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Abstract: We used atomistic molecular dynamics (MD) simulations to study polyelectrolyte brushes
based on anionic «,L-glutamic acid and «,L-aspartic acid grafted on cellulose in the presence of
divalent CaCl, salt at different concentrations. The motivation is to search for ways to control
properties such as sorption capacity and the structural response of the brush to multivalent salts.
For this detailed understanding of the role of side-chain length, the chemical structure and their
interplay are required. It was found that in the case of glutamic acid oligomers, the longer side
chains facilitate attractive interactions with the cellulose surface, which forces the grafted chains to lie
down on the surface. The additional methylene group in the side chain enables side-chain rotation,
enhancing this effect. On the other hand, the shorter and more restricted side chains of aspartic acid
oligomers prevent attractive interactions to a large degree and push the grafted chains away from the
surface. The difference in side-chain length also leads to differences in other properties of the brush
in divalent salt solutions. At a low grafting density, the longer side chains of glutamic acid allow the
adsorbed cations to be spatially distributed inside the brush resulting in a charge inversion. With an
increase in grafting density, the difference in the total charge of the aspartic and glutamine brushes
disappears, but new structural features appear. The longer sides allow for ion bridging between the
grafted chains and the cellulose surface without a significant change in main-chain conformation.
This leads to the brush structure being less sensitive to changes in salt concentration.

Keywords: mineralization; polyelectrolyte brushes; poly(amino acids); poly-(c,L-glutamic acid);
poly-(x,L-aspartic acid); cellulose; molecular dynamics simulation

1. Introduction

It is well known that chemical modifications of surfaces of a material allow for tun-
ing and controlling many of their properties and structure. One common modification
is grafting polyelectrolyte molecules on the surface [1]. Conformations of the grafted
polyelectrolyte molecules, or polyelectrolyte brush, depend on properties such as osmotic
pressure of counterions, electrostatic repulsion, and steric interaction [2]. For example,
brush-like structures can be used to provide a low friction coefficient for the development
of new lubricant materials [3]. Moreover, the polyelectrolyte nature of the grafted chains
makes brush structures tunable by external conditions, e.g., pH and ionic strength of the
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solution, electromagnetic field, or presence of multivalent salt, allowing for the design of
stimuli-responsive materials. Adhesive properties of polyelectrolyte brushes make them
usable for a wide range of applications, including water treatment [4], development of
anticorrosion agents [5], antifouling materials [6], drug delivery [7] sensors [8], and tissue
engineering materials [9].

The balance between two opposite factors determines the size of the brush: Osmotic
pressure of counterions and elasticity of the grafted chains [10]. According to the theory for
polyelectrolyte brushes in the presence of salt suggested by Zhulina et al. [10,11], increasing
salt concentration leads to decreasing osmotic pressure and, consequently, the size of the
brush reduces. In the case of multivalent counterions in solution, ion bridges between the
charged groups of the polyelectrolyte start to play an important role in the formation of
the brush structure. Brettmann et al. have shown that ion bridges between grafted chains
lead to a significant reduction in the brush size [12]. Moreover, in their subsequent studies,
Brettmann et al. demonstrated the formation of lateral irregularities in the brush structure
caused to ion bridging—this has a significant effect on brush height [13,14].

Theories describing polyelectrolyte brush behavior do not consider the details of
the brushes’ chemical structures, which determine rigidity and interactions between the
grafted chains. In some cases, the chemical structure may play a significant role in the
structure formation of the polymer brush. For example, Glova et al. discovered a nontrivial
brush structure based on oligomers of lactic acid [15-19]: An interplay between chemical
structure, persistence length, and dipole—dipole interactions between the residues of the
grafted chains lead to the emergence of hairpin-like structures.

In this work, we used MD simulations to investigate the structure of brushes based
on «,L-oligomers of anionic amino acids (glutamic and aspartic acid) grafted onto the
surface of nanocrystalline cellulose immersed in water and with multivalent salt solutions.
Anionic amino acids are promising for surface modifications due to their biocompatibility,
biodegradability, and relative cheapness [20]. Cellulose is the most common polymer that is
also biocompatible and biodegradable, and due to its complex hierarchical supramolecular
structure, crystalline cellulose has unique properties: Cellulose nanofibrils and nanocrystals
have excellent mechanical properties comparable to those of steel [21,22], making cellulose
an excellent candidate for reinforcing polymeric materials [23,24]. The biological and phys-
ical properties discussed above make cellulose a versatile material for medical applications,
particularly for wound dressings [25,26] and for diverse tissue scaffolds [27-29]. Materials
based on cellulose modified by poly(anionic acids) are also used for the development of
metal sorption membranes [30], equipment for virus-capturing [31], and bone scaffolds [9].

