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Abstract

at the cancerous region.

Superior design of therapeutic particles requires an understanding of the competition between electrostatic, van
der Waals, and steric interactions in the system. This study combines those three forms of interactions and utilizes a
decoupled mean-field approximation to generalize a molecular theory that determines the monoligand-receptor binding
protocol. This protocol is designed to target receptors on cancer cells primarily through pH sensitivity and electrostatic
binding while protecting healthy cells. The general theory of monoligand-receptor binding considers the influence of
receptor densities on the binding and analyzes the molecular reorganization of two different kinds of grafted polymers
(thermo-responsive and polybase) to a nanoparticle’s surface that is near a cell surface. To enhance targeting, several
stimuli and design parameters are studied to determine their effect on ligand complex elongation, which is crucial for
binding efficiency. The results provide a design protocol (software) for effective ligand complexes for tumor targeting. In
addition, the results indicate that controlling the salt concentration at the administrative site should advance the binding

Keywords: Monoligand-receptor; Polymer physics; Nanomedicine;
Nanoparticle design; Meanfield theory; Intermolecular interactions

Introduction

The advantages of nanomedicine technology depend, to a large
extent, on the creation of smart nanoparticles, such as micelles and
liposomes. Micellesandliposomesare the best performing carriers as they
can accommodate the delivery of diverse hydrophobic and hydrophilic
drugs [1]. Smart nanoparticles can respond to a small range of external
stimuli, such as small changes in temperature, pH, salt concentration,
or magnetic and electrostatic field [2-5]. The nanoparticle’s response
appears as a change in the conformational structure that can be used
to attach the nanoparticle to the targeted cell or release its contents at
the site of administration. Smart nanoparticles are developed for drug
delivery applications, biosensing and as molecular imaging tenders [6].
Moreover, nanoparticles are created from different kinds of polymers
to protect their contents from the external environment, and achieve
a desirable design to increase their capability of binding to the targeted
cells [6-8].

The hydrophobicity of the nanoparticle’s core, and the high
toxicity of the hydrophobic anticancer drugs inspire biomedical
engineers to design nanoparticles as anticancer drug delivery
systems. An ideal nanoparticle’s design for cancer treatment should
prevent any drug leakage, and ensure the delivery to cancerous cells
only. In 2006, Nasongkla et al. developed a multifunctional micelle to
target integrin &, f3, in cancer cells, and deliver doxorubicin (DOX)
and MRI-ultrasensitive particles to the tumor [6]. Dhar et al. found
a unique micellar design that is made of poly(D,L-lactic-co-glycolic
acid) (PLGA)-poly(ethylene glycol) (PEG) to deliver an anticancer
drug (cisplatin) to prostate cancer cells [7]. The polymers are attached
to prostate-specific membrane antigen (PSMA) targeting aptamers.
Their specific design ensured the binding to prostate cells, and the
release of the drug inside the cells through endocytosis. Another
study by Ahn et al. used antibody-drug congregates (ADCs) for
targeted delivery, such that ADCs ligands are attached to micelles
that are loaded with cytotoxic platinum drugs for pancreatic tumor
treatment [8]. Their results show efficient delivery of the anticancer
drug, and accordingly a significant suppression in the growth of the
pancreatic malignant cells.

Despite the development of the nanoparticle’s designs for targeted
delivery to cancer cell, a review paper by Wilhelm et al. stated that,
“after surveying the literature from the past 10 years, only 0.7% (median)
of the administered nanoparticle dose is found to be delivered to a solid
tumor” [9]. Therefore, refining nanoparticles that can target malignant
cells with very low concentration compared to healthy cells in the
blood stream is sufficient motivation for the further development of
smart nanoparticles. Improving the targeting proficiency of smart
nanoparticles is governed by the choice of polymers that are attracted
to malignant cells only, and ligands that bind to cancer cells through
the molecular recognition of specific cancer markers [10]. Several
theoretical studies attempted to understand the ligand-receptor binding
properties through consideration of the molecular interaction in the
biological system [11,12]. One revealed that attaching desired ligands
to polybases in a nanoparticle has improved the ligand-overexpressed
receptor binding in cancer cells [13]. Evidently, the positively charged
segments on the polybases improve the targeting as several cancer cells
have negatively charged lipids [14,15].

The monoligand-recptor binding theory presented here models the
molecular reorganization of grafted thermo-responsive polymers and
polybases to a surface of a nanoparticle that is near a cell surface (dense
system) on a cubic lattice (Figure 1). The thermo-responsive polymers
create the shell of the nanoparticle such that their length, density,
and type are significant design parameters of the nanoparticle [16].
The charged polybases are electrostatically attracted to the negatively
charge surface of the cancer cell [14,15,17]. The developed molecular
theory, a general theory of monoligand-receptor binding behavior,
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Figure 1: An illustration of a nanoparticle that has shell-forming polymers
(dark blue lines) and polybases (light blue lines) that are attached to ligands
(red tips). It illustrates the monoligand-receptor binding between the ligands
and specific receptors (yellow) on the cell surface. Note that the cell surface
contains other receptors (green).

predicts the competition between van der Waals, electrostatic, and
steric interactions in a very dense system using a decoupled mean-field
approximation. The competition between these forces leads to two
significant therapeutic states. The shield state that represents collapsed
polybases to protect the ligands from binding to healthy cells when
the nanoparticle is distant from the cancer cell, while the exposed state
represents the stretched polybases that expose the ligands to bind to
specific receptors on the malignant cells. The focus of this study is
to improve the second state, which depends on the shell-forming
polymer “thermo-responsive polymers” and ligand complex “polybase
attached to ligands” elongation under several biological conditions and
nanoparticle’s design.

