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Chapter

Colloid Stability Influences on
the Biological Organization and
Functions

Camillo La Mesa and Gianfranco Risuleo

Abstract

It is common to entities having sizes in the nano/micro-scale range be that, real
or bio-intended systems, to undergo the action of many different forces, imparting
them colloid stability. Ubiquitary electrostatic contributions, sometimes dominant,
may overlap with steric stabilization ones; their combination effectively takes place
in most cases. The two effects are jointly responsible, for instance, for the control
of many phenomena such as: adhesion onto cells of alien agents, cellular separa-
tion during morpho-functional evolution, uptake of exogenous materials into cells
and tissues. We evidence here, how the combination of these forces operates, and
indicate the procedures leading to their effectiveness, when required for purposes
inherent to biomimicry.

Keywords: biological systems, biomimetic systems, surface charge density,
sterical stabilization, adhesion

1. Introduction

It took a long time before the characteristics peculiar to biological organisms,
were considered on the more solid grounds dictated by Physics and Chemistry. It
is enough to remind the violent criticism raised by many outstanding scientists
against D’Arcy Thompson book “On growth and form”, dating the second decade of
the last century. The successful fate of the book urged biologists to account not only
for the taxonomic rules inherent to biological organisms and to focus, much more
reasonably, on the physical forces, geometrical, and morphological constraints
responsible for biological organization, growth and functions. It is convincingly
stated there that “In the growth of a shell, for instance, we can conceive no simpler
law than this, that it shall widen and lengthen in the same unvarying proportions:
and this simplest of laws is that which Nature tends to follow. The shell, like the
creature within it, grows in size but does not change its shape; and the existence of
this constant relativity of growth, or constant similarity of form, is of the essence,
and may be made the basis of a definition, of the equiangular spiral.” [1]. To the best
of our knowledge this is the first effort to explain the growth of animal shapes in
terms of geometry and topology, and to account for the modes in which organisms
self-organize, following the rules dictated by their own genome. With respect to the
gene/body shape one should consider the phenomenon of epistasis, i.e., the effect
of one gene modulated by the genetic background [2]. Originally this definition
meant that the phenotypic effect of one gene is affected by one or more different
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genetic loci. Thus, epistatic mutations have different “combinatorial” rather than
individual effects. This was originally a genetics concept but, nowadays, is of com-
mon use in biochemistry, computational biology and evolutionary biology. Epistasis
stems from interactions between or, reciprocally, within genes and this leads to non-
linear effects. Therefore, it has a dramatic influence on the shape of evolutionary
landscapes, which leads to profound consequences for evolution and evolutionary
potentials of the phenotypic traits [3].

The statements of D’Arcy Thompson’s statement become convincing also if
applied to the micro/nanoscale range. Here, the role played by physical forces at
short distances comes in full evidence, that is: when the biological organization
modes in their lower stage, as in dispersed cells, are considered (however, in a fully
organized, functional organism, the role of physical forces may become extremely
complex). The stability and, eventually, the organization of such objects is dictated
by the overlapping, or dominance, of van der Waals, vdW, electrostatic, osmotic,
elastic, steric and many other forces. Their combination with what is dictated by
gene expression, leads to an optimal topology-ruled shape that a biological system,
be it a cell or a tissue, not to speak of a whole organism, assumes. In what follows we
put in evidence the role of major contributions when the stabilization in dispersed
form is required, or naturally occurs.

To proceed along this line, we discuss separately the physical origins of both
electrostatic and steric effects. Examples based on real biological systems, shall
be given and the pathways inducing/reducing the onset, or disappearance, of
these effects will be discussed. We must be aware that the action of many forces is
required to attain a preferred organization mode in cells and tissues, where elec-
trostatic interactions are prevalent, safe the enzyme/substrate where VAW forces
are prevalent. We also know that the mentioned forces are dominant, in the terms
dictated by energy costs, not considering their modulus (provided the sum of all
AG terms is <0). This fact, combined with the genetically driven rules, fulfills
requirements needed for optimal biological activity and functions. In what follows
we describe, in sequence, the quintessential features of both electrostatic and steric
forces, which are required to understand how important they are in living systems.
In the final part of this chapter we mention some pertinent examples on the role
that electrostatic and steric effects may jointly play.

2. Electrostatic aspects

Sufficiently high electrical potentials, y, are responsible for the kinetic stability
of colloids. These facts avoid the onset of undesired effects, such as sedimentation
[4], creaming [5], and/or clustering [6]. The foundations of colloid stability date
to the 1940s of the last century and are formalized in DLVO theory, which applies
to real dispersions. The original theory combines electrostatics and statistical
thermodynamics, and is formalized in the well-known Poisson-Boltzmann, or P-B,
equation. The effects considered in that theory are responsible for the stabilization
of clays [7], inorganic colloids as AI(OH); [8], latexes [9], cells, vesicles, viruses,
etc. [10-13]. Note that counter-ion condensation onto DNA, and biopolymers in
general, is expressed in terms of the same theory [14, 15].

