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Abstract. Using molecular dynamics simulation, pH-sensitive conformations of binary complexes
of homogeneous polypeptides located on the surface of a charged spherical gold nanoparticle were
studied. A mathematical model of conformations has been developed taking into account interactions in
a complex of two homogeneous polymers on the surface of a charged spherical nanoobject. When two
polypeptides were adsorbed on a nanoparticle, the structure of the macromolecular corona depended
significantly on the polypeptide combinations in the binary complex. Two identical homogeneous
polypeptides shifted away from each other along the neutral surface when their pH deviated from the
isoelectric point, while on the surface of a similarly charged nanoparticle, the macrochain corona
became strongly loosened. On the charged nanoparticle, the polymer shell of the two polypeptides of
opposite polarities delaminated, and the shell itself swelled significantly. When one of the polypeptides
in this binary complex reached the isoelectric point, the second charged polypeptide unfolded and
disengaged from the first. macrochain, shifting away from the surface of the similarly charged
nanoparticle.

Keywords: polypeptide complex, molecular dynamics simulation, conformational transformations, charged
nanoobject.

1. Introduction

Currently, shell nanosystems have found wide application in drug delivery [1], as elements in various
sensors, such as sensors based on surface-enhanced Raman scattering (SERS) [2], surface plasmon resonance
(SPR) [3] and Forster resonance energy transfer (FRET) [4]. Of great interest in biochemistry and biomedicine
is the creation of such sensors, nanoprobes and nanocontainers whose characteristics are sensitive to changes
in the pH of the medium [5-14]. Thus, in the works [5-9], polymer brushes and layers on various surfaces
sensitive to changes in the pH are presented. It has been shown that the density of polymer brushes can be
significantly varied [5-8]. This allows for the release of small dye molecules [S] or chromophores [6], the
creation of pH-sensitive supramolecular switches [7], and the controlled adsorption of gold nanoparticles
bound to the ends of macrochains in a polymer brush [8].

It is known that the intracellular pH in normal cells is in the range of 7.0-7.2 lower than the extracellular
pH, which is in the range of 7.3—7.4. Cancer cells have a higher intracellular pH of 7.12-7.65 and lower
extracellular pH of 6.2—6.9 compared to normal cells [10—11]. This allows using pH-sensitive conformational
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changes in macrochains for cancer diagnostics and therapy. A pH-sensitive nanoprobe was presented in [9], in
which the conformational structure of the ligand shell around the quantum dot was reconstructed when the pH
level changed from physiological to more acidic, corresponding to a cancer tumor [9]. Photothermal therapy
uses gold nanoparticles with a polymer shell, which remain stable in healthy tissue and aggregate when
entering a tumor due to changes in pH [12]. Studies [13-14] have examined nanocarriers that are sensitive to
changes in pH, such as a gold nanoparticle with a peptide shell containing an anticancer drug. A gold
nanoparticle with a polypeptide corona sensitive to pH changes can be used as such a nanosystem. The
conformations of polyelectrolyte polypeptides change significantly on the charged surface of the adsorbent
[15-21]. By simultaneously varying the charge of the nanoparticle and the degree of polyelectrolyticity of the
polypeptide (by changing the pH), it is possible to control the conformational changes of the adsorbed
polypeptide.

A more complex picture of conformational rearrangements with changes in pH will arise-when several
polypeptides are located on the surface of a charged spherical metal nanoparticle. When the pH level changes,
two identical polypeptides will be charged with the same sign and magnitude of charge, which will lead to the
repulsion of the polypeptides from each other. If the polypeptides in a binary complex consist of amino acid
residues of different types, their charge will change differently depending on the values of the isoelectric points
characteristic of each polypeptide. Therefore, on the surface of a charged nanoparticle, the conformations of
two different polypeptides will change differently depending on the pH level. Such pH-sensitive
conformational changes in binary complexes can be used to create small molecule nanocarriers (fluorescent
dye molecules or drugs) contained in the structure of the polypeptide fringe and released during its
rearrangement when the pH level changes. In addition, such pH-dependent conformations of pairs of
macromolecules adsorbed on a charged nanoparticle can be used in SERS, SPR, FRET sensors and
nanoprobes.

Thus, the aim of this work is to study the pH-dependent conformations of binary complexes of
homogeneous polypeptides on the surface of a charged spherical gold nanoparticle.

2. Mathematical model of macrochain conformations taking into account interactions in
a complex of two homogeneous polypeptides on the surface of a charged nanosphere with
a change in the hydrogen index of the solvent

In the case where the links of two homogeneous polypeptides at a certain value of the hydrogen index of
the solvent acquire charges of opposite sign, a spatial structure with intertwined, oppositely charged
macrochains of polyelectrolytes can form on the surface of the charged nanosphere.