The monoligand-receptor binding system is a very dense system
that is composed of at least nine different molecules; water molecules

(W) ,H",OH" saltions (sz , Cl_) , monomers of the shell-forming
polymers (S ) , uncharged and charged monomers that form the
ligand complexes (L,L+ ), and bound ligand-receptors (LR) . These

molecules interact with each other via steric, van der Waals, and
electrostatic interactions. This work aims to improve the monoligand-
receptor binding by understanding the molecular interactions and
reorganization between these molecules under several environmental
conditions. The general molecular theory uses a decoupled mean-field
approximation approach, which was developed in [18], not only to easily
explore a large parameter space that cannot be done via simulation,
but also to improve the accuracy in analyzing the molecular self-
reorganization of grafted shell-forming polymers and ligand complexes.
The system is modeled on a cubic lattice with coordination number
six. Details about the system’s design and properties are discussed in
the Model section. The generalized theory is developed through the
determination of the free energy in the system, which is discussed in the
Theoretical Approach section. The Result section examined the effect of
several stimuli (such as local temperature, pH, and cell surface charge)
and design parameters (such as polymers density and fraction of
ligands) on stretching the ligand complexes. Finally, a brief conclusion
about the monoligand-receptor binding properties is reviewed with
suggestions for future work to enhance the fraction of ligand-receptor
binding.

Model

The model is designed to focus on the molecular reorganization
between a nanoparticle surface and a cell surface, where both are
considered as planar. The system between the two planar contains

water molecules (w),HJ',OH* salt ions (Na+,Cl_), and several

segments of two different kinds of polymers. Figure 2 represents two
kinds of grafted polymers to a nanoparticle’s surface that interact with
a cell surface. The two different kinds of grafted polymers have a total
density , and number of monomers for both.

The first kind of polymers is shell-forming polymers (illustrated by
dark blue lines). As these polymers form the nanoparticle shell, their
length can affect the overall nanoparticle size, as well as their thermo-
response. Shell-forming polymers that collapse at body temperature
reduce the nanoparticles size and vice versa. Also, distributing
these uncharged polymers on the nanoparticle surface reduces the
unfavorable electrostatic interaction between different charged ligand
complexes, while strengthening the repulsion between different charged
segments from the same ligand complex, which should lead to the
desired stretching of the ligand complex. Hydrophilic-biocompatible
shell-forming polymers can be used as a non-inflammatory modifier
for drugs. The choice of shell-forming polymers should serve to increase
the solubility and improve the biocompatibility of the therapeutic
nanoparticle.

The second kind of polymers that are attached to the nanoparticle’s
surface is polybases (illustrated by light blue lines with white rings
(charges)). These polymers are attached to ligands illustrated by the
red tips. By definition, polybases are polyelectrolytes that have basic

groups, which are able to bind to free hydrogen ions (H *) in the

biological aqueous environment and become positively charged with an
association constant K (note that | represents uncharged segments

and L, represents charged segments). The positive segments on the
polybases (L+) become attracted to negatively charged surface of the

Micellar Surface

- Cellular Surface- -

Shell-forming
polymer

Polyelectrolyte
attached to a ligand
(ligand complex)

OTargeted receptor & Bound ligand
. Salt ions 0 Unbound ligand

Figure 2: An illustration of the system under study, which is submerged in an
aqueous solution and bounded by the surfaces of the nanoparticle and the
cell. Both surfaces are taken to be planar. The nanoparticles’s surface holds
two different kinds of polymers: shell-forming polymers and ligand complexes
(polybases that are charged (white rings) and attached to ligands (red tips)),
while the cell surface holds a specific density of the targeted receptors. The
system is studied under several biological conditions to determine the design
parameters that enhance the monoligand-receptor binding behavior.
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cancerous cells, allowing ligand complexes to stretch and expose their

ligands to the receptors (R) on the cell surface, and hence the binding
probability increases [14,15]. The ligand-receptor (LR) binding can

be described by the reaction I + R = LR , and a binding association

constant
[LR]

Ku =T[a] Coxp(~B(t — 11, — 1))

The density of targeted receptors on the cell surface is represented
by. The fraction of ligand complexes on the nanoparticle surface is

N,

N, +Ng
ligand complexes and shell-forming polymers respectively. The fraction
[ZR]
[LR]+[L]
are the concentration of bound and free ligand complexes respectively
[12]. Correspondingly, a unit area of the system has a concentration of:

given by X, = , where N f and Ny refers to number of

of bound ligand complexes is fir = , where [LR] and [L]

« shell-forming polymer segments (GS ) = a(l -X, )
« free ligand complex segments (gL ) =oX, (1 ~fin )
« bound ligand complex segments (O-LR ) =0X, [

« free receptors = 6, —6X, f,,

The space between the two planar surfaces of the nanoparticle and
target cell is modeled as a cubic lattice, where each molecule occupies
a single cubic lattice site. Each polymer’s configuration (a) is built
randomly using self avoiding random walk (SAW) with Rosenbluth &
Rosenbluth system of weights to improve the statistics [19]. The system
is treated as incompressible. The compressibility constraint maintains
the repulsive steric interactions between all molecules in the system;

water molecules (w) ,H",OH saltions (Na+ ,CI™ ) , shell-forming
polymer segments (S ) , uncharged and charged ligand complex
segments (L,L+) , and bound ligand-receptors (LR) .

