholytic nano-
particle (NP) upon insertion into a similarly charged PE brush
or microgel is a necessary but insufficient condition for the
negative balance in the differential free energy. In other words,
even if the NP, being negatively charged in the buffer, acquires
a positive charge inside the negatively charged brush, the net
ionic interaction balance may disfavor its uptake by the brush.
This qualitative conclusion was made on the basis of a simple
Donnan model that disregards the spatial distribution of an
electrostatic field inside the PE brush/microgel.

Advances in the theory of polyelectrolyte brushes
provide a full quantitative analytical description of the
electrostatic potential and local concentrations of mobile
ions inside and outside of planar PE brushes within the
accuracy of the Poisson—Boltzmann approximation. This
theoretical approach has been recently extended®” to brushes
formed by branched polyelectrolytes that mimic natural
biomacromolecular brushes, and can be applied with
reasonable accuracy to PE brushes on surfaces of large
colloidal particles.”*

In this study, we focus exclusively on the electrostatic driving
forces with aim to unravel different mechanisms regulating
uptake of nanoparticles and globular proteins by PE brushes.
We assimilate globular proteins to weak polyampholytic
nanoparticles (NPs) with fixed volume and surface area
covered with both acidic and basic ionizable groups. Although
such coarse-graining of globular proteins is rather reduction-
istic, it could still illuminate general trends in the electrostatic
regulation of the protein-PE brush interactions. The aim of the
present paper is to implement the Poisson—Boltzmann
framework to analyze the position-dependent ionization and
insertion free energy of weak (pH-sensitive) polyampholytic
NPs, and to examine the effect of environmental conditions
(pH, salt concentration) and the brush grafting density on the
shape of insertion free energy curves. This approach provides
the distribution profiles of NPs inside the brush and may be
further used to access the diffusion rates of NPs through PE
brushes.

The rest of the paper is organized as follows: In section 2 we
introduce our theoretical model and present dominant
contributions to the NP free energy in the brush. A brief
summary on the Poisson—Boltzmann theory of PE brushes and
the review of electrostatic potential distribution is given in
section 3, while more detailed derivations are delegated to the
SI. Sections 3.1 and 3.2 are devoted to formulation of the
electrostatic and osmotic contributions to the insertion free
energy, respectively. The insertion free energy profiles
calculated under varied conditions for NPs with one anionic
and one cationic type of ionizable sites are presented in section
3.3. Finally, in section 4 we overview the results and outline
our conclusions.

29,30,32

2. METHOD

2.1. Model. We consider a polyampholytic nanoparticle
(NP), as a model of a protein in its globular conformation, that
comprises N, ionogenic groups (sites) capable of acquiring
positive (elementary) charge upon protonation, and N_
monomer units capable of acquiring negative (elementary)
charge upon dissociation of hydrogen ion. The NP has volume
V and ionizable groups are assumed to be evenly distributed on
its surface with area X.
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180 In the general case, the NP might contain several types of
181 cationic and anionic ionogenic groups (i.e., amino acid
182 residues), each characterized by specific acidic ionization
183 constant K;,. We ascribe the ionization constant K;_ to N,_
184 anionic groups (i =1,2,..) and the ionization constant K;, to
185 N;, cationic groups (i+ = 1, 2, ...). Hence, the total number of
186 ionizable groups is

Ny=N,+N_= Y N, + > N_
i+ i- 1)

188 The NP is interacting with a polyelectrolyte brush, Figure 1.
189 The brush is formed by strong (quenched) polyelectrolytes

t Z

187

Figure 1. Schematics of an ampholytic NP insertion into a
polyelectrolyte brush. Blue, red, and white areas on the globule
surface correspond to cationic, anionic, and neutral residues,
respectively.

190 (polyacids) with degree of polymerization N > 1 end-
191 tethered to the surface with density ¢ = a*/s (a is length of
192 monomer unit and s is the grafting area per chain). The PE
193 chains are assumed to be intrinsically flexible (with Kuhn
194 segment length on the order of monomer unit length, a), and
195 have a fraction @ of (negatively) charged monomer units.

196 The pH in the solution (in the buffer) is fixed to the value of
197 pH,. The solution contains monovalent (positively and
198 negatively charged) mobile ions of low molecular weight salt
199 with concentration (number density)

200 Cb+ =G =G (2)

that controls the Debye screening length 201

k' = (8alye,) 2 3) 102
Here, Iy = ¢*/€kgT is the Bjerrum length (e is the elementary 203
charge, € is the dielectric permittivity of the solvent, kg is the 204
Boltzmann constant, and T is the temperature). In the 205
following we assume that l; = a4, which leads to the 206
proportionality factor &5 between molar concentration and 207
volume fraction C, = c,a® of the salt ions. 208

Because of excess electrostatic potential ¥(z) < 0 created by 209
PE brush at distance z from the grafting surface (with the 210
reference value ¥(z = 00) = 0), and respective gradient in the 211
local concentration of hydrogen ions, the replacement of the 212
NP from buffer solution into PE brush at distance z is 213
accompanied by reionization of its cationic and anionic groups, 214
and leads to the concomitant change in the NP free energy, 215

AF(Z) = AFion(z) + AFvol(z) (4) 216
Here, AF,,(z) and AF,,(z) account for reionization free 217
energy and for the work against excess osmotic pressure inside 218
the brush, respectively. 219

2.2, Electrostatic Potential of a Quenched Polyelec- 220
trolyte Brush. The reduced self-consistent electrostatic 221
potential, w(z) = e¥(z)/kgT, in a negatively charged (anionic) 222

PE brush can be presented as 223
2 2
- H
V(@) = T3 +y,(H), 0<z<H
Hy (5) 224

Here, z is the distance from the grafting surface, H is the total 225
thickness of the brush (cutoff of the polymer density profile), 226
and Hj is the characteristic length 227

8
Hy/a= |—5 Na'?
3z (6) 228

The value of constant y;,(H) depends on the potential 229
calibration, and ensures continuity of the potential at the brush 230
edge, wi,(H) = w,(H). The potential outside the brush, 231
Wout(2), coincides with that of a uniformly charged plane with 232
the surface charge per unit area equal to the residual (negative) 233

charge per unit area of the brush 234
H H
1= [ p)dz=-
0 27rlBH§ (7) 135
with the residual charge density p(z) specified by the Poisson 236
equation, 237
dy (2)
— = = —dzly(z)
: v (8) 2

(Here and below, charge is measured in the elementary charge, 239
e, units.) The electrostatic potential outside the brush is thus 240
formulated as®” 241