2.1 Single adsorbed polyelectrolyte polypeptide chain on the surface of a charged spherical
nanoparticle

The description of the equilibrium structure of an adsorbed macrochain with links of length a at an
absolute temperature T can be made on the basis of a conformational function y/(r) satisfying the nonlinear

integro-differential equation of Grosberg-Khokhlov-Edwards [22-23]
a’kT
Vi () =[V (1) +V,, (1) = gl (r) (1

The self-consistent field potential V(1) takes into account the volume interactions between the polymer

links. The potential }J'(r) characterizes the external field in which the polymer chain is located, and which in

the case under consideration is created by the adsorbent nanoparticle, electrically neutral or charged.
The spatial distribution of the local density n(r) of chain links is determined by the square of the

conformational function y/(r) corresponding to the minimum eigenvalue g;: n(r) = y/;in (r) . In the case of
an electrically neutral spherical surface or a nanosphere, the field potential V' (r) =V, ,(#) is the van der
Waals interaction potential ¥, () of the chain link with the nanoparticle. The exponents 3 and 9 of the power
dependences of the potential J/, () on the radius r are typical precisely for the spherical shape of a nanobody.
The expression for the potential energy }7(7) of interaction of an atom with a nanosphere of radius R can be

formed from paired atom-atom potentials of the form p(r)= D[(”o /)% =2(r,/ r)é] , and is represented by a
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triple integral
7 R
V(r)=2z[n,v(p) rdr'sin0d0-
00

where p2 =% 412 — 21 cos@. Here D and ry are the parameters of the 6—12 Lennard-Jones potential, n is

the concentration of nanosphere atoms. The potential energy of interaction of a chain link with an uncharged
spherical nanoparticle of radius R, in the case of the initial pair potential of 6—12 Lennard-Jones for
intermolecular interaction between the atoms of the link and the nanoparticle, is written as (» >R)

V (r):ﬁDnor(;’ r_(;’ 9R+r  9R-r | | 3R+r  3R-r )
6r (60| (R+r) (R=r) | | (R+r) (R-r)

Here D and ry are the parameters of the 6-12 Lennard-Jones potential, o is the concentration of metal
atoms in the nanoparticle.

In the case of a charged nanoparticle with a spherically symmetrically distributed charge Q-and a
polyelectrolyte chain with a charge e of its link, the potential Vo(r)=eQlr of interaction of the macrochain

monomer with the Coulomb field of the charged nanoparticle is added to the adsorption potential (2).
5 e
V97Q3(’”):V9—3(”)+Veg(r):V973(”)+TQ' 3)

2.2 Ideal Gaussian macromolecular chain without volume interaction of links
The equilibrium configurations of the macrochain in a model that does not take into account the volume
interactions of the links (V,,, (r)=0) are given by the conformational function y,(r), which determines the

density of the monomeric subunits of the chain in this approximation as n(r) =, (r) - The function y (r) then
satisfies the following differential equation [22]

akT Vzl//o (r)=[V(r)—ely,(r)- )

In the case of a polyelectrolyte, it is possible to formulate the problem of determining the conformational
structure of the fringe and obtain an exact analytical solution for the conformational function y, (r) satisfying

equation (4) without appealing to perturbation theory as in earlier works [19-20]. Equation (4) is similar in
certain features to the Schrodinger equation containing the Coulomb potential. In other words, a problem arises
similar to the problem of a hydrogen-like atom with an additional potential (2), which, in order to obtain an
analytical solution to the problem, is replaced by the model potential "wall — delta-functional well"
V.(r)=V,_(R)—a,0(r —ry)[24]. The total potential V(r) in this case takes the form

Vi(r)=V, (R)—a,8(r=r)+eQlr, where e is still the effective charge of the chain link, and Q is the charge
of the sphere.

We define the following parameters: @ =_6|2‘90 | , K= feQ = 3eQ . Instead of the radial
a*kT a’kTq, a.[6|&, | kT
function v (r) = F,(r) satisfying equation (4), for a system with spherical symmetry we introduce the function
f(r) by the relation F;(r)=exp(—q,r)f(r), and the dimensionless radius 2¢, = p'. By direct substitution
into (4) we verify that the function f(p") satisfies the degenerate hypergeometric equation
P +(r=p)f —af(p)=0, ()
with =2 and o =1— k. Then the general solution of the boundary value problem for a spherical system with

a macromolecular frame is a superposition of two degenerate hypergeometric functions of the first
Fi(a,y,p)=M(a,y, p) and second U(a,y, p) kind with arbitrary constants C; and C>

f(p)=CM(a,2,p) + CU(a,2, p), (6)
Degenerate hypergeometric functions of the first M (a,y, p) and second U(a,y, p) kind are defined by
the expressions
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()27 e”

—2 € | e 1+ 'dt, Rey >Rea >0 )
I'(y —a)l(a) 1

M(a,y,p)=

U(a ,7/,p)—ﬁ et L0y ™ dt (8)

In radial ranges 2¢g R < p <2q,r, and 2q,r, < p for functions Si.u(p) we can write
{f, (P)=CM(a.2,p)+CU(a.2,p), qR<p/2<qy,
f}l (p) = C3U(a923 p)a 2q07"0 < P

)

Uia.2, p) = Z( ) P ( F'(a+k)_1“’(2+k)_F’(l+k)ﬂ (10)

1
I'(a —1){(05 e =k, T(@+k) TQ+k)- TA+k)

Gla=1-xn=2,p)= S & (=D k-D)!
) ’ (n-DI'(a-n+)) ‘T (a—k),(n=k), (11)
(D _T(a+k)
2 )A P lnp+y(a+k)-yn+k)- 1//(k+1)]} (a)k_—l“(a) ,

30 30
a’kTq, a\|6]&;| kT

22
where Q is the charge of the nanoparticle, and the “energy” parameter | &= q a’kT .