The average volume fraction of polymer p = {S ,L, LR} segments
atlayer z (<¢p (Z)>) is defined as:

(¢,(z) = 0§Pp (a)n,(a.z)v )

where, F;,(a)is the probability of having polymer P in a
configuration a,n, (a,z) is the number of polymer segments at

layer z, and U is the volume of each segment, which is chosen to
be equal to the volume of the solvent molecule for simplicity. Notice

that n, (a, Z)U =0, (a,z) is another notation that will be used in
the Theoretical Approach section and represents the volume fraction
of polymer p segments. All other molecules have a volume fraction
¢,(z), where j= {w,H*,OH’,Na+ (or +),CI” (or—)} . The
associated functional groups on the ligand complexes (polybases) gain
an amount of charge , while the other charged species in the system
have q; charge. Thus, the average density of charged molecules at
layer z (( p, ( z))) is equal to the sum of the average density of charged
segments and the sum of densities of all other charged species:

2y (2D =1, ()4, (oL (2D P (D) + D0, 2,(2) 2

Here, f

,+ is the protonation fraction.

Each molecule in the system is subject to van der Waals and
electrostatic forces. The van der Waals interactions are calculated for
each configuration (a) through the intra-molecular interactions

(B

(0.’ )) between segments of the same polymer, and the inter-
molecular interactions ( E,, (0{)) between polymer segments from
inter

different polymers. The values of their two elementary short-ranged

intra inter

molecular-attractive interactions, (8 and ¢. ), are chosen so as

not to affect the solvent solubility. A decoupled mean-field approach
is used to improve the accuracy in calculating the inter-molecular
interactions [18, 20, 21].

The electrostatic interactions between two charged molecules, such
as salt ions and charged polymer segments, are influenced by several
environmental and design parameters. These parameters include the
cell surface charge density, salt concentration, local pH , polymers
density, and polybase association constant. Several biological conditions
and design parameters are examined in this model to predict distinctive
electrostatic interactions. Different electrostatic interactions, that
are represented by electric potential profile (W (Z)), cause different
configurations and accordingly changes the intra and inter-molecular
interactions to stabilize the system.

This system undergoes several chemical interactions (formation
of charged ions (H+ ,OH™, Na*,Cl” ) , charged polymer segments
( L+) , and ligand-receptor binding (LR) ). The model incorporates

the complexity of the chemical equilibrium and the physical
interactions (van der Waals, electrostatic, and steric interactions)
between all molecules in the system. While considering the chemical
equilibrium and physical interactions in the system, this model allows
one to examine the effect of several biological and design parameter
on the elongation of the ligand complexes and accordingly the ligand-
receptor binding probability.

Theoretical Approach

The space between the nanoparticle and the cell surfaces is
discretized into layers in the XY plane with thickness dz. In this
model, itis assumed that the system is homogeneous in planes parallel to
the cell surface or the nanoparticle surface (xy) , and inhomogeneous

in the norm direction (z) [22]. The average volume fraction of shell-
forming polymers, ligand complexes, and ligand complexes that
are bound to receptors are represented by (¢ (z)) , {@, (z)) , and
(@, (z)> respectively, while ¢, (z) is the volume fraction of specie
j= {W,H+,0H_,+(Na+ ),—(Cl_ )} . The system is subject to the
compressibility constraint:

B (2))+ (B, (2)) + (B (2))+ 8, (2)+
B, (2)+ 0, (2)+6.(2)+4.(2)+ ¢ (2) =1

The system’s Helmholtz free energy per unit area is a sum of several

3)

terms; conformational entropy (Fcorgf

( F, dw), electrostatic interactions (E zc)> ligand-receptor binding

) , van der Waals interactions

energy (FLR) , ion formation energy (F;/), mixing (translational)

entropy (Fn . ) , and chemical interactions (E hom )
F F:‘orgf' + F‘vdw + F;'/c' + FLR + F;f + Fmix + F;'hem (4)
A A
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Within self-consistent field theory, the most probable configurations
of shell-forming polymers ( Py (a)) , free ligand complexes and bound

ligand complexes (R (0! )) , where i= {L,LR } were determined.
By minimizing the free energy and introducing Lagrange multipliers
T (Z ) to implement the local incompressibility constraint, one obtains
the following probabilities which completely describe the system:

P.(a) =%exp(—ﬂ[Em (@)+ B, (@)]-B]7(2)o, (a.2)dz) 5)

P(a :%exp(_ﬂ[%(a)+EW(a)]_ Bl (2o, (a.2)d= -

pln (a.2) g, v (z)-nf (z)]dz)

Here, 7, is the partition function of the corresponding polymer,
and it satisfies the condition that ZP (0’) =1 The Rosenbluth-

a
Rosenbluth weight W, is used to improve the statistics of the polymer’s
possible configurational structures.