(kA + JKAP? +1 = 1) + (kA = J(KAP + 1 + 1)e*H)

[.(2) = =2 In|— — — =
0 o (KA + J(KA +1 = 1) = (kA = (kAP + 1 + 1) )

243

244

with the Gouy—Chapman length 245
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io_ 1 _H
» gl | H (10)

247 The latter controls distributions of the electrostatic potential
248 and small mobile ions outside the brush, i.e, at z > H. The
249 potential defined by eq 9 vanishes at z = o0. The cutoff of the
250 polymer density profile, z = H, is found from the condition of
251 conservation of number of monomer units in grafted chains.
252 The minimal value reached by the electrostatic potential at the
253 grafting surface, z = 0,

JEA? +1 — 1]
KA (11)

255 is the increasing function of salt concentration c, in the buffer
256 but the decreasing function of the grafting density 6. However,
257 the potential difference across the brush,

H "
l/Im(O) = —? + I/I(H) = —? +2In
0 0

254

©) + ) = 2L
-y (0) +y(H) = —
Hg (12)

259 decreases as a function of salt concentration and increases
260 upon an increase in the grafting density, because the brush
261 thickness H decreases as a function of salt concentration, but
262 increases as a function of o.

263 The polymerization degree N of the grafted PE chains
264 weakly affects y(0), while the brush thickness H ~ N. More
265 detailed derivation and typical shapes of the electrostatic
266 potential profile inside and outside the brush are presented in
267 SL

268 Notably, the parabolic shape of electrostatic potential y;,(z)
269 in eq S holds if the stretched brush-forming chains are still far
270 from full extension (i.e., H < L = aN'). An approach to full
271 extension of the tethered PE chains (H — L) modifies
272 electrostatic potential ;,(z) as’"

3 . cos(nz/2L)
(2) = 2 1 SOEI2L)
Vil2) a cos(wH/2L)

273 Electrostatic potential y,,(z) outside strongly stretched PE
274 brush is given by eq 9 with renormalized Gouy—Chapman
275 length
i Hy (xH/2L)
H tan(zH/2L)

276 In the following we assume that the tethered PEs are
277 moderately charged (with degree of ionization @ < 1) to
278 ensure the parabolic shape of y,(z).

3. RESULTS AND DISCUSSION

279 3.1. lonic Contribution to the Free Energy. Transfer of
280 NP from the bulk of solution in PE brush is accompanied by
281 the change in ionization states of both basic and acidic groups
282 on NP surface. The ionic part of the differential free energy can
283 be expressed as”®

AB(2)/kT = YN, 1[&] LY N h{ 1-a () ]

1— oy, 1—ay,_
284 (13)

285 where ay;,, @;,(2), a4, and a;,_(z) are the respective degrees of
286 ionization of basic and acidic monomer units on the surface of
287 NP placed at distance z from the grafting surface and in the
288 bulk of the solution (at z = 00).

289 Here,

2, (2) = (1 + K /[H ()]} = (1 + 10PHE@ Kyt

- [1 TR exp(w<z>>]

it (14) 590
and 291

a,(z) = (1 + [H (VK )"

= (1 + 10PK-PHE)

-1
1 — ay,
= (1 +—= eXP(—l//(Z))]

i (18) 59,
The respective degrees of ionization of ionogenic groups i+ in 293
the buffer are 294

oy, = (1 + K, /[H',) " = (1 + 102 PKiey! (16) 505
and 296
a,_ = (14 [H'],/K_)" = (1 + 10P5-PHy! (17)

[H*(z)] is the local concentration of hydrogen ions (specifying 298

local pH(z) = —log[H'(2)]), pH, = pH(z = o0) = 299
—log[H*'(z = )], and K, and K,_ are respective acidic 300
ionization constants of basic and acidic groups. 301

According to eqs 14 and 15, ionization of acidic and basic 302
ionogenic groups is controlled by local electrostatic potential 303
w(z) in the brush, while the Coulomb interactions between 304
ionized groups on NP surface are disregarded. These 305
interactions could shift the ionization constants with respect 306
to “bare” constants K;, and K;_ (see refs 35 and 36). Within 307
the applied here approximation, {N,} and {K,,} are 308
considered as independent sets of variables. We also neglect 309
the electrostatic potential gradient on the length scale of NP 310

spatial dimensions. 311
The spacial distribution of hydrogen ions can be expressed 312
as 313
[H+(Z)] = [H+]b eXP(_W(Z)) (18) 314

As long as hydrogen ions are distributed between PE brush 315
and solution according to eq 18, lower electrostatic potential 316
inside the brush, ¥(z) < 0, indicates that local concentration 317
of H' ions inside the brush is larger than in the bulk of the 318
solution. As a result, the degree of ionization of basic residues 319
inside polyanionic brush is higher, while the degree of 320
ionization of acidic residues is lower than in the bulk of the 321
solution (eqs 14 and 15). The sign of AF,,,(z) is determined 322
by the balance between reionization free energies of basic and 323
acidic monomer units (the first and the second terms in eq 13, 324
respectively). 325

The net charge on NP (measured in the elementary charge 326
units e) depends on its position z with respect to the grafting 327
surface and can be expressed as 328

Qz) = 2 N, (2) — Z N_a;_(2)

(19) 32

while the NP charge in the buffer is given by 330
Q= Qlz =) = Y Ny, = 2 N.ay

i+ i- (20) 33

The isoelectric point, pHgp, corresponds to pH, at which the 332

NP charge in the buffer vanishes, Q, = 0. 333

We focus primarily on the case of pH;, > pHgp, that is, when 334
the NP in the bulk of the solution is charged negatively, 335

https://doi.org/10.1021/acs.biomac.2c01153
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336 Q, < 0, i.e., similarly to the brush. Because the electrostatic
337 potential w(z) created by the brush is a monotonically
338 increasing function of z (i.e, monotonically increasing in
339 absolute value upon approaching the grafting surface), the net
340 charge of the NP Q(z) monotonically increases upon
341 approaching the grafting surface and, depending on the sets
342 of parameters {N,,, K.}, {c, pH,}, {a, N, 6}, may remain
343 negative or invert its sign to positive at some particular
344 distance z* from the grafting surface, so that

Qz=z" =0

345 Remarkably, z* may correspond to the NP position either
346 inside, or outside the brush (close to its edge). The position z*
347 can be found from the equation

s

248 w(z™) = —ApH, /log, e ~ —2.3ApH, (21)

349 with
APHb = PHb - pHIEP

350 which implies (with the account of eq 18) that local
351 pH(z = z*) at z = z* coincides with pHgp for NP in solution.
352 Using eqs 13 and 19, one can demonstrate that

(aAEon(z)] _ 0
% s (22)
354 that is, the ionization free energy passes through a maximum at
355 z = z*¥, i.e, in the point of the charge inversion. Indeed,

0AE, (z) _ 0AE,, 0i(z)

0z o oz

356 where A(z) = exp(y(z)). By taking the derivative of the r.h.s.
357 of eq 13 with respect to A(z) (with the account of eqs 14 and
358 15), one arrives at

0AE,,(z) _ 10A(z) _ op(z) .
= 1 2 Q(Z) = oz Q( ) (23)

360 where the position-dependent charge Q(z) of NP is given by
361 eq 19. As soon as A(z) is a positive, monotonously increasing
362 function of z in the whole range of z € [0, ), eq 23 indicates
363 that AF,,,(z) exhibits a maximum in the NP charge inversion
364 point, z = z*.