From the boundary conditions on the surface of the nanoparticle we obtain the following relationships
between the constants C;, C; and Cs:

C2 — _Cl M(aazaquR) ,
U(a729 2q0R)
C3 :C M(aazazqoro) _M(a,z,quR) . (12)
U(a,2,2q,,) U(a,2,2q,R)
Then the desired solutions of the Grosberg-Khokhlov equation take the form

MU(&,ZJ%;") exp(—qor), R<r<ry,
U(as 27 2f]oR)

M(a,2,2q,r,) M(a,2,29,R)
U(a,2,2q,,) Ul(a,2,2q,R)

To determine the parameters g, and &, it is necessary to solve the equation obtained for the jump in the

F,(r)=C, [M (@,2,2q,r) - (13)

F,,(p)=C{ }U(a,2,2qor)exp(—qor), Ty<r

radial derivative at the point 7o
6a
—Fio(r5) (14)

Fiyo(r) R —F,(r) [ T

Substituting (13) into (14) we obtain the general transcendental equation for the eigenvalues
3a,  |U(a+1L3,29,1) | _
a’akTy, Ua,2,2q,5) |

(15)

M(O( +1,3,2q,%) M(O( 2,2q,R) U(a +1,3,2q,1) || M(«,2,2q,) M(a,2,2q,R) .
2U(a,2,2q,7,) U(a 2,2q,R) U(a,2,2q,1) U(a,2,2q;,) Ul(a,2,2q,R)

It should be noted that the degenerate hypergeometric functions (7) and (8) in a number of cases, with a
certain relationship between the parameters & and j, are expressed through the Bessel functions of the
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imaginary argument

Iv(p):Mexp(—p)MOle/2,2v+1,2p)a (16)
'(v+1
K, (p)=~7(2p) exp(-=p)U(v +1/2,2v +1,2p). (17)
Since =2 and o =1—K, ;- — 30 30 , to obtain =2 it is necessary that y=2=(2v +1),

a’kTq, aJ6|¢,|kT
whence it follows that v =1/ 2. This means that ¢ =1 and O=0. Thus, in this case we obtain an electrically
neutral nanoparticle, and the same, uncharged, macrochain. Formulas (13) go over to the previously obtained
expressions with Bessel functions /1, Ki.
In this case, for a spherically symmetric potential V(r)=V_(R)—a,5(r—r), the radial functions
w(r)=F""(r) are defined inside the spherical layer R<r<ry and in the region conjugate to it 7>y in the

following form

F'(r)= A0|:[1/2(%r) _ 11,9 R) KI/Z(qOV)jI, R<r<r,
\/; K,,(q,R) \/;
Fl'(r)= Aﬂ[ 1, (407 _ 11,(qoR) :|K1/2 (9,7) \
K., (q)  K,(q,R) Jr
where [ ,(g,r) and K, ,(q,r) are modified Bessel functions of the first and second kind with half-integer

; (18)

}’0<7‘<OO

index, and eigenvalues g =- 62‘90 , R is the radius of the nanoparticle. The transcendental equation (14) for
a’kT
the eigenvalue g, is transformed to the equation
a’kT 1,,(q,R) , (19)

KFO = 1,,(qy7) K2 (q0%) — K12/2 (9%) K, (q,R)

which is related to (15), but allows us to define in a new way ¢, , and with it the only discrete level of the
spectrum ¢,. The conformational characteristics (18) of the chain in the case of an uncharged nanoparticle or

an electrically neutral macromolecule are indifferent to changes in the charge states of the system components.

Thus, for the case of a polyelectrolyte fringe adsorbed by a charged nanosphere, neglecting volume
interactions, we have an exact analytical solution to the problem presented by formulas (13) and (15). Note
that, unlike the aligned polyampholyte links of a macrochain, for which there was always an attraction to the
surface, regardless of the sign of the nanoparticle charge, in the case of a polyelectrolyte chain under
consideration, there may be both an additional attraction (opposite signs of the charges of the link and the
particle) against the background of the attractive potential responsible for the adsorption of the macromolecule,
and a repulsion (identical signs of the charges), which hinders adsorption or even leads to desorption at a
sufficiently high temperature of the system. This additional Coulomb attraction or repulsion of the links to the
surface of the nanoparticle will ultimately determine the observed compression or loosening of the reinforced
fringe of the adsorbate.

Quantitatively, this is reflected in the sign of the charge parameter o — 1=+ | x|. With the same signs

of the charge of the links and the adsorbent, under the conditions of realized adsorption of the macrochain,
swelling of the fringe will be observed, caused by the Coulomb repulsion from the surface of the links that
have avoided attraction by the potential well. For the same reason, in the case of opposite charges, the
macrochain fringe should experience Coulomb compression
a=1t|x|.
In order to develop an analytical model convenient for carrying out calculations, potential V, , () (2) can

be replaced by a simple model potential V' (r) =V (R) — c,6(r — ) “solid wall — delta-functional well”, in

which the point 7o of localization of the delta-functional well coincides with the radius 7, of the bottom of the
potential well (2).
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2.3 Accounting for volumetric interlink interactions of a polymer chain
The bulk interlink interactions of the polymer can be taken into account through the potential ¥, (r) of

the self-consistent field using the Edwards method [23]
Vey ()= (n(r))=kT - B-n(r), (20)
where y* ( n(r)) is the chemical potential of the chain links:

B(T):z?”(%) r'(3/4)

— the second virial coefficient [22], taking into account pairwise collisions of links and the effect of excluded
volume due to the repulsive part of the 612 Lennard-Jones potential, and the constant

' 11
B =| B=(Q-e-r)yexp(-r /1), | 1)
renormalized taking into account the additional charge on the links of the macrochain and the Debye screening
with radius rp. The gamma function I" of % takes the numerical value

T(3/4)=\27> /T(1/4), T(1/4)=2K(1/ 27 ~3,626.