D
", =HZ{ ;’j @)

The system of weights is calculated while building the polymer
chain that has N monomers (m =1:N ) . The variable D, is the
number of available positions for the next monomer, from which the

(6)

actual position is chosen randomly. D, is divided by the maximum

number of available positions for SAW on a cubic lattice with a
coordination number of six [19].

The first two terms in all probabilities account for van der
Waals interactions. They incorporate the intra and inter-molecular
interactions between polymer segments from the same polymer chain,
and polymer segments and their neighbor molecules respectively.

1
Pekr
it’s assumed that polymer segments from different polymer chains

interact with each other as they interact with the solvent molecules.
For each configuration (Ol ), one can calculate the polymer intra-

(a)) by calculating the number

of neighboring unbound monomers within a polymer chain . This
can be done by calculating the distance between monomer ; and

is the inverse thermodynamic temperature. For simplicity,

molecular interaction energy (Eimm

1/1]11|1
AR i 1| 19| ore 1
€ >l-4; q 1 v L,l 4 1
e 19[4 ereore |l
be > 914 118/ oo 31
Q1> | 1 ol " 11
»9 2| 1
| >0 1|4 o]+ 1
E, . .=10¢,,, n(ij) at each point around a configured
polymer.
Figure 3: A 2D illustration of a random SAW that is used to demonstrate a
polymer chain. The left side illustration shows how to determine the exact
number of intra-molecular interactions, while the right side illustrates the
possible inter-molecular interactions at several points around the same chain.

monomer ;4 3in the same chain, and placing a constraint on that
distance. When the constraint equals one, intra interaction energy is
added to the chain at that specific configuration (Figure 3). Thus, we

define E

intra

following relation:

E[mra (a) = _gimm Z j:/:] z x 51,/‘ (8)

where 7 is the distance between monomers mandn, &

intra

represents the elementary intra attractive energy, and ¢, is a

(a) for a specific configuration & mathematically by the

Kronecker delta that equals unity when =] and otherwise.

A decoupled self-consistent theory is applied to calculate the inter-
molecular interactions energy (Eimr ) [18, 20, 21]. To increase the

efficiency of this calculation, all possible inter-molecular interactions
for each monomer were traced while building the chain by using SAW.
Each new monomer added to the chain should have a number of
possible positions, one of which is chosen for a specific configuration,
while the others are stored as possible inter-molecular interaction sites

atthe z layer 7 (0! ,Z ) . Following the decoupled mean-field approach

that was proposed in [18], the inter-molecular interaction energy
depends not only on the average volume fraction of polymer segments

at layer z((¢( z))) , but also the average number of inter-molecular

interactions ((;7 ( z))) :

(Ep) = —%w(z)xn (z)ydz ©)

Figure 3 shows the possible inter-molecular interaction for specific
configuration in two-dimensions.

In the third term of both equations (5) and (6), vy (a,z) and
v, (a R Z) are the volume fractions of shell-forming polymer segments,
and free or bound ligand complex segments that occupy layer z .

The last two terms in equation (6), account for the electrostatic
interactions as this equation describes the probability of the free and

bound ligand complexes that are made of polybases. In the fourth term
of equation (6), ¢, is the amount of charge on an ionized monomer,

and n, (a,z) is a function that counts all segments of polymer ; at
layer z .In the same term, y (z) is the electric potential at layer z . In
the last term of equation (6), fH+ is the fraction of charged monomers,
which is obtained by the following:

() 4 (2)
(l—f . (z)) K ¢w(z)

The volume fraction profile of all molecular species in the system is
given by minimizing the free energy with respect to the corresponding

#,(2):
é, (z)zexp(—ﬂﬂ(z)uw)
4, ()= cxp(-u, ~ (). ~ e, v(2)
Do (z)= exp(—ﬁ,u;H, -Br(z)v, -Ba,, w(z)) (11)
¢.(2)=exp(-pu, - r(z)v, - Ba.v(z))
¢.(z)=exp(~pu_ - Br(z)v, - B v (z))

(10)
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where, ,u:. »and ¢, are the standard chemical potential, and the
amount of charge for specie j respectively. All molecules in the system
are assumed to have the same volume as the solvent molecule (water).

The fraction of ligand-receptor binding is obtained from the
system’s free energy:

Jiz :CKLR Lyge
(l_fue)

where, Z ,and 7 1z are the partition functions for free and bound

1— o X, fir
Ly, $y g Op

(12)

ligand complexes. Also, is the constant in the association constant
equation K, = Cexp(—ﬁ(,u;R -, — )) , Ngis the number of
receptors on the interacting cell surface at a specific microstate, and e

is the base of natural logarithm.