365 When AF, (z =0) <0 and z* > 0, absorption of NP by the
366 brush is thermodynamically favorable, and the minimum in
367 AF,,,(z) (reached at the grafting surface, z = 0) is separated
368 from the exterior solution by the potential barrier with the
369 height AF,,(z*) located at z = z*. As we demonstrate below,
370 the charge inversion may occur at z = z*¥ > 0 even when
371 AF,,,(z = 0) > 0. In this case, the localization of positively
372 charged NP inside polyanionic brush corresponds to a
373 metastable state. Finally, when z* decreases down to zero,
374 the charge inversion inside the brush does not take place and
375 the insertion free energy AF,,(z) becomes a monotonically
376 decreasing function of z. As a result, the Coulomb force pushes
377 NP out of the brush and no absorption of NPs by PE brush
378 occurs spontaneously.

379  Obviously, if NP is charged positively in the solution,
380 Q, > 0, then AF, (z) < 0 at Vz € [0,00) and is a
ssimonotonically increasing function,
382 aAEOH(Z)/aZ >0Vze]|o, OO)

383 3.2. Osmotic Contribution to the Free Energy. The
384 second term in eq 4 accounts for the work against excess

353

359 0z

sy

osmotic pressure of mobile ions inside the brush and in the 385
double electrical layer outside. If the concentrations of mobile 386
monovalent ions of low molecular weight salt in the buffer (at 3s7
z = 00) are ¢, = ¢,_ = ¢, then their concentrations at arbitrary 3ss
distance z from the grafting surface are given by the Boltzmann 389

law, 390
c.(2) = ¢, exp(Fy(2)) (24) 50,
and the excess osmotic pressure is 392
I(z)/ksT = ¢,(z) + c_(z) — 2¢= (23) 303
c(exp(y(z)/2) — exp(—(2)/2))" = de, sink((2),2)
(26) 394
Hence, the osmotic contribution to the insertion free energy, 395
AF, (z)/kyT = 4V, sinh*(w(z)/2) (27) 306

is proportional to NP volume V and monotonically decreases 397
with z. Hence, the derivative of this second term in the free 398
energy in eq 4 always provides a thermodynamic force 399
expelling the NP from the brush. 400

We remark that in sufficiently dense or/and weakly charged 4o1
brushes the nonelectrostatic (excluded volume) interactions 402
provide the dominant contribution to the osmotic pres- 403
sure.”” > However, in the present work we focus at sufficiently 404
strongly charged brushes in which the electrostatic interactions 40s
dominate over the short-range repulsions between monomer 406
units. 407

3.3. NP with Two Types of lonizable Sites. Below we 408
focus on a particular case when the NP comprises one type of 409
cationic groups with ionization constant K, and one type of 410
anionic groups with the ionization constant K_. This 411
simplification allows us to analyze the main trends in NP 412
interaction with PE brush at variable environmental conditions 413

(pH, and ¢,) and NP volume V. 414

The fraction of positively charged ionizable monomer units 415

is defined as 416
NN

T N_+N Ny (28) 417

where N, + N_ = Ny is the total number of ionizable (basic 418
and acidic) groups, and the ionic contribution AF,, in eq 13 419
with i, = i_ = 1 reduces to 420

AE,,(2)/kpT = NJL_ h{l—f()@_(z)] +(1 _f+)h,{l;l(z)]l

1—a, 1—-a,

(29) 421

In section 3.3.1, we start with the analysis of AF,,,(z), which 422
is the dominant contribution to the overall free energy, 423
AF(z) = AF,,(2z), in the case of small NPs. In the following 424
section 3.3.2 we consider the interplay between AF,  (z) and 425
AF,(z) which becomes essential for increasingly bulky 426
charged species and may prevent NP absorption by PE 427
brush even if the reionization free energy, AF,,, provides a 428
driving force for it. 429

3.3.1. Reionization Free Energy for NP Interacting with 430
Polyelectrolyte Brush. Below we present typical ionization free 431
energy profiles AF, . (z) normalized by the total number of 432
ionizable sites Ny calculated for the NP with f, = 0.5 at varied 433
pH,, reduced salt concentration C, = ca® and grafting density 434
6 = a*/s. We use model equal values of ionization constants 43s
pK_ = pK, =5 that assures maximal impact of the reionization 436
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437 free energy to the overall insertion free energy balance and
438 corresponds at f, = 0.5 to the IEP pHpp = S. In real experiment
439 chosen parameters are sufficiently close to the pK_ value for
440 carboxylic groups and not far from pK, value for, e.g,
441 N(CH3;), groups.

442 The degree of polymerization of the brush-forming chains
443 N' = 300. Notably, C, and o affect the magnitude of the excess
444 electrostatic potential created by the brush, whereas pH,
445 controls degrees of ionization of the cationic and anionic
446 residues and the net charge of the globule Q, in the buffer.
47 In Figure 2a,b, the position-dependent free energy AF,,(z)
448 and charge Q(z) are plotted as a function of distance z from

AFion(2)/NsksT

m— Cs=0.0001
= Cs=0.00035
— Cs=0.001
—— AFjpp=0

AF/on (Z)/NszT

@ 7=
0,4_N ®- z=7

0.2

0.0

Q(2)/N5x

-0.2

-0.4

0 50 100 150 200
z

Figure 2. Position-dependent insertion free energy AF,,(z) (a) and
the NP charge Q(z) (b) both normalized by Ny, as a function of the
distance z from the grafting surface for a series of pH,, values around
the IEP at fixed salt concentration C, = 107>, Arrows indicate the
upper boundary of the brush. Dashed vertical lines indicate the charge
inversion point, z = z*. Dashdot horizontal lines indicate AF,,(z) =0
and Q(z) = 0. Colored circles in panels (a) and (b) correspond to the
charge inversion points z = z*.