In the case of Coulomb interaction of polyelectrolyte units with each other, one can introduce the
corresponding pair potential Q)qq (r), and represent the renormalized constant 3" in the form

ﬂ_)ﬂ':[(D+q)qq(r0))-r012:|. (22)
Then the model potential in the Grosberg Khokhlov-Edwards equation (1) can be written as
V(r)+ V., (x)=V (R)—ao(r=1,)+ kT - B-n(r).
Let us write equation (1) for the conformational function ¥/, (l') of the first macrochain
2
a kT 1 Q
—Vy,(r)= [Vg( )(r) + kTBn, (r) + e, (r) + = —¢, |y, (7). (23)
Here, in (23), the electrostatic field potential ¢, (7) is created by the charged chain 2 of the second

polyelectrolyte and affects the formation of the secondary structure of chain 1 through its conformational
function y/, (r). It is also obvious that the potential ¢, (r) satisfies the Poisson equation

- (ry=—4re r)- (24)
}"2 d d g02 ) 21//2 (

Equations similar to (23) and (24) can be written by considering the conformations of chain 2 in the field

of the charged chain 1. Then, for the conformational functions ¥, ,(r) and potentials ¢, ,(7), we obtain a

closed system of nonlinear differential equations.

2.4 Formation of conformations of two interacting adsorbed polyelectrolyte chains on the
surface of a charged nanosphere

Combining all the equations considered into a system, we obtain four interconnected ordinary differential
equations

le d ,d

6 25 d_ 1(1’):[Vg(lg(r)+kT-Bll//12(r)+el(/)2(r)+—Q—g}//1(}")
kT 1 d d

26 761' d w,(r)= [%@(”)"’kT le//z(r)+62(0](r)+2—Q—82}//2(I’)

1 d d

E 2d_¢1(r):_4”ell//12(r)

1d .4
dr

ar —,(r)= 472'62'//22 (r) . (25)
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The self-consistent system of equations (25) for conformational functions , ,(r) and potentials ¢, ,(r)

is quite complex, and obtaining analytical expressions for functions !,//1,2(1‘) and ¢, ,(r) is problematic.

However, the general structure of the model based on system (25) is partially visible even without resorting to
exact solutions of these equations. In addition, sufficient progress in solving the problem can be made by
adopting the approximation of relatively weak electrolyte fields. Then, in the zero approximation, the potentials

o, ,(¥) are not taken into account in the first two equations of system (25), and the conformational functions

¥, ,(r) in this approximation are found as y,,(r) — l//(o) (r).

akT 1d ,d Q
()= {Vg“;(kaoBl )+ 2= sl} wi”(r)
2
L1 Lo d oy | v )+ kT By )+ 22 ZQ —&, [y ()
6 rodr dr
L8220 ) = ey ()
l1d ,d
S e ()= —Amey (1) : (26)

In this case, the last two equations in (26) — the Poisson equations, become autonomous and can be solved

2
by standard electrostatic methods for a given charge distribution density e, , I:l/ll(?(r)J if the solutions

1//](2) (r) of'the first two equations of system (26) are found beforehand. After this, the found potentials (01 2) (r)

of the zero approximation are returned to system (25) to find the functions l//(l)(r) and potentials (p D(r) of

the first approximation. To achieve the required level of accuracy, this iterative procedure can be continued.
As in Section 2.2, to find in analytical form the radial distribution of links of a polymer chain adsorbed
by a charged nanoparticle of radius R, the potential energy (2) of the interaction of an atom with a nanosphere

4.0 =V (R)—ad(r—r )+ 22Z ”Q
]

should be replaced by a simple model potential Vs + “solid wall — delta-
functional well”.

The solutions 9 (r) of equations (26) without taking into account the effects of the self-consistent field

6¢, ,
2
a;,kT

are then written in the form (13), where the parameters ¢,, = — are the roots of two transcendental

equations of type (15).
The only roots of these equations correspond to functions v/ 2)(r) whose squares give the desired

expressions for the radial distributions n(o) (r)= 1//1(02)2 () of the density of links of chains 1 and 2.

2.5 Calculation of field potentials and interaction energy of adsorbed polyelectrolyte chains
The Green's function of the two Laplace equations in (26) of the external Dirichlet problem (#>R) for a
ball has the form

G(r,0,8:7,,0,.4,) = L{L_ R J @7)

4r Pty To " T,

The point M; is the conjugate point of My relative to the surface of the sphere. Then the zeroth

approximation potentials gol(g) () outside the sphere (#»>R) can be written in quadratures
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o0

P,(r) = Jsin GOdHOJ e W (1)G(r,0,8;1,,6,,4,)27r; dr,- (28)
0

R
The interaction energy of chains in some cases may be of independent interest and is determined by
integrals

Win,(r),ny(r)] :J e, (), (rdmr’dr :j e, (N, (radar’dr
f f .29

3. Molecular dynamics simulation

Molecular dynamics (MD) simulations were performed for polypeptides on the surface of a gold
nanoparticle with a radius of about 3 nm [25]. MD simulations were performed using the NAMD 2.14 software
package [26]. A number of combinations of polypeptides, each 100 units long, were considered:

1) one macromolecule of histidine His amino acid residues,

2) two macromolecules of histidine amino acid residues — the HH polypeptide complex,

3) one polypeptide of histidine His units, and the other of glutamic acid Glu units — the HG polypeptide
complex.