The system is discretized into z layers with thickness of 0.3nm.
The non-linear system is composed of seven sets of unknowns. Three
of these unknowns are the average volume fractions of shell-formers

(S ), free ligand complexes (L) , and bound ligand complexes
(LR)(<¢S (Z)>, (4, (Z)% (Byr (z)>) . Note that both free and bound

ligand complexes have segments at each layer, however only the bound
ones have segments on the cell surface. Another three unknowns are

the average fraction of inter-molecular interactions for S, L, and LR
segments ((773 (Z)), n, (Z)), Mz (Z)>) . The final unknown is the
electric potential profile ('// ( Z)) . The incompressibility constraint and

thedeﬁnitionsof(<¢L (z)), (B4 (z)), (15 (z)), (n, (z)>, (M (z)})

are used with Poisson equation to solve for the seven sets of unknowns.
Exterminimizing the free energy with respect to the electric potential
one obtains Poisson equation in the following form:

Pv(z)_ (e,

dz* € (13)

where € is the permittivity of the medium, which we assume to
be water. (p, (z)) is the density of charges in the system, which is

defined by Equation [2]. The electric potential profile is subject to two
boundary conditions: the charge density on the cell surface o, ~and

the charges on the nanoparticle’s surface o, , which depends on the

number of charged polymer segments that are attached to that surface.

4qnp
or z=1
0!// ( Z) ~ P s f
= (14)
0Oz -0,
—, for z=1L
€
The Poisson equation is solved by determining the total charge
density on both the nanoparticle’s surface and the cell surface. The
fraction of charged monomers on both surfaces is considered in
calculating the total charge density. We calculate the fraction of charged

(=)

Z

monomers when the cell surface is far away, =0, and use

z=L
the results as an initial guess to solve the system with a close cell surface.
In addition to the constant charge density, the total charge densities

on the surfaces, (gq’ .0, ) , are affected by the density of ligand

complexes, dissociation constant, local pH , and salt concentration.

Results and Discussion

The system is modeled on a cubic lattice and discretized into layers
on the XY plane with (.3 #nm thickness (0.3nm: HUW). Both

kinds of polymer chains in the system, which are thermo-responsive
(shell-forming) polymers and polybases (ligand complexes),
consist of 25 monomers. The electric potential profile at two
different salt concentrations that have two different Debye lengths
is determined to ensure the validity of the theory. Figure 4 shows
w(z)at C,, =0.1M and 0.4M with A, =lnmand =0.5nm
respectively at three different conditions. The first condition
represents no charge on the cell surface. The nanoparticle’s surface
has positively charged segments from the grafted polyelectrolytes.
Thus, the electric potential profile decreases dramatically from

a positive electric potential value at the nanoparticle surface

(Ve ~10mV at C,,, =0.1M and y,,,, ~4mVat C,, =0.4M)
Csalt= 0.1M A
1%1072 pui, N
S
5
=
c
2
o
o
.Q
=
[ 8}
L v
L v
Coat=0.1M Cg.t = 0.4M
-1x1072- v o,=-0.06 v o,=-0.06 v
e 0, =0 0 0,=0
A 0y= 0.06 s 0y= 0.06 v
0 5 10 15

Distance (nm)

Figure 4: The electric potential profile for the same density of grafted polybases
(0 =3/nm? X, =0.4)and different charges on the surface of the targeted cell at
C...=0.1 M (blck plots and A, ~ 1 nm) and 0.4 M (gray plots and A, ~ 0.5 nm).
Increasing the salt concentration decreases the Debye length and accordingly

the screening effect.

Positively Charged Cell Surface Negatively Charged Cell Surface

5x10%
o L=10 o L=10
aL=30 4 L=30
o L=50 e,

UN o L=50
8

°
5x10°%

983200,
258000

Electric Potential (V)
Electric Potential (V)
o

-5x10~
5 10 15 5 10 15

Distance (nm) Distance (nm)

Figure 5: The zero domain at the electric potential profile for both negatively
and positively charged cell surfaces is affected by the distance between the
nanoparticle and the cell. When the fraction of A, and this distance is less than
0.125, both cases have no zero domain and accordingly no bulk behavior.
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to reach absolute zero arround 10 and 6.6 nm respectively and continue
to be at the cell surface.

The second and the third conditions illustrate a positive and negative
charge density on the cell surface at o, =0.06 and —0.06¢/ nm’

respectively. In both conditions and for the two different salt
concentrations, the electric potential profile shows at first an asymptotic
convergence from highly ionized region to more diffuse region with
less charges until it reaches zero at an intermediate distance where
there are no polyelectrolyte segments, and no effect of the charge on the
cell surface. This zero domain is affected by the salt concentration, the
charge density, and the distance between the nanoparticle’s surface and
the cell surface (Figure 5). The electric potential passes the zero domain
to increase or decrease as it approaches the positively or negatively
charged cell surface respectively.

Theblack plots in Figure 4 show that reducing the salt concentration
to C,, =0.1M (with Debye length A, =0.962nm ), causes higher

salt

accumulation of the electricions near both the nanoparticle’s surfaceand
the cell surface in comparison to the case of higher salt concentration at

C..; = 0.4 M (with Debyelength A, = 0.490nm) (gray plots). Due to
the high ionic strength at th =0.1M , the electrostatic interactions

between polymer segments are mainly screened.

Figure 5 demonstrates that when the fraction of Debye length
to the separation distance between the nanoparticle surface and the
cell surface is below ().125 , there is no zero domain; hence no bulk
behavior. The system is studied at 3xnm distance (tenth layer), which is
around the average length of the polymers, where the ligand-receptor
binding appears. Therefore, the ligand-receptor binding behavior
appears in a system with no bulk properties, and the fraction of

charged monomers ( S ( z)) vary greatly between the layers with

small changes in the biological parameters, such as pHand C,,.
Their values influence the charged monomers position and accordingly

ligand complex elongation.

