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Abstract. Conformational changes in generally neutral polyampholytic, as well as uniformly charged
macrochains, polypeptides adsorbed on the surface of a longitudinally polarized gold spherocylinder—a
cylindrical nanorod with spherical ends—were studied. An analytical model of the equilibrium structure of
adsorbed macrochains on the surface of a polarized spherocylinder is presented, highlighting the entropy and
field factors of the radial-angular distribution of link density. In the course of molecular dynamics simulation, the
radial distributions of the density of polypeptide atoms in the central cylindrical part of the nanorod, as well as on
its terminal hemispheres, were calculated. In addition, the distributions of the linear density of polypeptide atoms
along the axis of the nanorod were calculated. A dumbbell-shaped polyampholyte edge was formed on the surface
of the polarized nanorod, dense in the extended central cylindrical part and loose at the ends of the nanorod.
There was also a shift of the macromolecular edge from the units of a uniformly charged polypeptide to the
oppositely charged end of the nanorod, on which this polyelectrolyte edge swelled.

Keywords: gold nanorod, polarized nanoparticle, polyampholyte, polyelectrolyte, conformational structure,
molecular dynamics

1. Introduction

Currently, gold nanorods or nanospheroids that form conjugates with biopolymers are widely used in
the creation of functional elements of various chemical sensors based on the effects of Forster energy
transfer between nanoobjects connected by a macrochain and giant Raman scattering, as well as in the
creation of nanostructured materials with embedded gold nanoparticles [1-13]. Of great interest in this case is
the control of the characteristics of such nanosystems by changing the conformational structure of the
adsorbed macrochain under the influence of an external electric field. In this case, it is necessary to use
polyelectrolyte macromolecules that contain charged units, or polyampholytes, with electric dipole moments
of monomers or unit fragments in their structure as such macrochains.

Previously, the authors in a number of works [14-22] studied electrically induced changes in the
conformational structure of generally neutral polyampholytes or uniformly charged polyelectrolyte
macrochains on the surface of a cylindrical gold nanowire transversely polarized in an external electric field,
as well as an elongated or oblate gold nanospheroid polarized along the major axis. However, when creating
such hybrid nanosystems, rather short cylindrical gold nanorods, the ends of which are spherical or
spheroidal surfaces, are often used [1-13]. Such nanorods in some cases can be approximately considered as
elongated nanospheroids with the length of the major axis equal to the length of the nanorod and the length
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of the minor semi-axes equal to the radius of the nanorod. However, in the case of longitudinal polarization
of such a nanorod in an external electric field, the distribution of induced charges on its surface will differ
significantly from the distribution of induced charges on the surface of an elongated metal nanospheroid
polarized along the major axis. On the surface of the cylindrical part of a metal nanorod, if it is longitudinally
polarized, the surface density of induced electric charges will be zero, and all induced charges will be
concentrated only at its ends. In particular, if the ends of the nanorod have a spherical surface shape, then the
charges induced by the external electric field will be distributed according to the cosine law between the
direction of the electric field and the normal to the surface [23]. This distribution of surface charges will have
a significant impact on the conformational structure of polyelectrolytes adsorbed on the surface, which will
vary significantly depending on the strength of the external polarizing electric field.

On the other hand, as was shown in [22], the formed conformational structure of the edge will also be
influenced by the curvature of the adsorbing surface of the nanoparticle through the entropy factor. The
radial distribution of the density of uncharged chain links on the cylindrical section of the particle has a
different character than the similar distribution at the surface of the nanosphere.

Thus, the goal of this work is to study the conformational structure of generally neutral polyampholyte
and uniformly charged polyelectrolyte macrochains on the surface of a longitudinally polarized cylindrical
gold nanorod with spherical ends.

2. Mathematical model of the conformational structure of polyampholyte and
polyelectrolyte chains on the surface of a spherocylinder polarized in an electric field

In [19, 22], the formation of an openwork structure of a polyampholyte macrochain (edge) adsorbed on
the surface of nanoparticles of various shapes (spheres, spheroids, cylinders) was considered on the basis of a
generalized model of an ideal Gaussian chain interacting with an adsorbent particle through two potential
fields: van- der Waals V(r) and electric, arising in addition to V(r) as a result of polarization of the
nanoparticle by an external field of intensity Eo.