Despite a wide range of applications, the importance of choosing a particular type
of anionic poly(amino acid) for modifications has not been properly addressed. Recent
results show, however, that this issue requires further attention. For example, despite the
very similar chemical structures of the «,L-oligomers of glutamic and aspartic acids (Figure
Sla,b), it has been shown that they interact differently with multivalent salts [32-34], and
Thula et al. have demonstrated a significant difference in organic matrix mineralization by
various anionic poly(amino acids) [34]. Similarly, Picker et al. have shown that aspartic
and glutamic acids have qualitatively different effects on calcium carbonate crystalliza-
tion [33]. In our previous study, we demonstrated the formation of different structures
of organomineral complexes by polyaspartic and polyglutamic acids in the presence of
calcium salt solutions [32].

The differences in chemical structures can be the reason for the various brush struc-
tures taken by the different anionic poly(amino acids). The longer side chain of glutamic
acid leads to a higher density of the grafted layer at the same degree of substitution. Con-
sequently, the transition from the osmotic brush mode to the quasi-neutral mode (where
steric interactions start to play a significant role) should occur at a lesser degree of surface
modification for glutamic acid grafted chains. At lower grafting density, specific interac-
tions between the grafted chains and cellulose play an important role in determining the
brush structure; both amino acid and cellulose have active groups, which can be involved
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in specific interactions, H-bonds and dipole-dipole interactions in particular. These interac-
tions, however, could be prevented by long charged amino acid side chains (the chemical
structures are shown in Figure S1). Thus, the structure of the grafted interfacial layer
remains unclear, yet knowing it is crucial for determining the material’s properties and
response to changing conditions. Despite the prevalence of the investigated materials, the
importance of choosing the current anionic amino acid for cellulose modification has not
been discussed before. The aim of our work is to study the influence of grafted amino acid
oligomers’ chemical structures on the structure and properties of cellulose-based brushes in
both water and multivalent salt solution. Prediction of brush structures is challenging, and
atomistic MD simulations provide a feasible method to study the issue and the physical
origins of the different structures.

One particular difficulty concerning MD simulations is the presence of multivalent
ions, as this can lead to strong interactions that can severely restrict conformational transi-
tions. Several advanced techniques have been developed to overcome high energy barriers,
including replica exchange [35], metadynamics [36], and its variants [37-39]. In our previous
work [32], we performed Hamiltonian replica exchange simulations of anionic poly(amino
acids) in CaCl, solution and showed the emergence of calcium bridges between carboxyl
groups in simulations of polyelectrolytes. This poses a severe obstacle to proper sampling.
To increase sampling, many replicas are needed, which is extremely resource-demanding
and makes a variation of the systems difficult. In this work, we used well-tempered meta-
dynamics [38] and unbiased MD simulations to overcome such problems.

2. Models and Methods
2.1. Model Parameters

The same model for a cellulose layer was used as in our previous study of miner-
alization of phosphorylate cellulose [40]. The model for native cellulose was based on
crystallographic data of cellulose Ib and the atomic coordinates of cellulose molecules in
a crystal cell with parameters a = 0.82 nm, b = 0.78 nm, ¢ = 1.038 nm, f = 90°, o = 90°,
and y = 96.6° [41]. The thickness of the layer was 2.3 nm (Figure 1). Cellulose molecules
were considered to be infinite, connected through periodic boundary conditions. The layer
consisted of 64 cellulose oligomers, each containing 16 glucose residues.

8.7 nm

wu /'

wue'g

wu g'¢

(b) (c)

Figure 1. Grafted cellulose model. Side view of a model cellulose layer in a simulation box (a). Spatial
distribution of grafted chains at 12% (b) and 25% (c) substitution. Green surface: cellulose crystal.
Red: oxygen; cyan: carbons; white: hydrogens; blue: nitrogen; pink: K* ions. Water molecules are
not shown for clarity.