449 the grafting surface for a series of pH,, values at constant salt
450 concentration C, = 107>,

451 In Figure 3a,b, we show cross sections of 2D profiles of the
452 insertion free energy AF,.(z, ApH,), and net charge
453 Q(z, ApH,) of the NP plotted at three selected values of
454 salt concentration C;

455 As one can see from Figures 2b and 3b and follows from eq
456 19, because of reionization of cationic and anionic sites in the
457 electrostatic potential of the polyanionic brush, net charge
458 Q(z) of the NP is always a decreasing function of z.

459 Sufficiently far above the IEP (e.g., at ApH, = 1.3 in Figure
460 2a,b), the NP is negatively charged in the buffer and remains
461 negatively charged, Q(z) < 0 Vz € [0,00), though 1Q(2)l
462 decreases in the absolute value upon insertion of the NP into
463 the brush. The insertion free energy in this case is positive,
464 AF,(z) > 0 Vz € [0,00), and monotonously decreasing

—— s =0.0001
— Cs=0.00035
—— ¢, =0.001
— Q=2=0

I
i
i

1
i i
i

.= 0.00035 N
: f ApHp ;\_-10.2 04

Figure 3. Cross sections of the 2D profiles of the insertion free energy
AF,,(z, ApH,) (a) and NP charge Q(z, ApH,) (b), both normalized
by Ny, for a set of values of salt concentration (with the
corresponding color code, as indicated at the curves). Colored circles
in panel (a) indicate points of vanishing free energy, AF,,(z, ApH,)
= 0; colored circles in panel (b) correspond to the charge inversion
points z = z*.

function of z, 0AF,,,(z)/0z < 0, that is, the NP is expelled
from the brush.

465
466

On the contrary, below the IEP, at ApH, < 0, the charge of 467

the NP is positive, Q(z) > 0 Vz € [0,00) (Figures 2b and 3b).
The free energy AF,,,(z) < 0 Vz € [0, o) is negative and
monotonously decreases upon approaching the grafting surface
(Figures 2a and 3a). In this case, the NP and the brush are
oppositely charged, and the NP is driven into the brush by the
attractive Coulomb force. The depth of the free energy edge
minimum at the grafting surface, AF,,,(z = 0), grows upon a
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decrease in ApH,, or upon an increase in the magnitude of the
negative electrostatic potential at the surface which can be
induced either by a decrease in salt concentration C, (Figure
S2a) or by an increase in grafting density o (Figure S2b). The
same applies also at the IEP, pH = pHygp, when the NP charge
is vanishing far away from the brush, but becomes positive and
monotonously increases when NP approaches and enters the
brush.

The most peculiar patterns in AF,,(z) and Q(z) are
observed at ApH,, > 0, i.e,, slightly above the IEP, as illustrated
by Figure 2ab and the cross-section of the AF,,(z, ApH,)
surface at ApH,, = 0.4 in Figure 3a,b. In this case NP is charged
negatively in the buffer, Q, < 0, but inverts the sign of its
charge upon embedding into the brush at z = z*. That is, the
NP charge Q(z > z*) < 0 and Q(z < z*) > 0. As
demonstrated above, the free energy AF,,(z) passes through a
maximum in the charge inversion point z = z¥, i.e., AF,,(z) is
an increasing function of z at z € [0, z*) and a decreasing
function of z at z € [z¥, o). Obviously, z¥ — oo at pH, —
PHigp.

In Figure 4 we present a typical zoomed profile of the free
energy AF,(z) with maximum, corresponding to the Q(z)

0.10 -@- 7 =7*
== DFion(2)=0

! !
o o o
5 & 8

AFion(2)/NskgT

-0.20

-0.25

0 50 100 150 200

4

Figure 4. Characteristic dependence of the AF,,(z) with a maximum
at z = z* and corresponding dependence Q(z) with charge inversion
at z = z* plotted for ApH, = 0.4 both normalized by Ns. Salt
concentration is C, = 10_3, grafting area per chain is s/ a* = 100. Arrow
indicate the upper boundary of the brush (z = H), and the charge
inversion point z = z* is indicated by vertical dashed line and a red
circle.

sign inversion point, and AF,,(z = 0) < 0. This free energy
profile indicates the presence of electrostatic driving force for
NP absorption by PE brush.

Remarkably, similar patterns in the position-dependent net
charge were observed in Molecular Dynamic simulations”” of
ampholytic oligopeptide interacting with strongly charged
starlike polyelectrolyte: in the vicinity of the IEP the
oligopeptide charge inversion was observed upon approaching
the center of the star. However, quantitative comparison of our
results to those presented in ref”” is challenging because of
essentially different spatial distribution of polymer density and
electrostatic field in a planar PE brush and in a single PE star.

As seen in Figure 3a,b, an increase in salt concentration (ata
given ApH,) leads to the shift in the charge inversion point z*
toward the grafting surface, the decrease in Q(z), and
narrowing of the presurface potential well which simulta-
neously becomes more shallow.

Upon a moderate increase in pH, above the IEP, i.e., upon a
decrease in the NP charge Q, < 0 in the buffer, the charge

inversion point z* is shifted toward the grafting surface, the
magnitude of the maximum in AE, (z)l,_,* increases, and the
depth of the presurface potential well, IAF,, (z = 0)l, decreases.
In this regime, absorption of NPs by the brush remains
thermodynamically favorable, but requires overcoming of the
potential barrier with maximum at z = z*. At sufficiently large
number of ionizable groups on NP surface, Ny ~ 10% the
barrier may increase up to ~10kgT thus completely hindering
NP absorption by PE brush kinetically.

When ApH, exceeds the threshold value ApH;(,abS) > 0 (that
is, pH, exceeds pH;(,abS) > pHygp), the free energy AF,.(2)
becomes positive at Vz € [0, o). The free energy minimum at
z = 0 remains separated from the bulk of the solution by the
potential barrier located at z = z*. Hence, the NP location
inside the brush at 0 < z < z* corresponds to a metastable
state although the globule possesses positive net charge,
Q(z < z*) > 0 (see, e.g, the curves corresponding to
ApH, = 0.7 in Figure 2ab). Indeed, the local free energy
minimum at z = 0 is separated from the global free energy
minimum AF,,(z = o) = 0 by a potential barrier at z = z*,
which implies that, by definition,* the position of the NP in
the brush corresponds not to an equilibrium, but to a
metastable state.