The configuration function w(r) of an ideal Gaussian macrochain (i.e. a chain without bulk inter-link
interactions) in the potential van der Waals field V(r) of the adsorbent surface satisfies an equation that is
isomorphic to the stationary Schrédinger equation [24]:

L2 -V (1) -y () e

Here, in (1) ap is the length of the chain link, kT is the thermal energy at temperature T of the system,
and ¢ is a constant with the dimension of energy (eigenvalue of the Grosberg-Khokhlov operator). Surfaces
of constant density of monomer units of a polymer reflect the geometry of the adsorbing boundary, therefore,
to write equation (1) in the case of a spherocylinder, cylindrical and spherical coordinate systems were used
simultaneously, with each section of the composite particle having its own. The conformational function
w(r), depending on the radius vector r of the unit, found by solving equation (1), makes it possible to take
into account the entropy aspects of the formation of various conformations of the adsorbed macrochain.
Thus, the spatial distribution of the local density of chain links n(r) is determined by the square of the
conformational function corresponding to the minimum eigenvalue &o: no(r) = wo?(r) [24]. In the case of a
quasi-stationary electric field of strength E(t), one can consider quasi-equilibrium conformations of a
macromolecule adsorbed on a nanoparticle, as was done, for example, in [20].

The energy of the additional (in addition to V(r)) interaction of the electric field of a nanoparticle with a
separate link, or a group of polyampholyte links with a characteristic electric dipole moment p of a separate
selected segment (a single link or a group of links) can be written in the form

© (r) — ©
Vo () =—pVe™(r)- @
For a polyelectrolyte carrying a charge g on an individual chain link, the additional interaction energy

V() =q-¢(r). @)
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The resulting equilibrium spatial distribution of the density n(r) of macrochain units of a polyampholyte
or polyelectrolyte adsorbed by a polarized nanoparticle in the approximation of the independent action of
entropy and force factors [22] can be represented by the Boltzmann exponent:

V@ (r
n(r) =y (nyexp| 20 | ®)
KT
The entropy factor yo?(r) in (3) contains information about the linear memory of the polymer, as well as
the features of the curvature of the surface of the adsorbing nanoparticle and its VVan de Waals potential V(r).

The second, Boltzmann factor for the potential field Vp((eq))(r), reflects the result of the action of the quasi-

static field (2) or (2’) within the framework of the independent links model. The role of this factor in the
formation of macrochain conformations during its adsorption on a polarized elongated spheroidal
nanoparticle in an external field was studied by us earlier in [19].

To determine the entropy factor wo?(r) for a spherocylinder in (3), as in the case of a compressed
spheroid [22], the solution to equation (3) can be represented by a simple analytical expression obtained for a
composite figure of a circular cylinder with two hemispheres (“stubs” of radius R=b=c, where b and c are the
minor semi-axes of the prolate spheroid).

Previously, in [14, 16], the radial dependences of the concentration of units were determined for
cylindrical and spherical nanoparticles with o-functional well simulating the attraction of units of a polymer
molecule to the surface of the nanoparticle.

Then, for the cylindrical part of a composite model nanoparticle with radius R=b=c, i.e. in the region
—L/2<z<L/2 (L - length of the cylindrical part) the solution of equation (1) with a potential in the form
of a delta-functional well and a solid wall

_|-a@s(r-r), r>R (4)
V(r)_{Vw(r)=oo, r=R

can be written in the form

7 =A(Io(qr>—r<o<qr)%} R<r<r, 6
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where lo and Ko are the Bessel functions of the imaginary argument of the zero order of the first and second
kind, respectively, A is a constant, and the parameter q is found from the solution of the transcendental
equation:

Ko(qro)lo(qro) = 6ar K (qR)

The solution to Grosberg-Khokhlov equation (1) [24] with the delta-functional potential (4) of attraction
at radius ro and the repulsive wall V,(r)=V_(R)-ad(r —r,), where o - depth of well, on the surface of the
nanoparticle for a spherical nanoparticle of radius R has the form (A=const)