The following pH range was chosen: from 4 to 7.6. At pH=4, all polyhistidine units have a positive
charge, and at the isoelectric point for histidine pInis<7.6, all units become uncharged His’. As the pH increases
in this range, some amino acid residues change their charge and become neutral [27]. A number of macrochains
with different charged units were considered:

1) polypeptide Hisioo (total charge of the macrochain +100¢) - corresponds to a hydrogen index level of
pH~4;

2) polypeptide (His,His’His)zs (total charge +75¢) - pH=5.5;

3) polypeptide (His’His)so (total charge +50¢) - pH=6;

4) polypeptide (His®;HisHis)»s (total charge +25¢) = pH=6.5;

5) polypeptide (His’sHisHis%)o (total charge +10e) — pH=7;

6) polypeptide His" oo (uncharged macromolecule) at isoelectric point pluis=7.6.

For polypeptides, the CHARMM36 force field was used [28-29]. The interaction with the gold
nanoparticle was described by the Lennard-Jones potential [30]. Long-range electrostatic interactions were
calculated using the particle-mesh Ewald (PME) method [31]. The entire system was contained in a cube with
25 nm edges containing TIP3P water molecules [32]. MD simulations were initially performed at a constant
temperature of 600 K and at 300 K in the final portion of the trajectory. This allowed us to reach deeper minima
in the macrochain's conformational energy, including over a shorter trajectory. To monitor the attainment of
equilibrium conformations, we monitored the change in the root-mean-square distance (RMSD) between
polypeptide atoms in different conformations. The simulation time reached 30 ns with a step size of 1 fs. Three
different starting conformations were considered for each combination of macrochains.

Initially, the polymers were located near a neutral gold nanoparticle. In this case, a single polyhistidine
or a pair of polyhistidines in the HH complex in the starting conformation were at the isoelectric point. As a
result of the simulation, adsorption of a single polyhistidine (Fig. 1a) and two polyhistidines (Fig. 5a) on the
surface of an uncharged gold nanoparticle was observed. The obtained equilibrium structures of polypeptides
at the isoelectric point were subsequently used as starting points in modeling with a lower pH value.

The macrochains in the HG complex at the initial moment of time were at a hydrogen index value of
pH=5.5, that is, when most of the polyhistidine units were positively charged, and the polyglutamate units
were negatively charged by approximately 90 percent - (GlusGlu°Glus)io (the parameters of which were set in
the same way as in [33]). Therefore, a polymer complex of two oppositely charged macromolecules of
polyhistidine and polyglutamate (Fig. 7a), intertwined with each other, was formed on the surface of the
nanoparticle. Subsequently, during modeling for this nanosystem, the pH level increased, and the hydrogen
index values were taken in the range from 6 to 8, in which all polyglutamate units were negatively charged.
The following values of the surface charge density of the nanoparticle were considered: +c, £26, +50, +100,
+200, where 6=0.2e/nm?, 26=0.4e/nm?, 56=1e/nm?, 106=2e/nm?, 20c=4e/nm? (the partial charge of the atom
on the surface is £0.01e, £0.02¢, £0.05¢, £0.1e, and +0.2¢, respectively [34]).
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4. Results

4.1 Conformations of a single homogeneous polypeptide on a charged gold nanoparticle with
changing pH

Molecular dynamics simulations of single polyhistidine at an isoelectric point of pluis=7.6 revealed
polymer adsorption on the nanoparticle (Fig. 1a). As the pH value varied, the rigidity of the polyelectrolyte
macrochain increased. At a low polyelectrolytic level, the adsorption pattern was similar to that observed at
the isoelectric point. If the degree of polyelectrolyticity was high, then the macrochain initially compactly
adsorbed on the surface of the nanoparticle began to unfold with the release of loops into the surrounding space
(Fig. 1c). This type of adsorption is typical of highly charged polyelectrolytes [35]. Figure 2a shows that the
strongest decrease in the density of polymer atoms is observed at the lowest pH~=~4 value considered.

Fig. 1. Single polyhistidine on the surface of an uncharged gold nanoparticle after simulation at the isoelectric point
pluis=7.6 (a), as well as at pH=6 (b) and pH~4 (c). Uncharged amino acid residues HisO are shown in gray, and
positively charged His are shown in red.

0.4 -p, kDa/nm’

A —u—pH=4
/A\\, =l sz5.5
03{ }/\ deepHaB

0.2 //\\\ |
] ke
ﬂ/ N

1 A

Niga
: M. PRI S
0.0l : === .
3.0 35 40 r nm45
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0.4-P kDa/nm’ 0.44P kDa/nm’
A —*—pH=6 —=—pH=4
IA —V—szs.S —s—pH:5.5
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Fig. 2. Radial dependences of the average atomic density of a single polyhistidine on an uncharged gold
nanoparticle (a), as well as on a charged gold nanoparticle with a surface density of +2c (b), +50 (c), and -5c (d) at
different pH levels.
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If the nanoparticle was negatively charged, the positively charged polyhistidine units were attracted to
the surface of the nanoparticle. This was most pronounced when the degree of polyelectrolyticity of the
polypeptide was high. The swollen polyelectrolyte fringe at pH=4 on an uncharged nanoparticle (Fig. 1¢) was
compressed on a negatively charged surface (Fig. 3a). When the nanoparticle was positively charged, the
charged polyhistidine units were repelled from the like-charged surface. This led to the macromolecular corona
first swelling, followed by polyelectrolyte desorption.