Further increase in pH,, results in simultaneous increase in
the magnitude of the potential barrier at z = z* and its
displacement toward the grafting surface and concomitant
decrease in the depth and width of the potential well.
Eventually, z* — 0, and the free energy AF,,(z) becomes a
positive and monotonously decreasing function of z, so that
the NP—PE brush interaction becomes purely repulsive.

Because the position-dependent net charge Q(z) and the
free energy AF,,(z) depend on the brush local electrostatic
potential w(z), both properties are strongly affected by salt
concentration in the buffer. The magnitude of y(z) decreases,
and its range shrinks as the salt concentration in the buffer
increases (see Figure S2a in the Supporting Information).
Therefore, the equilibrium absorption threshold can be crossed
also by an increase in the salt concentration at constant pHy, as
demonstrated by series of the cross sections of the
AF,,(z, ApH,) surfaces corresponding to ApH, = 1.0 and
different values of C in Figure 3a,b. For given set of parameters
{f., K,, K_} the defined above threshold pH{™ depends on
salt concentration C,, as demonstrated in Figure S.

In Figure 6a,b, we present AF,,(z) and Q(z) profiles for a
number of selected salt concentrations C, and constant
ApH, = 0.3. In Figure 7a)b, we show cross sections of 2D
profiles of the insertion free energy AF,,(z, c,), and net charge
Q(z, ¢,) of the NP plotted at three selected values of ApH,
above the IEP. The values of pH, are chosen sufficiently close
to pHygp so that, at low salt concentration, C; = 1073, the
AF,,(z) exhibits pronounced maxima at the charge inversion
points and the edge minima at z = 0.

An increase in salt concentration leads to weakening of the
electrical field created by PE brush, and the magnitude of the
electrostatic potential ly(z = 0)| decreases. Upon an increase in
salt concentration, the charge inversion point z = z* is shifted
to a smaller z, the free energy at the grafting surface,
AF,,,(z = 0), increases, changes its sign from negative to
positive, and AF,,(z) acquires a monotonously decreasing
shape corresponding to expulsion of NPs from PE brush. The
larger the ApH,, the smaller the salt concentration is needed to
suppress charge inversion and eliminate the potential well at
the grafting surface.
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Figure 5. Dependences of salt concentration C{™™ corresponding to
inversion of sign of AF,,(z = 0) (dashed line) and Clmax@)
corresponding to inversion of sign of AF,(z = 0) + AF,,(z = 0)
(solid lines) for selected values of @ (see color code in the figure) on
deviation ApH,, from the IEP.

0.05 1
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Figure 6. Position-dependent insertion free energy AF,,,(z) (a) and
the NP charge Q(z) (b), both normalized by Ny, as a function of the
distance z from the grafting surface for a series of salt concentration C;
values at ApH, = 0.3. Arrows indicate the salt-dependent position of
the upper boundary of the brush. Dashed vertical lines indicate the
charge inversion points, z = z* Dashdot horizontal lines indicate
AF,,(z) = 0 and Q(z) = 0. Colored circles in panels (a) and (b)
correspond to the charge inversion points z = z*.

579 Remarkably, if ApH, > 0 and Ql,_, < O or, on the contrary,
s80 ApH, < 0 and Ql,_, > 0, the addition of salt does not lead to
ss1 qualitative changes in the shape of the AF, (z) curves: They
s82 are monotonously decreasing or monotonically increasing in
s83 the former and in the latter case, respectively, but their
ss+ magnitudes (the height of the potential barrier or the depth of
sss the potential well) as well as the range of the potential
ss6 (proportional to the brush thickness H) decrease.

587 The effect of the grafting density o = a*/s on the AF,,(z)
sgs curves is illustrated by Figure 8: An increase in the grafting

—— ApHp,=0.25
—— ApHp,=0.5
—— ApH,=0.7
— DFigp=0

0007

0 0.008

= ApHp=0.25
e ApHp = 0.5
—— ApH,=0.7
— 0Q(2)=0

ApHp = 0.25

Figure 7. Cross sections of the 2D profiles of the insertion free energy
AF,,(z, c,) (a) and NP charge Q(z, ¢,) (b), both normalized by Ny,
for a set of values of pH, (with the corresponding color code, as
indicated at the curves). Colored circles in panel (a) indicate points of
vanishing free energy, AF,,(z, ApH,) = 0; colored circles in panel
(b) correspond to the charge inversion points z = z*.

density enhances electrostatic potential, causes additional ss9
stretching of the brush-forming PE chains (an increase in the soo
brush thickness H) and might drive NP absorption into so1
sufficiently dense PE brush. 592

3.3.2. Interplay between NP Charge and Volume. For an s93
ampholytic NP (protein globule) the ionic contribution to the 594
insertion free energy AF,,(z) is complemented by the osmotic 595
term AF, (z). In this subsection we unravel the competitive s96
effects of the electrostatic (attractive) and osmotic (repulsive) s97
forces on NP absorption by PE brush. 598
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Table 1. Proteins Corresponding to the @ Coefficient

w name of the protein
2.0 human serum albumin
32 Des-Phe B1 bovine insulin
3.5 phospholipase A2 (PLA2) from Naja naja venom
3.7 a-lactalbumin
4.9 human interleukin-6
5.3 human hemoglobin A2
6.1 human sex hormone-binding globulin
7.5 interleukin-37
8.6 bovine f-lactoglobulin
10.3 bromoperoxidase Al
15.7 human interleukin-17A
292 pumpkin seed globulin

0 25 50 75 100 125 150 175 200

z

Figure 8. Position-dependent insertion free energy AF,,,(z) (a) and
the NP charge Q(z) (b) both normalized by Ny, as a function of the
distance z from the grafting surface for a series of s = a*/c values at
C, = 107, ApH, = 0.4 (with the corresponding color code, as
indicated at the curves). Arrows indicate the upper boundary of the
brush. Dashed vertical lines indicate the charge inversion point, z =
z*, Dashdot horizontal lines indicate AF, (z) = 0 and Q(z) = 0.
Colored circles in panels (a) and (b) correspond to the charge
inversion points z = z*.

599 While the ionic part of the insertion free energy, AF,.(2),
600 may exhibit different patterns as a function of z, the osmotic
601 contribution AF,(z) given by eq 27 is always a positive and
602 monotonously decreasing function of z. As a result, at
603 ApH, > 0 and AF,,(z) > 0 at any z > 0, the net free energy
604 is positive, AF(z) = AF,,(z) + AF,;(z) > 0 as well, and NP
60s absorption by PE brush is unfavorable. Even when the ionic
606 interactions provide a driving force for globule absorption, (i.e.,
607 AF,,(z = 0) < 0), the net insertion free energy AF(z = 0) may
608 be still positive due to the osmotic term, AF,,(z = 0),
609 overcompensating the attractive ionic contribution.