_al he@@r) 1, (aR) Ky,(ar)
l/’.(r)—A{ TR } R<r<r,

l,(@r)  1,(AR) [Ky,(dr)
=A - ,
¥lr) {Km(qro) KmmRJ Jr

()

I, <r<o

where the parameter q is the root of the equation
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Spherically symmetric functions (7) are represented through the Bessel functions l12(qr) and Ki2(qr)
the imaginary argument with index 1/2. Using (7), it is easy to represent the conformational functions on the
surfaces of two stub hemispheres L/2<z<L/2+R and —L/2—-R<z<-L/2, similar to how it was done
for a compressed spheroid in [22].

Then the spatial distribution (3) of the density n(r) of macrochain units adsorbed by a polarized
nanoparticle takes the form

n(r):{wf(r,Z), R<r<r, }exp{ V;ff(i)(f)} 3)

wh(r,z), ,<r<o K

The entropy factor 1,//,2,“ (r) in the form of the square of conformational functions (5) or (7) is used to

describe the density of units in different sections of the spherocylinder: two hemispheres or a central
cylindrical insert.

Approximation of the electric field of a spherocylinder by a prolate spheroid

The characteristics of the electric field of a spherocylinder can be described with acceptable accuracy
by replacing a cylinder with two spherical ends of a radius R=b=c with an elongated spheroid with similar
geometric parameters (Fig. 1). Then the semimajor axis of the spheroid automatically determines the length
L of the cylindrical part of the figure: a=R+L/2>b. The potential of the resulting field outside a conducting
spheroid polarized in an alternating external uniform field parallel to its major axis a with the vector Eg
oriented along the x axis can be written in the following form [23]:

P =—E xx
. 9
1 [e(w) -] (1- e) ~/1+.§1/a +e 2e ®)
{£9 +[e(@) -9} 2 J1+§1 a-e \Jlrgla
@, =—Ex=-En d =-E dM' (10)

4a* —b? "2 Ja*-b?

Here, to describe the field of charged and polarized axisymmetric ellipsoidal bodies (ellipsoids of
revolution, for which semi-axes b=c) ellipsoidal coordinates are used & =(r,+r,)*/4-a’%

n,=(r,—r,)* /1 4—a%, ¢, where are the focal radii and the eccentricity of the prolate spheroid e=+1-b?/a%.
For points on the surface of a spheroid &=0.

E,V/cm
4x10°

3x10°
2x10°

1x108

Fig.1. Spherocylinder and its approximation by an elongated spheroid (a), distribution of electric field strength outside
the spheroid (b).
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In an alternating electric field that varies harmoniously with frequency w, the metal nanoparticle is
characterized by a dielectric constant e(w). In (9), the frequency dispersion of the dielectric constant &(w) of
a metal in the form of a Drude-Lorentz is taken into account [23]. The dielectric constant of the external
medium £® is assumed to be constant.

In the model presented above, as in [19, 22], the adsorption van der Waals potential V(r) of the surface
of an uncharged spheroidal nanoparticle can be specified by a combination (4) of the simplest model
potentials “solid wall — delta functional well”.

3. Simulation results

Based on expressions (2 — 10), calculations were made of the field characteristics in the vicinity of a
gold spherocylinder (total length 10 nm, radius of the cylindrical part and two hemispheres 2 nm) and the
density of units of a macrochain of a polyelectrolyte or polyampholyte type adsorbed on it. The magnitude of
the charge of the link or its dipole moment, the strength of the polarizing field, as well as the depth and
position of the van der Waals well were varied, along with the temperature, the dimensions of the links and
the lengths of the semi-axes of the spherocylinder.

Figure 1a shows the approximation of a spherocylinder by an elongated spheroid. And Figure 1b shows
a picture of the field strength of an elongated polarized spheroid. It is more convenient to calculate the field
characteristics by imagining the nanoparticle in the form of an elongated spheroid, so formulas (9) and (10)
were used for this.