The cellulose surface was modified by replacing the primary hydroxyl groups attached
to the rings through the methylene groups; the experimental procedure to perform this
has been described in several studies [23,42-45]. Grafting was realized via the N-end of
amino acid. The C-termini of the grafted chains were terminated by a carboxyl group.
The degree of polymerization of the grafted chains was 6. This degree of polymerization



Polymers 2021, 13, 1789

40f16

corresponds to experimental studies of grafting of glutamic acid oligomers onto cellulose
nanocrystals [23]. The use of short chains allows for high grafting density.

Two levels of substitution, 12% and 25%, of primary hydroxyl groups corresponding
to grafting densities o = 0.2 nm~2 and ¢ = 0.4 nm 2, were considered. The same degrees of
cellulose surface modification were used in our previous work devoted to the investigation
of the phosphorylated cellulose mineralization [40]. The choice of these modification
degrees allowed us to investigate two regimes of the grafting densities: the charged
mushroom regime and the osmotic regime. A preliminary simulation of a single grafted
chain showed that the inverse surface area occupied by one isolated chain is 0* ~ 0.3 nm 2.
Thus, systems with o = 0.2 nm 2 represent the charged mushroom regime (regime without
steric interactions between grafted chains) and systems with ¢ = 0.4 nm 2 represent the
osmotic regime [46]. All carboxyl groups were deprotonated, which corresponds to a
solution with pH > 7. This choice is based on the results of Terauchi et al. [47], who have
shown that with the increase of molecular weight, the pKa value increases and is 5.74 for
poly(aspartic acid) and 6.05 for poly(glutamic acid). At pH 7.4, the degree of ionization for
poly(aspartic acid) is 0.94 and 0.9 for poly(glutamic acid).

The initial dimensions of the simulation box were 8.7 nm x 8.9 nm x 10 nm. After
creating a chemically modified cellulose model, the free space of the box was filled with
water molecules. Part of the water molecules was randomly replaced by counterions to
ensure overall electroneutrality. Due to the reported artificially strong attractions between
Na+ ions and charged groups, which may cause unrealistic chain conformations [48-50], K*
ions were used as counterions. The systems and their compositions are shown in Table 1.

Table 1. List of brush structures considered in the simulations.

Brush Structures Considered in the Simulation

. . Degree of Primary Hydroxyl Group Number of Grafted +
» Amino Acid Substitution, % (Grafting Density, 1/nm?) Chains Number of K* Tons
1 o 12% (0.2) 16 112
2 Glutamic acid 25% (0.4) 32 224
3 . . 12% (0.2) 16 112
4 Aspartic acid 25% (0.4) 32 224
CaCl, Concentrations Considered in the Simulations
Ne Concentration of Number of Ca?* Ions Number of C1~ Ions
CaCly, mol/kg
1 0 0 0
2 0.07 24 48
3 0.15 48 96
4 0.30 96 192
5 0.62 192 384
6 0.94 288 576

After obtaining an equilibrium brush structure in an aqueous solution (the criteria of
the equilibration are discussed below), part of the water molecules was replaced with CaCl,
ions. Five concentrations representing a concentration range from partial neutralization
of the brush charge to excessive ion adsorption were used; see Table 1. Figure 1 shows an
example of a starting configuration with glutamic acid oligomers.

2.2. MD Simulation Parameters

All the simulations were performed with the Gromacs 2016.3 software [51]. For amino
acids and ions, the CHARMM27 force field (CHARMM?22/CMAP) [52] was used, and
for cellulose CSFF (carbohydrate solution force field) [53] based on CHARMM?22 was
employed. This combination of force fields has been successfully used in our previous
simulations of native and phosphorylated cellulose in salt solutions [40,54].
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For ion—ion interactions, we used the correction proposed by Church et al. [55]. This ap-
proach is based on modifying the Lennard-Jones o-parameter for the interactions between
the Ca?* ions and the carbonyl oxygens of the glutamic acid residues. This modification has
been shown to produce a correct representation of the interaction energy corresponding to
experimental NMR data [56,57].