It’s obvious that the ligand complex elongation and the polymer’s
segments accumulation influence the ligand-receptor binding. These
two are affected by several environmental parameters, such as the local
temperature, local PH , and cell surface charge. They are also affected
by several engineered parameters, such as the density of polymers on

T-effect at pH=7 T-effect at pH=5

2.54

<R> (nm)

2.04

Ca=01M:

Cyg=0.4M:

— <Rg> — <Rg>

——- <R[> - <R>

1

0.0 05 1.0 0.0 05 10

B (1/KgT) B (1/KgT)
Figure 6: The effect of the temperature on the length of the shell-forming
polymers and ligand complexes at two different pH and salt concentrations.
Both polymers stretch at low B (high T). However, at neutral system with pH=7,
changing the salt concentration has no effect on the plots as the hydrogen and
hydroxide ions are balanced. On the other side, at pH=5, ligand complexes
stretch more at C_, = 0.4M (see gray dashed line). Changing the salt
concentration shows a slight effect on the shell-forming polymers due to the
steric forces, such that the solid gray line (at C_, = 0.4M ) falls under the solid
black line (at C_,=0.1M).

salt

the nanoparticle. To present the importance of the theory as a design
guideline, the effect of each parameter is studied below.

Local temperature

The theory captures polymers that extend at temperatures
above their collapse temperature (usually chosen around the body
temperature) and collapse at temperatures below it. In Figure 6, both
the shell-forming polymers (thermo-responsive) and ligand-complexes
(polybases) collapse at low local temperature. We vary the system’s
temperature by changing /3 values between 0.1 and 1.0, while keeping

gimra) at a
value of —1K,T . Decreasing temperatures values shows a decrease

the elementary molecular attractive interaction (g[mm ,
on the polymer’s average length (R) , which is an expected entropic
effect. Although both the shell-forming polymers and ligand complexes
have the same number of segments, the ligand complexes show greater
extension. Their plot (dashed line) is above the shell-forming polymers’
plot (solid line). The positively charged polymer segments on the ligand
complexes create repulsive interactions between them, which extend
the polymer’s length.

The left side graph of Figure 6 shows the temperature effect for
two different salt concentrations when the system’s local PH is at 7.
The solid black and gray plots for (Ry) at C_, =0.1 and 0.4M
respectively are overlapping. Also, the dashed black and gray plots for
(R,) at C

salt

=0.1 and 0.4 M respectively are overlapping as well.
As a simple entropic effect, decreasing the temperature is shortening
the chains; however changing the salt concentration doesn’t have
a considerable effect on polymer elongation at a local pH of 7 (for
polymers with pK, =5). The right side graph of Figure 6 shows
how changing the salt concentration affects the elongation of the
ligand complexes at local pH of 5. Increasing the salt concentration

(c

e =0.4M ) should increase the screening effect and decrease the

repulsive interactions between polymer’s segments causing a decrease
on its length. However this is not what we see in the dashed gray line

T-effect at pH=5and X, =0.2

3.01
’E\ 2.54
£
A o
o
\% e
2.0
Caip=0-1M: Coa=0-4M:
<R¢> <Rg>
— <RL> ——— <RL>
1.5 T T
0.0 0.5 1.0
B (1/KgT)

Figure 7: Decreasing the fraction of ligand complexes from 0.4 to 0.2
diminishes the effect of the salt concentration on the shell forming polymers
that we have observed in the previous figure (Figure 6) — the two plots of
the shell-forming polymers (R;) at the two different salt concentrations (solid
lines) are overlapping.

J Nanomed Nanotechnol, an open access journal
ISSN: 2157-7439

Volume 9 « Issue 4 « 1000512



Citation: Aldaais EA (2018) Generalized Theory of Monoligand-Receptor Binding for the Improvement of Nanoparticle Design. J Nanomed Nanotechnol

9: 512. doi: 10.4172/2157-7439.1000512

Page 7 of 10

at the right side graph of Figure 6. In this case, the polybases stretch
at higher salt concentration as the salt ions accumulate at the charged
planes

The solid gray plot on the right side of Figure 6 for
<RS> at C , =0.4M falls slightly below the case of lower salt
concentration (solid black line). Shell-forming polymers don’t have
charged segments. Thus, they are not affected by the change of salt
concentration or pH directly, but they are affected by van der Waals

forces and the steric volume effect. Apparently, these two are changed
in the system due to the change of ligand complex configurations.
Accordingly, shell-forming polymer configurations are affected. The
stretched ligand complexes shorten the shell-forming polymers. This
effect decreases as the density of the ligand complexes decreases.
Figure 7 shows the elongation of the two kinds of polymers in the
system at a local PH of 5 and (.2 fraction of the ligand complexes,
which was 0.4 in the previous figure. The elongation plots of the
shell-forming polymers at the two different salt concentrations in
Figure 7 are overlapping.

Local

As mentioned earlier, low salt concentration causes an increase in
the Debye length. When the Debye length is about 1nm , there are no
electrostatic interactions between polymer segments; they are mainly

screened. Thus, the local pH effect was studied at high th , when
Debye length is about 0.5xm . Also, the effect of local pH on the
polymer’s length is subject to the polyelectrolyte’s pK, value. The
average end-to-end distance for ligand complexes (R, ) is calculated
at different pK_ values (pKa =5: 8) when the nanoparticle is far
from the cell (L = 50) . Accordingly, the effect of the charge on the
cell surface is neglected (q[e” = 0) . In these calculations, the polymer
densityg =2/ nm?, the fraction of ligand XL =04, ef=-04
and 7 =310K .