In Fig. 2 shows the concentration distributions of polyelectrolyte units near the surface of an uncharged
polarized nanorod with hemispherical ends for different values and signs of charge q of the chain link: -0.1|e|
(Fig. 2a and 2d), 0 (Fig. 2b and 2e), 0.1]e| (Figure 2c and 2f) taking into account the entropy factor yo?(r) and

Boltzmann factor factors W(r)=exp[—Vp((ec)|)(r)/kT] based on formula (3°). Simulation parameters: a

=5nm, b=c=2nm (radius of the cylinder and hemispheres), a=5-102 ¢V-nm (potential well depth), a;=0.5 nm
(link length), temperature T=300 K, E,=106 V/cm. The figure shows that for a macrochain with neutral links
(Figs. 2b and 2e), monomers on the surface of a spherocylinder polarized in an external electric field are
distributed uniformly throughout, since the macromolecule is not sensitive to the effect of an electric field.
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Fig.2. Distribution of the concentration of polyelectrolyte units near the surface of a polarized nanorod for different
values and signs of the unit charge: -0.1¢| (a, d), 0 (b, €), 0.1]e| (c, ). Figures d, e, f show the angular distributions of
unit concentrations from the center of the nanoparticle (angle 0 degrees is the direction along the external electric field
strength vector, and angle 180 degrees is in the opposite direction).
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And when the sign of the polyelectrolyte link charge changes, a mirror image of displaced monomers is
observed on the surface of the spherocylinder (Figs. 2a and 2c), as well as the corresponding curves of the
distributed concentration of the units in different directions (Figs. 2d and 2f).

When the localization radius ro—the position of the delta-functional van der Waals well—changed from
re=2.3 nm to ro=2.7 nm, the radial-angular density distributions (3) changed noticeably both at the end
sections of the nanoparticle and in the region of the cylindrical section.

Thus, the contribution of the van der Waals interaction, represented by the delta function, is felt when
the radius of its action zone changes. The parameter «, which determines the effective depth of the van der
Waals well, manifests itself in a similar way. Temperature T and the length of the macrochain link ao are
included in (1) in the form of a product, therefore the influence of these parameters on the distribution
picture should be considered together. Analysis of the calculated curves showed that an increase in the
parameter aoT levels out the difference in the amplitudes of the radial distributions at different ends of the
spherocylinder

Figure 3 shows the pattern of changes in polyelectrolyte links on the surface of a spherocylinder at
different values of the external electric field. It is evident that with an increase in the electric field strength
from E¢=10° V/cm (Fig. 3a) to Eo=3 10° V/cm (Fig. 3c), a significant shift of the macrochain monomers to
the oppositely charged end of the nanoparticle is observed. This is clearly seen in the graphs of the angular
distributions of the link concentration (Fig. 3, d-f). At the lowest value of the external electric field strength
(Fig. 3d) in any direction from the center of the nanoparticle, the peaks of the monomer concentration
distributions are at the same level. And as the external electric field strength increases (Fig. 3, e and f), the
peaks of the link concentration become lower and lower, the larger the angle.
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Fig.3. Distribution of the concentration of polyelectrolyte units (unit charge q=0.1|e|) at different values of the
polarizing field strength Eo: 10° V/cm (a, d), 10° V/em (b, €), 3 10% V/em (c, f). Figures d, e, and f show the angular
distributions of unit concentrations from the center of the nanoparticle.

The degree of elongation of the nanoparticle (Fig. 4) also significantly affects the distribution of
monomer density: it, as expected, has the least pronounced angular dependence for a sphere, and a more
pronounced one for a nanoparticle with a relatively large cylindrical part. With a proportional change in the
radii of the cylinder and hemispheres, the angular dependences appear more noticeable for nanoparticles with
a large radius. In Figure 4d, corresponding to the sphere (Fig. 4a), the smallest difference between the curves
of the monomer concentration distributions in opposite directions is observed. With increasing elongation of
the spherocylinder (Fig. 4, b and e) and even stronger elongation (Fig. 4, ¢ and f), an increasingly greater
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difference is observed between the curves of the angular distributions of the monomer concentration in the
lower half of the spherocylinder (angles from 90 to 180 degrees) and the upper (angles from 0 to 90 degrees).
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Fig.4. Distribution of the concentration of polyelectrolyte units (unit charge g=0.1|e|) for different lengths of the
cylindrical part of the nanorod b=c=2 nm: a=2 nm (a, d), a=5 nm (b, €), a=10 nm (c, f). Figures d, e, and f show the
angular distributions of unit concentrations from the center of the nanoparticle.