For water molecules, the CHARMM compatible version of the TIP3P model was
used [58]. All simulations were performed in the isothermal-isobaric (NPT) ensemble
at p = 1 bar and T = 300 K. To maintain constant temperature and pressure, the Nosé-
Hoover thermostat [59,60] and the Parrinello-Rahman barostat [61] were used. Electrostatic
interactions were treated using the particle-mesh Ewald (PME) method [62]. The P-LINCS
algorithm [63] was used to constrain bond lengths involving hydrogen atoms. Visualization
of trajectories was performed using the Visual Molecular Dynamics (VMD) software [64].

Simulations of systems without salt were performed by unbiased MD. Each sys-
tem was simulated for 500 ns with a 2 fs time step. The first 100 ns were considered as
equilibration. Our previous studies have shown that this time is enough to achieve equilib-
rium [40,49] and it was also verified by measuring the distribution of K* ions (Figure S2).
After the above 100 ns equilibration followed by the addition of CaCl,, preliminary equi-
libration was performed by unbiased 20 ns MD simulations. The final configurations of
these simulations were used as starting configurations for well-tempered metadynamics
simulations [38].

2.3. Metadynamics Simulation Parameters

Well-tempered metadynamics simulations were performed by Gromacs software
patched by PLUMED 2.4.2 [65]. One of the challenges in metadynamics is the determination
of the correct collective variables (CV). Since interactions between Ca”* ions and carboxyl
groups play a key role in structure formation, we chose the number of the carboxyl
groups free from adsorbed Ca®* ions as the collective variable. Free carboxyl groups were
defined via: .

()

12
1= (%)
where 7 is the distance between the carboxyl oxygen and a Ca?* ion. The variable rq
is defined as the maximum of the radial distribution function between the oxygens of
carboxyl groups and a Ca* ion (the radial distribution function is shown in Figure S3). If
the function is equal to zero, the carboxyl group is considered to be free from Ca* ions.
Metadynamics is based on the addition of Gaussians to the energy landscape using CVs.
Here, the Gaussian width was set to 0.05 and the initial Gaussian deposition rate to 2 k] /mol
per ps, with a bias factor of 20. The changing of CV during the time simulation is shown in
Figure S4. We have equilibrated for an additional 150 ns using metadynamics and used the
time interval 150450 ns as a production run for collecting data. A similar approach has
been successfully used to simulate ion adsorption on phospholipid membranes [66] and
the formation of calcium phosphate prenucleation clusters [67].

s =

)

3. Results
3.1. Structure of Brush in Pure Water

The difference between aspartic and glutamic acid oligomers grafted onto the surface
is already observed in the systems without salt. To investigate the effects of the side chain
length on the structure of the grafted layer, we studied component-wise density profiles,
Figure 2.

Figure 2 demonstrates the differences between the structures of the brushes based on
the two different amino acids. The additional methylene group in the glutamic acid residue
increases the total density of the grafting layer. The boundary of the glutamic acid brush
density is slightly shifted toward the cellulose surface. This may result from the specific
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interactions between grafted chains and the surface—this is discussed in later sections of
the paper. The differences in the distributions also lead to differences in hydration. Due to
the higher density of the glutamic acid brush, the amount of water is lower and water is
not evenly distributed inside the brush. Although the cellulose surface is well solvated,
the amount of water decreases with increasing brush density. Counterion distribution also
depends on the type of amino acid. In particular, K* ion distribution in the glutamic acid
brush has a pronounced peak close to the surface (see the insets in Figure 2).
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Figure 2. Number density profiles of the brush based on the oligomers of aspartic (solid lines) and
glutamic (dashed lines) acids. The density profiles of cellulose, brush, water, and K* ions are shown
by green, black, blue, and red lines, respectively. (a) Systems with 12% substitution of primary
hydroxyl groups and (b) systems with 25% substitution. Insets show K ion distributions on a larger
scale for clarity.

To understand the origins of these effects, we analyzed the conformations of the
grafted chains; Figure 3 shows the chain end distributions. The carbon of the methylene
group of the main chain (C«x) of the last residue was chosen as the control atom for
the analysis.

1.4 1 1.4
1.2 1.2 4
. 104 . 104
g E
= 0.81 = 08
2 =
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< 0.6 S 0.6
el el
0.4 A 0.4 4
0.2 - 0.2
0.0 T T 0.0 ‘
(3)2.3 4.3 4.8 (b) 2.3 4.8

Figure 3. Number density profiles of the chain ends of the grafted oligomers of aspartic (solid lines)
and glutamic (dashed lines) acids. (a) Systems with 12% substitution of primary hydroxyl groups
and (b) systems with 25% substitution. The green line indicates the density of the cellulose layer.