Figure 3b shows that at a surface charge density of +5¢ and a pH of =6, desorption of a significant polymer
fragment is observed. When the pH level was equal to pH=~4 and pH~=5.5, polyelectrolyte desorption occurred
at a surface charge density of +50, while at pH=6 the polypeptide desorbed at +10c, and at pH~6.5 — at +20c.
At pH=7, macrochain desorption did not occur; however, the polyelectrolyte flake swelled significantly at
+20c compared to the neutral surface of the nanoparticle, when the polypeptide conformation was similar to
the polypeptide conformation at the isoelectric point. Figures 2b and 2c show that, for the same nanoparticle
charge, the density of polypeptide atoms near the nanoparticle surface varies significantly at different pH
values. The lower the pH, the more severe the loosening of the macrochain fringe on the positively charged
surface (Figures 2b and 2c). When the nanoparticle was negatively charged (Figure 2d), the radial atom density
distribution curves were very close to each other due to the fact that the positively charged macrochain was
adsorbed on the nanoparticle.

Fig. 3. Single polyhistidine after simulation on the surface of a gold nanoparticle charged with a surface charge density
of -5¢ at pH~4 (a), and at pH~6 and +56 (b). Uncharged amino acid residues HisO are shown in gray, and positively
charged His are shown in red.

Figure 4 shows that for polypeptides with varying degrees of polyelectrolyticity, the conformational
structure of the macromolecular corona around the nanosphere changes from dense to swollen over different
ranges of surface charge density.
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Fig. 4. Radial dependences of the average atomic density of adsorbed single polyhistidine at different surface
charge densities of gold nanoparticles at pH=4 (a) and pH=7 (b).
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For a highly charged polymer molecule (Fig. 4a, pH = 4), the polymer layer begins to swell at a surface
charge density of -o, i.e., with a charge opposite to that of the macrochain. For a polyelectrolyte with a low
degree of polyelectrolyticity (Fig. 4b, pH=7), swelling of the macrochain fringe begins to occur only at a
surface charge density of the nanoparticle of +5c, at which polyhistidine at pH~4 has already desorbed.

4.2 Conformations of two identical polypeptides on a charged gold nanoparticle with changing
pH

In the case of MD simulation, at the isoelectric point of two identical polypeptides on a spherical gold
nanoparticle, both macrochains were adsorbed on its surface, partially intertwined with each other (Fig. 5a).
As the pH level decreased, the macromolecules began to repel each other, as they became equally charged.
With a small degree of polyelectrolyticity of polypeptides, the forces of electrostatic repulsion between the
macrochains were insufficient to overcome the van der Waals forces and shift them from each other by a
significant distance, therefore, the polypeptide fragments moved only slightly from each other. With a further
decrease in the pH level and, accordingly, an increase in the degree of polyelectrolyticity, the polypeptides
shift to different sides of the gold nanoparticle, repelling each other (Fig. 5b).

c d
Fig. 5. Two macromolecules of histidine units (HH polypeptide complex) on the surface of a neutral gold nanoparticle
after simulation: at the isoelectric point plnis~7.6 (a) and at pH~4 (b), as well as on a nanoparticle charged with a
surface density of -5¢ at pH=4 (c) and +5c at pH=~6 (d). The first and second polypeptides are shown in red and blue,
respectively.

Figure 6a shows that with decreasing pH and increasing the degree of polyelectrolyticity of the
macrochains, there is a significant decrease in the concentration of units near the surface of the nanosphere. At
pH~4, the peak distribution for two macrochains decreased by approximately 30 percent compared to the peak
of this distribution at the isoelectric point (Fig. 6a). This decrease is much greater than for a single polypeptide,
where the peak distribution of polyelectrolyte atoms at pH~=4 decreased by approximately 13 percent compared
to the peak distribution at the isoelectric point (Fig. 2a). This indicates a stronger swelling of the polymer layer
with increasing polyelectrolyticity of two polyhistidines compared to a single macromolecule due to the
electrostatic repulsion between similarly charged polypeptides.
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Adsorption of positive polypeptide units in the HH binary complex occurred on the surface of a highly
negatively charged nanoparticle (-5¢ and below) at low pH. The loose polymer fringe on the neutral
nanoparticle (Fig. 5b, pH=~4) contracted and tightly enveloped the oppositely charged nanoparticle (Fig. Sc,
pH~4). Figure 6b shows the combined distributions of two polyhistidine macromolecules on a charged
nanoparticle with a surface density of -5c. It can be seen that the distribution curves for the HH polypeptide
complex with varying degrees of polyelectrolyte (pH<7) are very close to those for their adsorption at the
isoelectric point plyis=7.6.
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Fig. 6. Total radial dependences of the average density of atoms of two polyhistidine macromolecules on an uncharged
(a) and charged gold nanoparticle with a surface density of -5¢ (b), +20 (c), and +5¢ (d) at different pH levels.

As the nanoparticle charge increased, the polyelectrolyte fringe first swelled (Fig. 5d, +5¢ at pH=6), and
then the macromolecules desorbed. The sparsity of the polyelectrolyte fringe of two polyhistidines around the
gold nanoparticle at the same surface charge density depended significantly on the pH. Figures 6¢ and 6d show
that at lower pH, the distributions for the HH polypeptide complex are significantly lower at the same charge,
indicating significant swelling of the polyelectrolyte fringe. The lower the degree of polyelectrolyticity of the
polypeptides in the HH complex, the higher the nanoparticle charge value at which desorption of
macromolecules was observed: at pH~4 and pH~=5.5 - at a surface charge density equal to +5c, at pH=6 - at
+100, at pH=6.5 - at +200, and at pH=7 no desorption was observed, as in the case of single polyglutamate.