In Fig. 5 shows the distribution of the concentration of polyampholyte units in a longitudinal electric
field of different strengths Eo, taking into account entropy and field factors together in the presence of a
dipole moment at link p of the macrochain. Both factors (entropy and Boltzmann) are taken into account
together in expression (3’), the reference point is at the center of the nanoparticle, on its axis. Values of
modeling parameters used in the calculation, Eo=10°-3 10° V/cm, a=5 nm, b=c=2 nm, =510 ¢V-nm,
re=R+0.5 nm, R=b=c (radius of the cylinder and both hemispheres), a;=0.5 nm (link length), T=300 K.
Significant differences are observed in the angular dependences of the distribution of polyampholyte units
from the case of polyelectrolyte. Firstly, there is a symmetry of the angular density distribution associated
with the free reorientation of the dipole p of the chain link in the field. Secondly, the lowest density of units
is formed in the middle section passing through the origin at the center of the nanoparticle. The shift in the
van der Waals well localization zone is not as noticeable as in the case of a polyelectrolyte. The same applies
to the parameter of the effective depth of the van der Waals well. An increase in the agT (1) parameter leads
to a leveling of the amplitudes of the radial distributions for different angles — as in the case of a
polyelectrolyte. In a weak electric field, the anisotropy of the distribution is not pronounced, and the radial
dependence of the density is entirely formed by the van der Waals field. However, in a field of Eo = 3 10°
Vicm, a strong shift in the density of the chain monomers to both ends of the nanoparticle is observed.
Stretching the spherocylinder, that is, lengthening its cylindrical part, leads to an increase in the degree of
anisotropy in the distribution.

A change in the radius ro of the delta-functional well localization from r;=2.3 nm to r,=2.7 nm leads to
a noticeable change in the radial-angular distributions of the polyampholyte density (3) both at the end
sections, i.e. in the region of hemispheres and in the region of the cylindrical section. The contribution of the
van der Waals interaction to the pattern of link distribution should be recognized as significant, because it is
transformed when the parameter «, which determines the effective depth of the van der Waals well, changes.
The product of temperature and the length of the macrochain link aoT affects the difference in the amplitudes
of the radial distributions in the cylindrical part and at the ends of the spherocylinder.
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Fig.5. Concentration distribution of polyampholyte units (unit dipole moment 5 D) in a longitudinal electric field of
strength Eo: 10° VV/em (a, d), 108 V/em (b, ) 3 10° V/em (c, ). Figures ¢, d show the angular distributions of unit
concentrations from the center of the nanoparticle.

A relative increase in the length of the cylindrical part of the spherocylinder (Fig. 6) leads to the effect
of depletion of the density of links in the central zone and enrichment of the density at the ends. A
proportional change in the radii and length of the central part of the sphero-cylinder does not lead to the same
noticeable effect of redistribution of monomer density, but gives a smoother differentiation.
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Fig.6. Distribution of the concentration of polyampholyte units (unit dipole moment 5 D) for different lengths of the
cylindrical part of the nanorod b=c=2 nm: a=2 nm (a, d), a=5 nm (b, €) a=10 nm (c, f). Figures d, e and f show the
angular distributions of unit concentrations from the center of the nanoparticle.
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4. Initial data for molecular dynamics simulation, features of its implementation and
processing

Molecular dynamics (MD) simulation of polypeptides on the surface of a gold nanorod was carried out
using the NAMD 2.14 software package [25]. A model of a gold nanorod was obtained by cutting out a gold
crystal: the central part of a cylindrical nanorod with a length of about 6 nm and a radius of 1.5 nm, and two
hemispheres with a radius of 1.5 nm were located at the ends. During the MD simulation, the atoms of the
nanorod remained fixed.