Figure 8 shows the variation of the ligand complex chain
elongation at several pH and pK, values. At a high pH , increasing
the pK, values doesn’t affect the chains length significantly. However,
at local pH of 5, those chains with higher pK, values stretched
significantly. In the figure, (R, ) reaches its maximum value at
pH =5and polyelectrolyte’s pK, =8. This figure demonstrates
that the elongation of the polymer is very different near normal cells
(with pH = 7) than cancerous environment (with pH = 5). Thus, to

improve chain elongation and accordingly ligand-receptor binding,
while screening healthy tissues, one can control these three parameters;

c

salt >

designer should look into the C

salt

pH , and the pK, of the ligand complexes. The nanoparticle
and the pH values at the site of

administration, then design polymers that respond effectively (stretch)
at the site. In a few words, designing ligand complexes with an effective

pK, value depends significantly on the C_, and pH of the site.
Another technique could control the C,

o At the site while delivering

the nanoparticles to improve the targeted delivery.

Cell surface charge

The effect of cell charge on the length of ligand complexes
is tested between the nanoparticle’s surface and the cell surface,
local pH = 6.5, and minimal screening effect at C,, =0.4M . The

charges on the cell surface was varied between —0.land+0.1 with,
0=0.3, X, =0.4 and gf =—-0.3 . Figure 9 shows different elongation
behaviors at different local ligand complex pK, values. There is almost
no chargeeffecton (R) of weak polybasesat pK, = 3. At pK =5, there
is a slight increase in the ligand complexes length at a cell surface charge
of —0.1e/ nm* . Stronger polybases (ligand complexes) with pK, =7
show a considerable increase on (R) at high negatively charged cell
surface, and decreases steadily at cell charge above +0.02¢/ nm? . The
length of the ligand complexes increases dramatically at pK, =9.
Using the previous parameters, the average volume fractions
of all molecules in the system were studied to understand the
chain elongation behavior that is due to the electrostatic effect. By

investigating the volume fraction values at these different parameters
for all molecules, they appear to be essentially unchanged except for

Average End-to-end Distance (nm)

55 . 55

local pH values pK, values

Figure 8: The effect of local pH and cationic polyelectrolyte pK, on ligand
complexes length. The surface plot indicate that decreasing the pH values
causes the ligand complexes to stretch, while increasing the pK, values shows
similar effect. The plot illustrates a maximum elongation at pH=5 and pK =8

with C_, = 0.4M.
3.6 T
— PK,=3
---PK,=5
3.44 —o— PK, =71
OO PKB =9
3.21 o
£
= .
~ 3.04 .
A
x
\%
2.84
2.64

24 , , . .
015 010 -005 000 005 010 015
Cell Surface Charge (e/nm?)

Figure 9: The effect of both the cellular charge density and pK, values on the
ligand complexes length. Increasing the pK, values increases the length of
the ligand complexes. This increase become significant near the negatively
charged cell surface.
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the (4, (Z)), (¢L+ (Z)), and <¢C,(Z)> values. Figure 10 presents

the <¢L+ (Z )) at several pK, values and cell surface charge of
—0.le/nm*- At pK_ =5, ligand complexes are almost uncharged.

(¢, (z)) distribution does not vary along the different layers. At
pK, =7, more than a third of the ligand complex segments are
charged. (¢, (z)) is uniformly distributed and at the last two layers

near the cell surface, one can see a slight increase on its value near the

0.20{ W PK,=5 -

0.154 E

<CP|_+(Z)>

NCY S X 6 6 AR 9 ©

Layers

Figure 10: The average volume fraction of charged ligand complexes at

negatively charge cell surface and several pK, values. At pK, = 5 the amount

of < ¢,, >is insignificant, while it increases at pK, = 7 with uniform distribution

among all layers and higher accumulation at the tenth layer. At pK, =9, < ¢, >

values are more than doubled and the distribution varied among all layers.

The accumulation is major at the tenth layer, which increases the binding
| probability.

0.204 E

0.151 4

<¢(z)>

0.104 E

0.051 E

NeY s R 5 6 A B 9 O

Layers

Figure 11: A comparison between the average volume fraction of charged
ligand complexes and chloride ions at pK, = 9 and negatively charge cell
surface. Both variables have the same values at the middle layers as chloride
ions stabilizes the charged polymers. However, these two values vary near the
surfaces due to the effect of the high density of monomers near the particle’s
surface and the negative charge on the cell surface.

cell surface. pK, =9, shows almost fully charged segments and a

great accumulation near the negatively charged cell surface.

Figure 11 illustrates the average volume fraction of chloride ions
(<¢cl (Z))) and <¢L+ (Z)) at pK, =9. (¢, (z)) decreases near the
nanoparticles surface, which can be explained by the high density of
molecules near the surface. In the middle layers, the (¢L+ ( z)) and
(@, (z)) are almost the same to balance the charges in the system.