4.3 Conformations of a binary polyhistidine-polyglutamate complex on a charged gold
nanoparticle with varying pH

At pH = 5.5, polyhistidine and polyglutamate in the HG complex were oppositely charged and attracted
to each other, intertwining (Fig. 7a). As pH increased, the charge of polyhistidine gradually decreased and
became zero at the isoelectric point pluis= 7.6, while the absolute charge of polyglutamate reached its maximum
at pH=6 and remained unchanged. The electrostatic attraction between the macrochains decreased with
increasing pH, while the interunit repulsion in polyglutamate increased. Therefore, polyglutamate was released
from its bond with polyhistidine and unfolded, releasing fragments into the space surrounding the nanoparticle
(Fig. 7b). Meanwhile, polyhistidine remained folded on the surface of the gold nanoparticle.
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Fig. 7. Macromolecules of polyhistidine (red) and polyglutamate (blue) after simulation on the surface of an uncharged
gold nanoparticle at pH=5.5 (a) and pH~7.6 (b). Total radial dependences of the average density of polypeptide atoms
in the HG complex (c), as well as radial dependences of the average density of polyhistidine (d, curves 1) and
polyglutamate (d, curves 2) atoms in the HG complex separately on the surface of an uncharged gold nanoparticle at
different pH levels.

Fig. 8. Macromolecules of polyhistidine (red) and polyglutamate (blue) after simulation on the surface of a gold
nanoparticle charged with a surface density of -5¢ at pH=7.6 (a) and pH~6 (b), at -10c and pH=6 (c), at +10c and
pH=5.5 (d).
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Figure 7c shows the total distributions of polyhistidine and polyglutamate atoms in the HG complex at
different pH levels on the surface of a neutral nanoparticle. It is clear that as the pH increases, the distribution
curves become very close to each other, decreasing slightly at pH = 7.6, when polyglutamate is maximally
released from its bond with polyhistidine. A different picture is observed for the distributions of polyhistidine
and polyglutamate atoms in the HG complex, constructed separately for each polypeptide (Fig. 7d). With
increasing pH, the distributions for polyhistidine and polyglutamate behave differently: the curves for
polyglutamate decrease, while the peak values of the distribution for polyhistidine increase (Fig. 7d).

The decrease in the concentration of polyglutamate atoms near the surface of the nanoobject is associated
with the unfolding of the polymer with increasing pH (Fig. 7b). And the increase in the concentration of
polyhistidine atoms near the surface is associated with the substitution of desorbed polyglutamate units (Fig.
7b). At pH=7.6, polyhistidine was uncharged at the isoelectric point, so on the negatively charged surface of
the nanoparticle, the negatively charged polyglutamate was repelled from the nanoparticle, and the polymer
corona swelled. At a surface charge density of -5o, polyglutamate was almost completely desorbed, retaining
itself in the HG complex due to entanglement with polyhistidine and pulling its loops into the surrounding
space (Fig. 8a). On a positively charged nanoparticle at pH=7.6, the fringe swollen due to the unfolding of
polyglutamate (Fig. 7b) was compressed due to the electrostatic attraction of ‘the negatively charged
polyglutamate to the surface. On a positively charged nanoparticle, a mirror image was observed when the pH
level was reduced. The lower the pH level, the greater the degree of polyelectrolyticity of polyhistidine, and it
was increasingly repelled from the surface of the nanoparticle (Fig. 8d). And polyglutamate, on the contrary,
was increasingly attracted to the positively charged surface. A polymer fringe was formed, in which
polyglutamate was concentrated at the surface, and polyhistidine was at the periphery. Thus, the structure and
swelling character of the fringe from the HG polypeptide complex changed significantly with changes in both
the surface charge and the pH level. Figure 9a shows the total distributions for the HG complex depending on
the charge density on the nanoparticle surface at pH=5.5.

It is evident that with an increase in the absolute value of the nanosphere charge, the total density of
polypeptide atoms decreases. This is due to the swelling of the polypeptide fringe of two oppositely charged
macrochains, since the macrochain charged like the nanoparticle shifts to the periphery. Therefore, the curves
of the radial dependences of the average density of polyhistidine (Fig. 9b) and polyglutamate (Fig. 9c) atoms
behave differently with a change in the nanoparticle charge at pH=5.5. For polyhistidine (Fig. 9b), the atomic
density at the surface of a negatively charged nanoparticle slightly increases compared to a neutral
nanoparticle, while it decreases significantly on a positively charged surface. In this case, the density of
polyglutamate atoms changes in a mirror image when the charge of the nanoparticle changes (Fig. 9c). And at
pH~7.6, when polyhistidine becomes neutral, the negatively charged polyglutamate macrochain is repelled
from the surface (Fig. 8a), so the density of polyglutamate atoms at the surface of a negatively charged
nanoparticle decreases significantly (Fig. 9d). Figure 10 shows the radial dependences of the average density
of polyglutamate atoms at different pH levels at -5¢ (Fig. 10a) and +5c (Fig. 10b). It is evident (Fig. 10a) that
with increasing pH, the number of polyglutamate atoms near the surface decreases significantly due to the
release of polyglutamate from adhesion to neutralizing polyhistidine and the repulsion of polyglutamate from
the surface. On a positively charged nanosphere (Fig. 10b), with increasing pH, the density of polyglutamate
atoms increases slightly due to displacement toward the surface after release from polyhistidine.