610  Using eqs 4, 27, and 29, the NP insertion free energy can be
611 presented as

AF(z) = NEHf+ 1;{1_7%@)] +(1-f, )IH[L’(Z)]]

11—, 1—oy_

(=}

+ 40C, sinhz(y/(z)/?.)]

612 (30)
613 where we have introduced the following parameter

3
ou  O= V/a’Ny, (31)

615 which is equal to the average globule volume per ionizable
617 27), the relative strength of the osmotic and ionic
618 contributions, AF,,/AF,,, depends on the parameter @.
619 Remarkably, @ is an increasing function of the globule
620 dimensions (since Ny does not grow faster than the globule
621 surface area X).

622 In Table 1 we list approximate estimates of the parameter @
623 for a number of globular proteins, using values of V and Ny
624 from the literature."' Notably, the values of @ in Table 1
625 constitute lower boundaries, since all the ionizable residues
626 (not necessarily located at the globule surface) have been
627 accounted for in the corresponding protein.

For given globule volume V, AF,y(z) in eq 27 (as well as 628
ly(z)l in eqs S and 9) is a decreasing function of salt 629
concentration c, in the buffer, and an increasing function of the 630
brush grafting density ¢ = a’/s. 631

Consider first the scenario when ApH, > 0, and the 632
AF,,(z) curve exhibits a characteristic pattern with the 633
maximum at z = z* and the minimum at the grafting surface, 634
AF,,(z = 0) < 0. In this case, the ionic interactions provide a 635
driving force for the globule absorption above IEP, 636
accompanied by the NP charge reversal. In Figure 9a we 6376
illustrate the evolution of the insertion free energy profile, 638
AF(z) = AF,.(z) + AF,y(z), upon an increase in the 639
parameter @. As one can see in Figure 9a, at small values of @ 640
(NPs with relatively small volume V and large number Ny of 641
ionizable groups) the AF(z) curve has the same shape as 642
AF,,(z). That is, exhibits a maximum close to the edge of the 643

AF(Z)/NszT

—=0.05

0 25 50 75 100 125 150 175 200

0.00

AF(Z)/NszT

-0.05

-0.10

-0.15
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Figure 9. Total free energy curves AF(z) = AF,,(z) + AF,y(z)
normalized by Ny corresponding to different globule volume to the
number of charge ratio w at C; = 0.002 (a) and at fixed @ = 9.45 and
varied salt concentration C; (b). Other parameters are s/a* = 100. The
brush boundary, z = H, is indicated by the arrows. Dashdot horizontal
lines indicate AF(z) = 0.
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644 brush and reaches a negative value at the grafting surface, but
645 with the curve as a whole moving upward. Importantly,
646 position of the maximum, z = z.,, is shifted toward the
647 grafting surface with respect to z* (z,,, < z*), and does not
648 correspond anymore to the globule charge inversion threshold
649 (i.e., Q(z = zp,) > 0). Further increase in the globule volume
650 V (i.e., an increase in @) results in further shift of the
651 maximum toward the grafting surface, and the increase in both,
652 AF(zy,,) and AF(z = 0). The latter becomes eventually
653 positive indicating that the osmotic repulsion overcompensates
654 the electrostatic attraction making globule absorption
6ss thermodynamically unfavorable. At large @, AF(z) become a
656 monotonously decreasing function of z with AF(z) > 0 at any
657 z > 0.

658 An increase in salt concentration leads to the simultaneous
659 decrease in both, the electrostatic driving force for NP
660 absorption and the osmotic repulsion, and eventually
661 suppresses the globule absorption by PE brush (as seen in
662 Figure 9b). The combined effects of the NP volume-to-charge
663 ratio @ and salt concentration c, are illustrated also by cross
664 sections of the 2D profiles of the insertion free energy curves,
66s AF(z, ¢,) and AF(z, @), presented in Figure 10a and b,
666 respectively. Remarkably, an increase in @ or/and in salt
667 concentration ¢, leads to the decrease in depth of the minimum
668 in AF(z) (and, eventually, its disappearance), but does not
669 affect its position at z = 0.

670  As it follows from our analysis, only small protein globules
671 with large number of ionizable groups are efficiently absorbed
672 by PE brushes at ApH,, > 0, while bigger ones are not (unless
673 other driving forces are involved).

674 We now examine the interplay between forces of electro-
675 static attraction and osmotic repulsion in the case ApH, < 0,
676 i.e.,, when Q(z) > 0 at any z > 0. The free energy profiles
677 AF(z) corresponding to progressively increasing values of @
678 are presented in Figure 11a and Figure 12a. They demonstrate
679 qualitatively new trends compared to the case ApH, > 0. For
680 example, at @ = 15 the ionic contribution to the free energy
681 dominates, AF(z) < 0 at any z, and thermodynamically most
682 favorable position of the globule is close to the grafting surface.
683 An increase in @ leads to the shift of the whole AF(z) curve
684 upward and change in its shape: The repulsive osmotic
685 contribution becomes dominant close to the grafting surface,
686 so that AF(z = 0) becomes positive, and a potential well
687 develops at the periphery of the brush where the negative ionic
688 contribution AF, (z) < 0 dominates over the osmotic
689 repulsion. The width and the depth of the potential well
690 decrease upon an increase in @, and its position is shifted to
691 the edge of the brush. Eventually, at large w the peripheral
692 potential well disappears, and AF(z) becomes a monotonously
693 decreasing function of z, indicating expulsion of globules from
694 PE brush.