Figure 3 shows that the ends of the glutamic acid oligomers have a bimodal distri-
bution, while the chains of aspartic acid are mostly elongated. This can be explained by
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the differences in interactions with the cellulose layer. As the grafting density increases,
the glutamic acid oligomers become more elongated, and their ends are located farther
from the cellulose surface. Figure 4 shows the orientations of the chain residues in terms of
cosine of the angle between the vectors connecting Coc atoms of neighbor monomers and
the axis perpendicular to the surface. The orientation of the chain monomers confirms that
a large number of glutamic acid oligomers lie on the cellulose surface. For the system with
12% substitution (Figure 4a), the average cosine is close to zero and even negative (for the
second and third monomers), which indicates a vector directed towards the surface. With
an increase in grafting density (Figure 4b), the average cosine value increases, indicating
a change in the ratio of two states of the chains (lying on and directed from the surface).
Snapshots from simulations are shown in Figure 5.

1.0 1.0
0.5 -k 0.5 \ .
N e - N i
5 A\ ’ ﬁ \ = -
§ 0.0 e § 0.0 —_—
-0.51 -0.54
B P T " T L= & & = N
4 5 4 5
(a) (b)

monomer number monomer number

Figure 4. Average cosine of the angle between the vectors connecting Cax atoms of neighbor residues
and the axis perpendicular to the surface. Solid lines: aspartic acid oligomers; dashed lines: glutamic
acid oligomers. (a) Systems with 12% substitution of primary hydroxyl groups, (b) systems with 25%
substitution, and (c) scheme illustrating the angles.

Figure 5. Illustrations of two typical conformations of a glutamic acid oligomer: (a) chain lying on
the cellulose surface and (b) chain directed away from the surface. Cellulose surface is green, the
side chains are illustrated by lines, CPK representation is used for the backbone, and Cox atoms of the
last residue are visualized using a larger size.

The reason for chains lying on the surface is specific interactions between the amide
groups of the main chain and the hydroxyl groups of the cellulose surface. This is demon-
strated in Figure 6, which shows the radial distribution function between the oxygen atoms
of the amide groups and the hydrogens of the hydroxyl groups. The radial distribution
function was calculated as

1 ZNA Np ‘5(7’1']'77’) )

gAB(r):NApB iCA LujCA ™ 4172

where pp is the average density of type B atoms around atoms A, N4 and Np are the number
of A and B atoms, respectively, rijis the distance between two atoms A and B, and ¢ is the
Kronecker delta function.
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Figure 6. Radial distribution functions between the cellulose surface (hydrogens of surface hydroxyl
groups) and amino acid backbone (O of amide groups). Solid lines: aspartic acid oligomers; dashed
lines: glutamic acid oligomers. (a) Systems with 12% substitution of primary hydroxyl groups and
(b) systems with 25% substitution.

Systems with bimodal distributions of the grafted chain conformations (see Figure 3)
are characterized by a peak in the radial distribution function for hydrogens of the surface
hydroxyl groups and oxygens of the amino acid backbones at short distances (r = 0.2). This
is typical for the H-bonds; however, a detailed analysis of H-bonds, including distance
and angle criteria, showed that only 30% of the contacts are hydrogen bonds. The rest
is the result of dipole—dipole interactions. In the case of a glutamic acid brush, only one
H-bond binds the lying chain onto the surface (distributions of the number of close contacts
between hydrogens of surface hydroxyl groups and oxygens of amide groups and H-bonds
between them are shown in Figure S5).

To confirm that the chains indeed lie on the surface due to the interactions with the
surface, we simulated an additional system in which we disabled partial atomic charges on
the cellulose molecules. For this purpose, the system with the highest number of chains
lying on the surface was chosen. The results and comparison with the systems with partial
charges present are shown in Figure 7.

As the figure shows, the oligomers extend away from the cellulose surface when the
partial charges are set to zero, i.e., dipole—dipole interactions and H-bonds cannot form.
Thus, the absence of attractive interactions between the oligomer and the cellulose surface
is the reason for the first peak in Figure 7 shifting to higher values. This result confirms
that the reason for the bimodal distribution of the glutamic acid oligomer conformation
shown in Figure 3 is H-bonding and dipole-dipole interactions between the grafted chain
and cellulose surface.