Three generally neutral polyampholytic polypeptides were considered:

1) polypeptide P1, consisting of 600 amino acid residues with 480 Ala (A) units with evenly distributed
60 Asp units (D, charge -1e) and 60 Arg units (R, charge +1e) — (A2DARA?)eo;

2) polypeptide P2, consisting of 980 amino acid residues with 784 Ala units with evenly distributed 49
pairs of Asp units and 49 pairs of Arg units— (AsR2AsD2A4)49;

3) polypeptide P3, consisting of 988 amino acid residues with 880 Ala units with evenly distributed 27
pairs of Asp units and 27 pairs of Arg units— Ag(AsD2A16R2As8)27As.

Three uniformly negatively charged polypeptides consisting of 800 amino acid residues were also
considered:

4) polypeptide P4 (total macrochain charge -40e), consisting of 760 Ala units with 40 Asp units evenly
distributed— (A10DAg)o;

5) polypeptide P5 (total macrochain charge -80e), consisting of 720 Ala units with 80 Asp units evenly
distributed— (AsDA4)so;

6) polypeptide P6 (total macrochain charge -160e), consisting of 640 Ala units with 160 Asp units
evenly distributed— (A2DA2)160.

For polypeptides, the CHARMM36 force field was used [26-27]. Noncovalent interactions with a gold
nanospheroid were described by the Lennard-Jones potential parameterized in [28], which is widely used in
studying the adsorption of molecules on the surface of a gold nanoparticle [29-33]. The van der Waals
potential was cut off at 1.2 nm using a smoothing function between 1.0 and 1.2 nm. Electrostatic interactions
were calculated directly at a distance of 1.2 nm, and at a larger distance the particle-mesh Ewald method
(PME) [34] was used with a grid step of 0.11 nm. The entire nanosystem was placed in a cube with 24 nm
edges filled with TIP3P water molecules [35]. To control the obtaining of equilibrium conformations, the
change in the root mean square distance between polypeptide atoms in different conformations (RMSD) was
monitored. MD simulation was carried out at a constant temperature at 900 K with a subsequent decrease to
300 K. The length of the time trajectory reached 20 ns.

To obtain starting conformations, MD simulation of generally neutral polyampholytic polypeptides (P1-
P3) was performed on the neutral surface of a gold nanorod, and to obtain starting conformations of
negatively charged polypeptides (hnumbered P4-P5), MD simulation was performed on the positively charged
surface of gold nanorod, in which each surface atom had a partial charge equal to +0.1e. In all cases,
conformational structures were obtained in which the macrochain completely enveloped the nanorod. Three
starting conformations were obtained for each polypeptide considered, which were used as starting ones in
modeling on the surface of a longitudinally polarized nanorod.

In the case of longitudinal polarization, the cylindrical part of the metal nanorod remains neutral.
Therefore, the local electric field was set through a change in the charges of atoms on the surface of spherical
hemispheres located at the ends of the nanorod, where the induced charges were distributed according to the
cosine law between the normal to the surface and the direction of the electric field, codirectional with the
axis of the nanorod [23]. The following values of the induced dipole moment of the longitudinally polarized
nanorod were obtained: pozs =~ 11.5, pos = 23, and p1.o~ 46 kDa. At these values of the dipole moment of the
nanorod, the atoms at the pole of its positively charged hemisphere had partial charges: +0.25e, +0.5¢ and
+1e, respectively.

Based on the results of MD simulation for all obtained conformations, the radial distributions of the
average density of polypeptide atoms on the surface of the terminal hemispheres of the nanorod and in the
middle of the central cylindrical part in a layer 2 nm wide relative to the nanorod axis, as well as the
distributions of the linear density of polypeptide atoms along the nanorod axis, were calculated.
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5. Results of MD simulation

5.1 Conformational structure of polyampholytic polypeptides on the surface of a
longitudinally polarized spherocylinder

Figure 7a shows the conformational structure of polyampholytic polypeptide P2 obtained from MD
simulations on the surface of an unpolarized gold nanorod. It can be seen that the macromolecular chain
completely envelops the gold nanorod. Similar conformations have been obtained for other polyampholytic
polypeptides. Figure 8 (curves 1) shows the radial distributions of the density of polypeptide atoms at the end
of the simulation on the surface of a non-polarized neutral nanoparticle. Both in the terminal spherical part
(Fig. 8a) of the nanorod and in its central cylindrical part (Fig. 2b), a characteristic distribution of the density
of polypeptide atoms with a peak near the surface is formed.