695 Another trend is observed at ApH, < 0 if w is small and
696 kept constant, but the salt concentration increases, Figures 11b
697 and 12b: Notably the magnitudes of both electrostatic
98 (negative) and osmotic (positive) contributions to the free
699 energy diminish upon an increase in salt concentration C,. At
700 very low salt concentration the electrostatic attraction
701 dominates over osmotic repulsion at any distance from the
702 surface and AF(z) is a monotonously increasing function of z.
703 At higher salt concentrations, the osmotic (repulsive) part of
704 the free energy starts to dominate in the proximal to the
705 grafting surface region, while in the distal region (z & H) the
706 electrostatic attraction, AF,(z), provides the dominant
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¢s=0.0007
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Figure 10. Cross sections of the 2D profiles of the total free energy
curves AF(z, ¢,) = AF,,(z, ¢,) + AF,(z, ¢,) (a) and AF(z, w) =
AF,.(z, ®) + AF,4(z, @) (b), both normalized by Ny, for a set values
of @ corresponding to different globule volume to the number of
charges ratio (a) and different salt concentrations (b) (with the
corresponding color code, as indicated at the curves). s/a® = 100.
Colored circles in panels indicate points of vanishing free energy,
AF(z, ¢,) = 0 and AF(z, w) = 0.

contribution to AF(z). As a result, a minimum in AF(z) 707
develops in the distal region. The depth of this minimum 708
decreases and its position z;, is shifted toward the grafting 709
surface upon an increase in salt concentration and a 710
concomitant decrease in the brush thickness H. Hence, when 711
the osmotic contribution to the free energy becomes 712
comparable to the ionic one due to sufficiently large globule 713
volume or high salt concentration, the insertion free energy 714
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Figure 11. Total free energy curves AF(z) = AF,,(z) + AF(2)
normalized by Ny, at different globule volume to the number of
charges raio . C; = 0.015 (a) and at ® = 24.3 and varied salt
concentration (b). The brush boundary, z = H, is indicated by the
arrows. Dashdot horizontal lines indicate AF(z) = 0.

715 curves decrease from AF(z = 0) > 0 in the proximal to the
716 grafting surface region and pass through a minimum (with
717 AF(z = z,;,) < 0) localized in the distal region of the brush.
718 Solid lines in the diagram in Figure S correspond to the salt
719 concentration Cs(“’a"’“’ separating regimes AF(0) < 0
720 (absorption) and AF(0) > O (repulsion). As follows from
721 Figure S, this boundary is systematically displaced toward
722 lower salt concentration when @ (the globule bulkiness)
723 increases.

AF(2)/NskgT

4. CONCLUSIONS

724 In this paper we have applied the analytical self-consistent field
725 Poisson—Boltzmann approach to study thermodynamics of
726 interactions between planar PE brushes and globular proteins,
727 modeled as nanoparticles (NPs) comprising weak cationic and
728 anionic groups on their surfaces. The position-dependent
729 insertion free energy AF(z) and the net charge Q(z) of the NP
730 were calculated as a function of environmental conditions (pH
731 and salt concentration ¢, in the buffer), numbers of cationic
732 and anionic ionizable groups on the NP surface, the NP
733 volume V, and grafting density ¢ of the brush-forming

Figure 12. Cross sections of the 2D profiles of the total free energy
curves AF(z, ¢,) = AF, (2, ¢,) + AF,(z, ¢,) (a) and AF(2)(z, w) =
AF,.(z, ) + AF,(z, ®) (b), both normalized by Ny for a set values
of @ corresponding to different globule volume to the number of
charges ratio (a) and different salt concentrations (b), respectively

734 polyelectrolyte chains. (with the corresponding color code, as indicated at the curves). s/a* =

735 The insertion free energy AF(z) = AF,(z) + AF,y(z) 100. Colored circles in panels indicate points of vanishing free energy,
736 accounts for the position-dependent ionization contribution AF(z, ¢,) = 0 and AF(z, w) = 0.

737 AF,,,(z) of NP in the electrostatic field induced by a planar PE

738 brush, and for the work AF,,(z) performed against excess the buffer pH,, and the ionic strength (via y(z)). Importantly, 746
739 osmotic pressure of mobile ions. As long as the electrostatic a_(z) decreases providing positive contribution to AF,,(z), 747
740 potential y(z) induced by permanently charged (“quenched”) whereas @,(z) increases providing negative contribution to 748
741 PE brush can be tuned by changing the ionic strength in the AF,,,(z) upon insertion of NP in polyanionic brush (with the 749
742 solution, AF,(z) is controlled solely by the globule volume V electrostatic potential y(z) < 0 monotonously increasing as a 750
743 and the salt concentration ¢, in the buffer. On the contrary, function of z). Generalization to the case of polycationic PE 751
744 AF,,,(z) can be expressed as a function of ionization degrees of brush is straightforward by changing sign of (z) from negative 7s2
745 cationic, @, (z) and anionic, a_(z) groups that depend on both, to positive. 753
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In calculating the insertion free energy AF(z) we
implemented a number of approximations:

(i) An uptake of NPs (protein globules) from buffer
solution by PE brush is presumed to occur without
changing the conformational state of the globule and
spatial distribution of electrostatic potential (z)
induced by the brush. That is, NPs are considered as
probes. This approximation is valid at small protein
concentrations ¢{#°"*) in buffer solution, and at no

strong binding of NPs to the brush-forming PE chains.

Small values of ¢{#* « 1 allow us to specify the

density profiles c8*)(z) of absorbed in the brush

globules as

(i)

C(globules)(z) — Céglobules) exp[—AF(z)] (32)
and the related partition coefficient,
(globules) H
c 1
Gl ( lobules)> == / exp[—AF(z)]dz
%" H Jo (33)

The latter specifies the ratio of average concentration

(c(8bues)y of olobules inside the brush, and concen-
tration c{¥°*"*) in the buffer solution. The limitation
c;(,gl"b“les) < 1 is most important at pH, < pHgp when
absorption of large amounts of NPs by colloidal
polyelectrolyte brushes unavoidably leads to collapse of
the brush and loss of colloid stability. This restriction is
less important if PE chains are grafted to planar
substrates, although perturbation of the PE brush
structure upon absorption of large amounts of NPs
also brings the theory to the limit of its validity.
Reionization upon insertion is assumed to occur for all
Ny ionizable groups on NP. However, for globular
proteins with compact ternary structure, only amino acid
residues localized at the globule-water interlace are
involved in (re)ionization process, leading therefore to
concomitant renormalization of Nf.

Our approach does not account for additional attraction
between NP and PE brush due to charge—charge
correlations that provide negative contribution to the
insertion free energy AF(z). The charge—charge
correlations are most important for protein globules
with pronounced nonuniform (“patchy”) distribution of
cationic and anionic groups on the globule surface. In
the latter case, the brush-forming PE chains may adsorb
on the oppositely charged patches of charge, but be
depleted from similarly charged patches.”*

(iii)

(iv)

(v) Our model neglects also the short-range nonelectrostatic
interactions between the brush-forming PE chains and
the surface of NPs that could be mediated by the solvent
quality or temperature. In spite of the anticipated
dominant role of electrostatic forces, such interactions
should be necessarily taken into account for full
quantitative prediction of absorption threshold and

diffusion rates for specific proteins.