Side-chain length is a major reason for the different behaviors. A longer side chain may
prevent interactions with the surface; however, in the case of glutamic acid, the additional
methylene group in the side chain gives it an additional degree of freedom, which makes
it possible to rotate the side chains and allow for interactions between the main chains
of the grafted molecules and the cellulose surface. Moreover, the additional group in the
side chain helps to overcome the dihedral angle energy barriers and make the chain more
flexible; the energy barrier for transitions between dihedral angles of aspartic acid is over
kT higher than for glutamic acid. The potential of mean force obtained from the dihedral
distribution is shown in Figure Sé.
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Figure 7. Density profiles of the chain ends of the grafted glutamic acid oligomers for the system

with 12% substitution of primary hydroxyl groups by glutamic acid oligomers. Red line: System
without partial charges on the cellulose molecules. Blue lines: with partial charges (unmodified

force field).

3.2. The Structure of the Brush in CaCl, Solution

The addition of CaCl; in the solution leads to changes in the brush structures. Figure 8
shows the typical distributions of the components at the CaCl, concentration of 0.15 mol/kg.
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Figure 8. Number density profiles of the brush for (a,b) aspartic acid brushes and (c,d) glutamic acid brushes. The density
profiles of cellulose, brush, Ca?*, K*, and Cl~ ions are shown by green, purple, black, red, and blue lines, respectively.
Insets show close-ups of brush distributions. (a,c) Systems with 12% substitution of primary hydroxyl groups and (b,d)
systems with 25% substitution. CaCl, concentration is 0.15 mol/kg.

Figure 8 shows that Ca?* ions are adsorbed in the brush. Together with cations, C1™
ions also penetrate the brush, partly compensating for the cation charge. Interestingly,
the location of the Ca?* ions differs from the location of K* ions. A significant part of the
K* ions is located deeper inside the brush. This result correlates well with our previous
work on mineralization of phosphorylated surfaces, where it was shown that Na* ions
are located deeper in the cellulose layer than Ca?* ions [40]. The cellulose surface layer
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has a significantly lower dielectric constant, making the localization of ions energetically
preferable; however, the sizes of ions with their respective hydration shells are too large to
penetrate this layer. Unlike Ca?* ions, monovalent ions can lose water from the hydration
shell, allowing them to move deeper into the cellulose surface layer and establish ion—ion
and ion—dipole interactions at a lower dielectric constant. Similar behavior has also been
reported for lipid membranes [68]. Figure 9 shows the dependence of the number of ions
(per one carboxyl group) inside the brush as a function of CaCl, concentration.

1.50 1.50
1.251 1.251
o 2
5 1.001 5 1.0
5075 5 0.75
2 2
£ 0.501 £ 0.50
2 2
Z 0.251 0.25
0.001 0.001
(a) 0.0 0.2 0.4 0.6 0.8 (b) 0.0 0.2 0.4 0.6 0.8
CaCl, concentration, mol/kg CaCl; concentration, mol/kg

Figure 9. Dependence of the number of ions per carboxyl group (Ca?*, K*, C17) on CaCl, concentra-
tion. Ca?*, K*, and C1~ ions are shown by black, red, and blue lines, respectively. Solid lines: aspartic
acid brushes; dashed lines: glutamic acid brushes. (a) Systems with 12% substitution of primary
hydroxyl groups and (b) systems with 25% substitution.

As CaCl, concentration increases, the divalent Ca%* ions replace the monovalent
K* ones; however, the K* ions located deeper in the layer remain there even at high
concentration levels. In addition, as the number of the adsorbed Ca%* ions increases,
so does the number of C1~ ions. As Figure 10 shows, at some concentrations, there is
an overcompensation of charge inside the brush. It is important to mention that the
sorption capacity of the brush per chain decreases as the degree of surface modification
increases. The same dependence has been observed for phosphorylated cellulose in CaCl,
solution [40]. In the case of high grafting density, the adsorbed Ca?* ions repel each other,
and, consequently, they cannot occupy all vacant carboxyl groups.
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Figure 10. Total charge of the brush as a function of CaCl, concentration. Solid lines: aspartic acid
brushes; dashed lines: glutamic acid brushes. (a) Systems with 12% substitution of primary hydroxyl
groups and (b) systems with 25% substitution.