a) b) C)

Fig.7. Conformational structure of polypeptide P2 after MD simulation on an unpolarized (a) and polarized (b) gold
nanorod with a dipole moment of pos, as well as the conformation of polypeptide P3 (c) on a hanorod polarized with a
dipole moment of p1o (the dipole moment is directed from below - up, the blue tube is the Ala links, the Asp links are

shown in red, and the Arg links are white).
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Fig.8. Radial distributions of the atomic density of polypeptides P2 (a) and P3 (c) in the region of the upper (Fig. 7)
terminal hemisphere (a) of the gold nanorod, as well as in the central region of the cylindrical part of the nanorod (b) at
the end of MD simulation at different values of the dipole moment of the nanorod: 1 — 0, 2 - pos, 3- Po.s, 4 - P1.o.

As the dipole moment of the longitudinally polarized nanorod increased, the conformational structure of
the adsorbed polyampholyte macromolecules changed significantly (Figs. 7b and 7c). At the ends of the gold
nanorod, due to the induced electric charges, repulsion of similarly charged units occurred in relation to the
surface charge of the terminal hemispheres from the nanorod. This led to elongation of the loops of the
polyampholyte macrochain and swelling of the polyampholyte edge at the ends of the nanorod. The radial
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distributions of the atomic density of polyampholytic polypeptides obtained at the end of the MD simulation
on the surface of a longitudinally polarized nanorod (Fig. 8a) show that as the dipole moment of the nanorod
increases, there is a significant decrease in the radial distribution curves of the polypeptide atoms in the
terminal spherical region of the nanorod. This decrease in the density of macrochain atoms indicates that the
macromolecular edge at the ends of the nanorod swells significantly.

In addition, despite the fact that the central cylindrical part of the nanorod remained neutral, some of the
charged units are displaced from it to the charged terminal hemispheres due to the rearrangement of the
conformational structure of the polyampholyte at the ends of the longitudinally polarized nanorod. Therefore,
in the central cylindrical part of the nanorod, a slight decrease in the radial distribution curves of the atomic
density of polyampholytic polypeptides is observed as the dipole moment of the nanorod increases (Fig. 8b).

5.2 Conformational structure of uniformly charged polypeptides on the surface of a
longitudinally polarized spherocylinder

In the case of MD simulation of uniformly charged polypeptides, as the dipole moment of the gold
nanorod increased, the macrochain units gradually shifted towards the oppositely charged end of the
nanorod. Figure 9a shows that when the dipole moment of the nanorod is equal to pos, the lower negatively
charged end of the nanorod is partially exposed, which in the starting conformation was completely
enveloped by the P5 polypeptide. With a further increase in the dipole moment to pos, the lower terminal
hemisphere of the nanorod turned out to be completely exposed (Fig. 9b), and at p1o the macrochain shifted
even higher towards the positively charged end of the nanorod (Fig. 9¢c). Moreover, due to the fact that the
central cylindrical part of the nanorod is neutral, the displacement of the charged macrochain after exposure
of the lower terminal hemisphere is very weak. Most of the cylindrical part turns out to be covered with
macrochain links, in contrast to the case of a polarized elongated gold nanospheroid [19, 21]. This
displacement is caused by the displacement of the charged links of the macrochain to the oppositely charged
terminal hemisphere, and this is prevented by the van der Waals forces of attraction to the cylindrical part
and forces of an entropic nature [24].

This can be seen in the distributions of the linear density of atoms of the P5 polypeptide (Fig. 10a)
along the axis of the nanorod depending on the value of its dipole moment. It can be seen that the greater the
value of the dipole moment of the gold nanorod, the stronger the shift of the profile in the positive direction
of the z axis, which coincides with the direction of the dipole moment of the nanorod.