By implementing the above approximations, and using the
self-consistent Poisson—Boltzmann approach, we have dem-
onstrated that the insertion free energy profiles AF(z) exhibit
complex patterns as a function of z depending on the
environmental conditions (pH,, c,) and the globule volume
V normalized by the number of ionizable groups Ny. The
depth of the minima and the height of the maxima in AF(z)

profiles are mediated by the number Ny of ionizable groups,
and the globule volume V. Notably, the implemented approach
allows us to specify the lower pH, boundary for uptake of NPs
by PE brush.

The analysis of our results indicates that one can distinguish
three characteristic ranges of pH, with respect to the NP
isoelectric point, pHygp, in the buffer:

pPH, > pHep. The NP is strongly negatively charged in the
buffer, Q, < 0. The NP charge Q remains negative upon
insertion in polyanionic brush, but decreases in magnitude
upon approach to the grafting surface, where the electrostatic
potential of PE brush is the strongest. The AF,,,(z) and AF(z)
are monotonously decreasing functions of z indicating
expulsion of NPs from the brush. The magnitude of the
repulsive free energy grows as a function of pH, (due to the
increase in 1Q,l), but decreases upon an increase in the ionic
strength in the buffer solution.

pH, > pHigp. The NP is charged negatively in the buffer,
Q, < 0, but acquires positive net charge upon insertion (or
approach to PE brush). The charge inversion, Q(z) = 0, occurs
at z = z* at which AF,,,(z) passes through a maximum. At
z < z* the globule charge becomes positive and keeps
increasing whereas the ionic part of the free energy, AF,,(z),
decreases reaching either positive or negative value at the
grafting surface, z = 0. For small globules, AF(0) < 0 indicates
their accumulation in the brush. At AF(0) > 0, the local
minimum in AF, (z) at the grafting surface, z = 0,
corresponds to a metastable state separated by the potential
barrier from the bulk of the solution. Hence, even when the
NP net charge changes its sign from negative to positive,
absorption of NPs by PE brush is not necessarily
thermodynamically favorable though NPs may be kinetically
trapped there.

An increase in the ionic strength of the solution weakens the
electrostatic potential y(z) and hinders reionization of anionic
and cationic groups of the inserted in the brush NP. As a result,
the charge inversion point, z*, and the corresponding
maximum in F, (z) are displaced toward the grafting surface
(where the magnitude of w(z) is larger), the free energy
AF,,(z = 0) grows and turns from negative to positive
indicating passing the absorption threshold. Eventually, at high
salt concentrations the potential ¥(z) becomes too weak to
induce reionization of the NP inside the brush, and the NPs
are repelled by the brush.

A progressive increase in the NP volume V (an increase in
®) at constant ionic strength leads to the growth of repulsive
osmotic contribution AF,(z) at constant AF,,(z). As a result,
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the AF(z) curves are shifted upward while the position of sso

maximum, 2z, is displaced toward the grafting surface.
Importantly, now the position of maximum, z,, does not
coincide with the charge inversion point, z*, and
Q(z = z,,,) = 0. Further increase in the NP volume V leads
to AF(z = 0) > 0 and eventual transformation of AF(z) into
monotonously decreasing curve. That is, expulsion of the bulky
globule from the brush in spite of the charge inversion (which
can be traced in the AF, ,(z) and Q(z) curves).

PHy, < pHjgp. The NP is positively charged in the buffer
and, therefore, attracted to the PE brush by the Coulomb
force. The AF,,,(z) < 0 at all z, and the NP positive charge
grows upon insertion into the brush and approach to the
grafting surface. However, absorption of a bulky globule can be
hindered and even fully suppressed due to osmotic (repulsive)
term, AF,(z). An increase in the globule volume (and in
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875 AF,;(z)) at constant salt concentration c, leads to the increase
876 in AF(z) primarily in the proximal to the grafting surface
877 region, flattening of the presurface potential well, and
878 eventually leading to the appearance of the presurface
879 maximum with AF(z = 0) > 0. The maximum is separated
gs0 from the bulk of the solution by the minimum which
881 progressively gets more shallow and narrow, and is displaced
882 to the external boundary of PE brush. A similar evolution of
883 AF(z) curve is observed for globules with fixed V and Ny upon
884 variations in the salt concentration. The minimum in AF(z) is
sss shifted toward the periphery of the brush (and progressively
ss6 disappears) upon an increase in c,. The theory thereby predicts
gs7 that below IEP the interplay between ionic attraction and
888 osmotic repulsion may result in preferential accumulation of
889 the absorbed protein globules in the central or even peripheral
8o0 regions of the brush, whereas the proximal to the grafting
8o1 surface region is depleted from globules. This feature is most
892 attractive in design of bionanoreactors in which accumulation
893 of the proteins (enzymes) in the brush is required, but their
894 direct contacts with underlying substrate (that could lead to
89s nonspecific adsorption, denaturation, and loss of enzymatic
896 activity) should be avoided.

897 We remark that amplitudes of the minima and maxima in
898 AF(z) curves that determine the thermodynamic stability of
899 the protein absorbed state or the probability of overcoming the
900 potential barrier separating the absorbed state from the bulk of
901 the solution or from the grafting surface depend on the
902 number of charged groups and volume of the globule. With
903 typical values of Ny ~ 107 the potential well easily reaches the
904 depth of a few k3T under experimentally relevant conditions.
90s Furthermore, reionization and the NP absorption on the
906 “wrong side” of the IEP is suppressed by increasing salt
907 concentration (in full agreement with the experimental data®),
908 but might be operational for sufficiently densely grafted PE
909 brushes that induce strong local electrostatic field.

910 To summarize, our theory predicts how the electrostatic and
o11 osmotic parts of the insertion free energy change upon
912 insertion of ampholytic NP containing pH-sensitive acidic and
913 basic groups in a planar PE brush from the solution in a wide
914 range of the buffer pH;. On the “wrong side” of the isoelectric
91s point, the negative balance in the free energy may be assured
916 by overcompensation of the free energy losses due to
917 suppression of ionization of similarly (with respect to the
918 brush) charged monomeric groups by gains due to enhanced
919 ionization of the oppositely charged ones, and be accompanied
920 by the change in the sign of the net charge of NP inside the
921 brush. However, the local minimum in the NP free energy
922 inside the brush may correspond to a metastable state even if it
923 is accompanied by the net charge reversal. Importantly,
924 knowledge of the insertion free energy profile AF(z) allows
925 also for the calculation and control of the diffusion rates of
926 NPs through the brush to be considered in our forthcoming
927 publication.
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