4.4 Results of calculations based on the mathematical model
To compare the calculation results based on the analytical model with the MD simulation data, Fig. 11 a,

b, ¢ shows the graphs of the radial dependences of the conformational functions y(r)= F(r)=F,"" (r) for
different signs of the charge parameter @ =1—k, Kk =+ | k°|. Curves 1 in all three Figures 11 a, b, ¢ correspond
to the same signs of the charges of the spherical nanoparticle and the polymer chain links: g0>0 , therefore
the maxima of the curves y(r)=F(r)= E)l " (r) at the points ry of the minimum potential are located below

the maxima of curves 2, which are calculated for the case of ¢Q<0, i.e., with the appearance of additional
attraction of the charged chain links to the nanoparticle surface. Curves 1 are characterized by a more gradual
attenuation in the asymptotics, as should be the case of swelling of the polymer corona.
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For large values of the charge parameter modulus |k |=

31991 — 0.9 for Fig. 11a versus 0.2 for Fig. 11b
szqo

and 0.1 for Fig. 11c, curves 1 and 2 exhibit a larger amplitude of divergence of the function F with changes in
the radial variable in Fig. 11a compared to Fig. 11b and Fig. 11c. That is, for uncharged nanoparticles or
electrically neutral polymer chains, curves 1 and 2 coincide. To cover a wider range of values, the radial
variable of the function F is expressed in dimensionless rq units.
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r=0.9

Fig. 11. Radial dependences of conformational functions for different signs of the charge parameter:
1- g0>0, 2— g0O<0 and three values of its modulus: 0.9 (a), 0.2 (b) and 0.1 (c).

Thus, the theoretical model proposed in this paper qualitatively accurately conveys the observed features
of the interaction of two polyelectrolyte chains with a charged nanoparticle, revealed by MD simulations with
specific adsorbed polypeptides upon changes in the solution pH and the nanoparticle charge.

5. Conclusion

The conformations of homogeneous polypeptides adsorbed on the surface of a charged spherical gold
nanoparticle are significantly restructured with changes in the pH level and charge of the nanoparticle, and in
the case of adsorption of two polypeptides on a nanoparticle, the structure of the macromolecular fringe
depends significantly on the combinations in which the polypeptides are found in the binary complex.

A single homogeneous polypeptide adsorbed on a neutral gold nanoparticle unfolds from a tangled ball
structure when the pH level deviates from the isoelectric point, and the polymer fringe around the nanoparticle
begins to swell. On an oppositely charged nanoparticle, the swollen polyelectrolyte fringe contracts, while on
the surface of a similarly charged nanoparticle it swells (up to desorption) as the pH level deviates from the
isoelectric point.

Two identical homogeneous polypeptides adsorbed on an uncharged gold nanoparticle begin to repel and
shift from each other along the surface when the pH value deviates from the isoelectric point. Since the size of
the nanoparticle is much smaller than the length of the macrochain, the desorption of polypeptide fragments
in the binary complex begins at a lower degree of polyelectrolyticity of the macromolecules and the rarefaction
of the peptide layer on the surface of the neutral nanoparticle was stronger than for a single macrochain at the
same deviation of the pH level from the isoelectric point.

On the surface of a neutral gold nanoparticle, oppositely charged macrochains were tightly intertwined.
On the charged nanoparticle, the macromolecule with the same charge as the nanoparticle shifted to the
periphery, while the oppositely charged polyelectrolyte remained near the surface. This created two layers of
different types of polypeptides within the polymer crown, which swelled significantly. Upon reaching the
isoelectric point of one of the polypeptides, the charge of the second polypeptide became uncompensated.
Therefore, the second charged polypeptide began to unfold and disengage from the first uncharged
macromolecule. On the nanoparticle, which was oppositely charged relative to the second polypeptide, the
macromolecular crown contracted. And if the nanoparticle was charged in the same way as the second
polypeptide, then it shifted to the outer side of the polymer fringe and could desorb faster, the higher the
absolute value of the nanoparticle charge was, and the pH level was closer to the isoelectric point of the first
polypeptide.

To describe the conformations of adsorbed charged macrochains, a mathematical model based on a closed
self-consistent system of equations for conformational functions ¥/, (r) and electrostatic potentials ?ia (r) is

proposed. To take into account the volume interactions of chain links, self-consistent field potentials were
introduced into the model using the Edwards method. Obtaining solutions to the closed system of differential
equations is based on an iterative procedure. The proposed model qualitatively correctly conveys the observed
features of the interaction of two polyelectrolyte chains, revealed as a result of MD simulation with specific
adsorbed polypeptides with changes in pH and nanoparticle charge.

Thus, such changes in polypeptide conformations can be used to create pH-sensitive nanoprobes,
nanocontainers, and elements of various biochemical sensors. If small functional molecules are introduced into
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the polypeptide edging, then when the pH level changes with a change in the conformations of the
polypeptides, a shift of the introduced small molecules relative to the surface of the nanoparticle or their release
from the polymer edging will occur. This nanosystem can be used as a pH-sensitive container for targeted
delivery of drugs with their controlled release at the final destination. If molecules of organic dyes are included
in the polymer edging, then the pH-sensitive change in the distance between them, as well as the change in the
distance between the dyes and the plasmonic nanoparticle, can be used as a method for controlling the
efficiency of the luminescent signal of this hybrid nanosystem, since the various channels of deactivation of
the electronic excitation of photoactive molecules depend significantly on the spatial arrangement of the
molecules relative to the plasmonic nanoparticle.
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