Although there is no significant difference between the adsorption of individual
types of ions by aspartic-acid-based and glutamic-acid-based brushes, the difference in
the total charge of the brush is more distinguishable. Despite the fact that the absolute
number of adsorbed ions at high concentrations is different for different degrees of surface
modification, the ratio between the cations and anions gives a similar total charge. In the
case of 12% substitution of hydroxyl groups, the total charge of the brushes reach saturation
with the increase of the CaCl, concentration starting from 0.3 mol/kg (Figure 10a); in the
case of this low grafting density (the so-called charged mushroom mode), there is enough
space inside the brush layer, and the longer side chains of glutamic acid are able to adsorb
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more ions. As the grafting density increases (transition to osmotic mode), the space becomes
limited for both glutamic and aspartic acids, and the differences between brushes become
indistinguishable (Figure 10b).

The different side-chain lengths also affect the response to salt concentration. Figure 11
shows the brush height as a function of CaCl, concentration. It was calculated using

_ Jo z0(z)dz B
Jo~ p(z)dz

where p(z) is the density profile of the brush along the z-coordinate and z is the coordinate
of the grafting point.

H Z0, (3)
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Figure 11. Dependence of the brush height on CaCl, concentration. Solid lines: aspartic acid brushes;
dashed lines: glutamic acid brushes. (a) Systems with 12% substitution of primary hydroxyl groups
and (b) systems with 25% substitution.

At low grafting density (Figure 11a), the changes in the structure of the aspartic
acid brush are more significant. The brush height decreases rapidly with the addition of
salt at low concentrations of CaCl, and partially recovers at higher concentrations. This
behavior is similar to what has been reported for chain sizes of free polyelectrolytes in
multivalent solutions [32,69,70]. Moreover, similar to the behavior of anionic poly (amino
acid) chains [32], glutamic acid brushes remain folded over a wider concentration range
than aspartic acid brushes. These similarities are associated with the low grafting density
that, to a large degree, eliminates steric interactions.

As the grafting density increases (Figure 11b), the differences in the heights of the
aspartic and glutamic acid brushes become more pronounced. The behavior of aspartic
acid brush is qualitatively similar to the brush behaviors at low CaCl, concentration
(Figure 11a), the brush size decreases, and with a further increase in concentration, it is
partly restored. This result is in qualitative agreement with the theoretical prediction for
brush height versus concentration proposed by Brettmann et al. [12]. In the case of high
grafting density, the concentration region of the collapsed aspartic acid brush is much
wider due to the large number of carboxyl groups. The glutamic acid brushes at 25%
surface modification show qualitatively different behavior: The glutamic acid brush is
almost independent of salt concentration, and with an increase of salt concentration, the
brush size increases. This result contradicts the theory [12], which does not predict an
increase in brush height with the addition of a multivalent salt. This behavior is associated
with the longer side chain, which can form calcium bridges without folding the chain,
whereas the ideal polyelectrolyte (without side chains) considered by the theory does not
have this ability.

Calcium ions in the brush tend to interact with two carboxyl groups connecting them
and form long-living bridges [32]. At 25% surface modification, the distance between the
grafting points is 1 nm (see Figure 1c), which is very close to the distance between the
backbones of the grafted glutamic acid oligomers connected by a Ca?* bridge. Thus, the
formation of a Ca?* bridge between adjacent grafted chains occurs practically without
folding. With an increase in concentration, some of the surface-lying chains become directed
away from the surface, trying to form the most energetically favorable intermolecular
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contacts with Ca?* ions. This is reflected in the total height of the brush. The changes in
the chain end distributions at different CaCl, concentrations are shown in Figure S7. In
the case of the aspartic acid brush, the formation of Ca?* bridges between grafted chains
brings them closer to each others’ main chains and decreases the brush size. Intermolecular
Ca?* bridges in aspartic acid and glutamic acid brushes are illustrated in Figure 12.

Figure 12. Snapshots illustrating Ca?* bridges in (a) glutamic acid and (b) aspartic acid brushes.