These two variables show an opposite behavior near the charged
cell surface. However, there is a large accumulation of charge ligand
complexes due to the negative charge of the cell surface.

Density of ligands

The total amount of monomers in the system is a conserved variable
that is given by the following relation:

(X.4,(z)=0*N*0,)

where, o is in % units, and Uy, is the volume of water
molecule, which is assumed to be the same for each molecule in

the system, in units. The effect of the fraction of ligand complexes
(X L) on the amount of bound ligands is studied at several polymers
densities (G = {1,2,3} nmiz) . The fraction of ligand complexes
X, is varied between (0.01 and 1.0). As the fraction of the surface
covered by polybases increases, the fraction covered by shell-formers

decreases. Other environmental parameters are set to mimic cancer
cells (local pH =5.5, C,,, =0.4M,T =39°C , and cell surface charge
=—-0.06¢e/nm?). Other design parameters are set at pK, =7 and
ef=-03.

Figure 12 shows that the increase in ligands increases the number
of bound ligands exponentially. A nanoparticle contains ligand

alt

complexes only at total surface density up to o = 2 / nm? allows 0.24

fraction of bound ligands. Thus, at low surface density one can increase
the ligands on the nanoparticle to increase the binding. Moreover, the
figure shows that increasing the total polymers density increases the

binding. However, at g =3/ ;> which is considered a very dense

Fraction of Bound Ligands

Figure 12: The effect of the nanoparticle ligand’s density on the fraction of

bound ligands on the cell surface at different polymers densities.
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surface and X, above () 7, no solution of the non-linear equations
could be obtained. Note that the solution can be obtained by reducing
the amount of charged molecules in the system, either by reducing
X, or C_, vlaues. Due to the electrostatic forces, one can’t increase
the density of ligands that are highly charged at the chosen biological
conditions. Thus, the presence of the shell-formers in the system seems
to be very important to alleviate it. At high polymer density, the design
shows that the existence of the shell-forming polymers is not only
important for the system biocompatible properties, but also to improve
the binding and stabilize the charged ligands on the nanoparticle.

Conclusion

The design of nanoparticles with ligand complexes that extend at
a cancerous environment and collapse near healthy cells is a desired
outcome of nanomedicine. The monoligand-receptor binding theory
presented here supports the understanding ofligand complex elongation
by analyzing the molecular interactions in a dense nonbulk system. It
considers van der Waals, steric, and electrostatic interactions between
all molecules at each layer of a system consisting of nine different

species; water molecules (W) , H", OH  salt ions (Na* ,CI™ ) ,
monomers of the shell-forming polymers (S ) ,uncharged and charged
monomers that form the ligand complexes (L, L, ) ,and bound ligand-

receptors (LR) . The coupling between the three different interactions
optimizes different structural organization of shell-forming
polymers and ligand complexes. A decoupled mean-field approach is
introduced in the theory to increase the accuracy of calculating van
der Waals intermolecular interaction, and, as a result, the molecular
reorganization. The molecular reorganization is influenced by different
stimuli, such as temperature, pH, salt concentration, and charge
density, as well as different nanoparticle’s design parameters, such as
polymers density, fraction of ligand complexes, choice of polybases
pK,» and elementary molecular interactions (gmm’gimr) . In this
work, several stimuli and design parameters are studied explicitly to
determine their effect on ligand complex elongation, which is vital for
binding efficiency.

To design nanoparticles that target cancer cells only while
screening healthy cells, one need to develop ligands that stretch at
cancerous environment. Using polybases to design ligand complexes
seems to be sufficient to improve the stretching and consequently
the binding. However, the theory shows that the behavior of ligand
complexes with different pK, deviate at different pH andC,, as
these three parameters control the chemical equilibrium and electrical
forces in the system. In fact, one would think that increasing the salt
concentration should screen the electrostatic interactions between
ligand complex segments. However, in a dense system enclosed
between two charged surfaces, this behavior is affected by the pH
and pK, values. At low pK, the salt ions can bind to the charged
planes rather than the charged segments. Therefore, determining the
biological conditions at the site is vital to design a nanoparticle with
effective ligand complexes. The ligand complex should be designed
specifically for specific site. This implies that one nanoparticle cannot
work for different cancer cells.

Another design parameter is the total density or surface coverage
of polymers (O') . The theory shows that at low (O') one can design

a nanoparticle with ligand complexes only—no shell-formers—to
improve the binding. Moreover, increasing the surface coverage of all
polymers on the nanoparticle seems to increase the binding as well.
However, at high surface coverage, one can’t design a nanoparticle
with ligand complexes only due to the electrostatic forces between their
charged segments themselves and the surrounding charged molecules.
Thus, in the case of nanoparticle with high surface coverage, having
shell-formers distributed on the nanoparticle surface beside the ligand
complexes is significant to regulate the electrostatic forces in the
system and increase the binding. Notice that in some nanoparticles,
shell-formers are required to increase the solubility and improve the
biocompatibility of the therapeutic nanoparticle. For such case, one
should consider increasing the over all density and the fraction of
ligands without affecting the stability of the system.

Future work should consider merging this design protocol that
is provided for monoligand-nanoparticle with machine learning
techniques to develop nanomedicine technology. Also, the study of the
design of a nanoparticle with dual-ligand receptor should improve our
understanding of the binding regulations.
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