Fig.9. Conformations of polypeptide P5 at the end of MD simulation on the surface of a longitudinally polarized gold
nanorod (the dipole moment is directed upward) at different values of the dipole moment of the nanorod: po2s (), Pos
(b), p.1o (c) (blue tube - Ala links, Asp links are shown in red).

In addition, in the upper (Fig. 9) positively charged spherical part of the nanorod, as its dipole moment
increases, the macromolecular edge of the negatively charged macromolecule swells. This can be seen in the
graphs of the radial distributions of the density of atoms of the P5 polypeptide (Fig. 10b) depending on the
value of the dipole moment of the nanorod. As the dipole moment of the nanorod increases, a decrease in the
radial density distribution curves of a uniformly charged polypeptide is observed (Fig. 10).
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This swelling of the edge is due to the fact that as the dipole moment of the nanorod increases, an
increasingly greater electrical charge is induced at its positive end, which leads to a displacement of the
negative amino acid residues of the polypeptide there.
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Fig.10. Distributions of the linear density of atoms of polypeptide P5 (a) along the axis of the nanorod, as well as radial
distributions of the density of atoms of polypeptide P5 (b) in the region of the upper (Fig. 9) terminal hemisphere at the
end of MD simulation at different values of the dipole moment of the nanorod: 1 — 0, 2 - po2s, 3- Pos, 4 - P1o.

Negative charged amino acid residues Asp gradually fills most of the surface of the terminal positively
charged hemisphere, displacing the neutral amino acid residues Ala located between them in the macrochain.
And this leads to the formation of macrochain loops, which are formed only by fragments of neutral units, in
contrast to the loops of polyampholytic polypeptides (Fig. 7b and 7c).

6. Conclusion

Thus, the work presents an analytical version of the mathematical model of the conformational structure
of a polyampholyte and polyelectrolyte macromolecule formed on an elongated nanospheroid in a
longitudinal electric field with approximation of the spherocylinder by an elongated spheroid when
calculating the characteristics of the resulting field. This model, which takes into account the separated
Boltzmann and entropy factors in the density distribution of units, makes it possible to describe the
conformational changes of a polymer chain adsorbed on the surface of a cylindrical nanorod with spherical
ends in an external electric field without a significant loss of accuracy using simpler expressions than those
previously obtained in [18-19] for an elongated nanospheroid. Calculations of radial-angular distributions of
unit density based on the proposed model showed significant differences in the response of the distributions
to the action of an external electric field polarizing the spherocylinder for polyelectrolytes and
polyampholytes. The independent molecular dynamics simulation carried out in the work, in turn, showed
that on the surface of a longitudinally polarized gold nanorod, consisting of a central cylindrical part and
terminal hemispherical parts, significant conformational changes occur in both generally neutral
polyampholyte and uniformly charged macrochains.

Upon adsorption of polyampholyte macromolecules, a dumbbell-shaped macromolecular edge is
formed, loose at the ends of the longitudinally polarized nanorod and dense in its central cylindrical part,
which is generally similar to the polyampholyte edge on the surface of an elongated spheroidal gold
nanoparticle polarized along the major axis. But at the same time, the dumbbell-shaped polyampholyte edge
on the surface of a longitudinally polarized nanorod has clearer shapes associated with a clear division into a
neutral uncharged cylindrical region and charged terminal hemispheres, in contrast to an elongated polarized
gold nanospheroid [21], where the surface density of induced charges was equal to zero only at the equator.

In the case of uniformly negatively charged polypeptides adsorbed on the surface of a longitudinally
polarized nanorod, the macromolecular edge gradually shifted to the positively charged hemisphere of the
nanorod, swelling there due to the high concentration of charged units on the surface. But in contrast to an
elongated spheroidal gold nanoparticle [19, 21], polarized along the major axis, most of the macrochain links
remained on the extended neutral cylindrical part of the longitudinally polarized nanorod.

Thus, such control of the shape of the macromolecular edge of polyelectrolyte macromolecules on the
surface of a gold nanorod polarized in the longitudinal direction under the influence of an external electric
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field can find application in creating and improving the characteristics of sensitive elements of measuring
nanoelectronics and nanomaterials, as well as in creating nanoprobes with controlled characteristics for
biomedical applications.
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