Cellulose modified by anionic molecules is used for the synthesis of organomineral
composites [9]. The distribution of Ca?* ions and its dependence on brush structure is
an important factor, which allows determining the structure for the formation of min-
erals in the brush [71,72]. To check how the differences between glutamic and aspartic
brushes (Figure 11) influence the Ca?* ion distributions, we analyzed the Ca?*-Ca?* ra-
dial distribution functions for the systems at the highest considered CaCl, concentration
(Figure 13).
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Figure 13. Ca?*-Ca?* radial distribution functions for the systems with 0.94 mol/kg CaCl, concen-
tration. Solid lines: aspartic acid brushes; dashed lines: glutamic acid brushes. (a) Systems with 12%
substitution of primary hydroxyl groups and (b) systems with 25% substitution.

At lower grafting density (Figure 13a), the distribution of Ca* ions is practically the
same, and at the higher grafting density (Figure 13b), some differences arise primarily in
the peak intensities.

4. Conclusions

We have performed unbiased MD and well-tempered metadynamics simulations
of polymer brushes based on two anionic amino acid oligomers, «,L-glutamic acid and
o, L-aspartic acid, grafted onto cellulose surface in water and CaCl, solutions. The results
show that the structure and behavior of the polyelectrolyte brushes depend on the chain
length, grafting density, and chemical structure.

In the case of the shorter aspartic acid oligomers, the side chains with the charged
carboxyl groups prevent interactions with the cellulose surface, and they are pushed away
from the surface. The glutamic acid oligomers show different behavior: their longer length
and conformational freedom of the side chain due to the additional methylene group
together with lower energy barriers between different states of the dihedral angles allow
the side chains to rotate and to establish specific interactions with the cellulose surface. Due
to this, the grafted chains display two populations: (1) chains lying on the surface of the
cellulose and (2) chains directed away from the surface. This result is important from the



Polymers 2021, 13, 1789

13 of 16

point of view of chemical modifications. Chains lying on the surface can make it difficult
to access the surface and any new free grafting points. This can become the limiting step
that determines the maximum degree of chemical modifications of the cellulose surface.
Moreover, the bimodal distribution of the chains leads to an uneven availability of end
groups of the grafted chains. End group availability is important for the synthesis of
copolymers on the cellulose surface or when using the “grafting from” approach [73],
which consists of chain polymerization straight from the surface. In this case, the uneven
availability of end groups leads to an uneven chemical modification of the surface.

The differences in the side chains also lead to a difference in brush structures in CaCl,
solutions. In the case of low grafting density at which the grafted chains do not interact by
steric interactions, the behavior of the chains is similar to the behavior of polyelectrolyte
chains in a multivalent salt [32,69,70]. The longer side chain of glutamic acid helps to
spatially distribute the adsorbed ions inside the brush. This has an important effect on the
total charge of the brush: the glutamic acid brush displays charge inversion; however, as
the grafting density increases, the length of the side chain ceases to play a significant role
in the total charge of the brush due to the lesser free volume in it.

At high grafting density, the presence of longer side chains makes the brush less sensi-
tive to the environment. The grafted chains are able to adsorb ions and form intermolecular
Ca®* bridges. This allows the brush to absorb Ca?* ions without significant changes in the
brush height. Moreover, we have shown that the brush height increases with the addition
of salt due to changes in the bimodal chain end bimodal distribution, as discussed above.
Although the brush structures based on the two different amino acids are different, the
distribution of mineral ions in them is similar, suggesting that both brushes should induce
mineralization with a similar structure. It is plausible that the results of this investigation of
the response of the brush structure on the presence of CaCl, salt may be treated as a guide
for the design of cellulose-based membranes for water purification and the development of
mineral composites for tissue engineering.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/polym13111789/s1. Figure S1: Chemical structures of aspartic acid, glutamic acid, and
cellulose residues. Figure S2: The number of K* ions in the brush during the first 10 ns in the
simulations without CaCl, salt. Figure S3: Radial distribution function of Ca* ions around oxygens
of amino acid carboxyl groups. Figure S4: Time dependence of the collective variables (carboxyl
group free from adsorbed Ca®* ions). Figure S5: Distributions of the number of close contacts
between hydrogens of surface hydroxyl groups and oxygens of amide groups and H-bonds between
them. Figure S6: Dihedral angle distributions of the side chain and potential of mean force obtained
from the distributions. Figure S7: Density profiles of the ends of the grafted oligomers of aspartic
and glutamic acids at different CaCl, concentrations.
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