The balance of attractive vs. repulsive electrostatic forces depends on the sign of
their surface potentials, y’s. On this line, Parsegian and Gingell showed that charged
surfaces of the same sign, eventually differing in modulus, may never become
attractive. Conversely, particles/surfaces bearing opposite sign attract or repel,
depending on experimental conditions [16]. That statement was demonstrated for
the surface charge densities of colloid A and B, termed 64 and o3, (with 6,4 # o5)
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separated by a distance O < x < 1. If the upper and lower limits of the derivative,
hereafter indicated as [d(zey/KT)/dx]|. - o and [d(zey/KT)/dx]|. _ 1, respectively,
differ in sign, the corresponding function must be null somewhere between the
integration limits. As a consequence, like-charged surfaces always repel, whatever is
x, o or y. The question to be addressed is how to find rational procedures reducing
that unescapable fate.

In what follows, we indicate how to face the problem and to control, or mini-
mize, repulsions. Imagine having two large cells, each characterized by a given o.
We suppose that the respective surface charge densities are equal in modulus. The
potential that one cell exerts on the other is y. In the P-B equation, the difference
among the respective exponentials, that is, expi(ze"’/ kD) is considered. Proper
transformation in hyperbolic form reduces the function to [17]

exp*(ze"’/KT) - exp'(ze"’/KT) = 2 sinh (zew/KT) (1)

which is easily linearized if zey < < KT In words, the Euler-based approximation
underlying Eq. (1) holds in linear perturbation regimes. The theory relies on the
fact that the effect of y decreases with distance from the source (i.e., where charges
are located), and fulfills the law stating

w = yexp ™ )

Implicit in the equation is the statement that, a distance x from a surface
of well-defined potential, y decreases and its decay depends on the number of
charges; more properly, on the concentration in excess of positive, or negative, ions.
In words, it is as if we were in presence of a double layer, of length 1/k, located a
distance x apart from the source. To reduce the effect of y on its surroundings, thus,
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Figure 1.
Excess concentration of positive ions, (N+—N-), vs. distance, d. dx is the double layer thickness. The surfaces
have different charge density. The difference among them, is do. The same holds in case of excess negative charges.
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it is enough adding salt in excess. The potential is screened and repulsion between
particles substantially minimized. In this way, colloids do not “feel” each other as it
was before adding swamping electrolytes.

The problem can be properly addressed discussing the case of surface charge
density, 0. As a consequence of Eq. (1), y decreases with distance. On moving from
areference point, x°, to x, o decreases. The system behaves as a capacitor, and the
local, punctual, concentration of ions, p, decreases with x. This is expressed by
writing the integral of ¢ from x° to the point of interest as

= - [pdx (3)

The meaning of Egs. (2) and (3) is visualized in Figure 1. At long, on a molecular
scale, distances the value of the integral in Eq. (3) approaches the equilibrium ionic
concentration, and electro-neutrality is thus ensured. Therefore, (N*—N") values in the
above figure refer to the excess of counter-ions around a given charged body. Swamping
electrolytes reduce the effect of potential at long distances and favor coalescence.

In many procedures intended for food chemistry, for instance, salting is by far
the preferred route to reduce repulsive forces between entities in the given medium
and to induce phase separation [18].

3. Sterical stabilization

The role that such effect plays in controlling colloid stability, with particular
emphasis to biological systems is considered [19]. The concept was originally
intended to latexes stabilization, and later extended to bio-systems. The term “steri-
cal stabilization” indicates that macromolecules protect particles from flocculation,
or coagulation. It applies to systems in which stabilizers are surface bound to the
particles in question, which would flocculate if not protected. Sterical stabilization
is intended to systems in which binding to a given surface is permanent. When
binding is covalent, the drawbacks inherent to depletion [20, 21], which occurs
when the stabilizer is weakly bound and may transfer toward the bulk, are miss-
ing. In that case, stabilizers partition between the particle surface and the bulk.
This favors the onset of osmotic gradients, detaching stabilizers from the particle’
surface with coagulation of no longer stabilized colloids. Predicting sterical
stabilization is cumbersome if all these effects are not accounted for. As a matter
of fact, polymer moieties protruding outward a given particle are solvated, some-
times charged; their state, conformation and degrees of freedom jointly depend
on polymer-medium interactions. In other words, entropic contributions are not
only due to changes in conformational degrees of freedom, as proposed by van der
Waals’s school [22, 23]. More precisely, the Gibbs energy, due to entropic and also
enthalpy-based terms [24-26], is the result of different contributions.

We consider the following entropic terms

ASior = ASconform + ASeoly + other AS terms 4)

where the subscripts indicate conformational, solvation, and all other contri-
butions, respectively. We do not consider, in a first stage, terms due to charging/
discharging of polar moieties. Neither shall we consider osmotic repulsion, which
is significant when the “coronas” surrounding the nanoparticles are compact. The
requirements needed to have effective repulsion between polymer moieties, and in
coronas stabilization too, crucially depend on the solvent. It is not casual, thus, that
different stabilizers are needed to disperse colloids in polar, or non-polar, media.
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The original hypothesis by van der Waals, which relies only on conformational
entropy, is not convincing, since the contribution due to the solvent cannot be null.
In fact, the solvent features are responsible for a number of formulation possibili-
ties, including those intended to bio-systems.

To come in more details on the basics of steric stabilization, we report some
details describing the first stages of surface anchoring, i.e., polymer wrapping. That
process is responsible for macromolecule binding thereon, and not only. We describe
below that effect, without entering in much details as to whether binding is covalent
or not. Imagine a homo-polymer binding onto a solid surface; in consequence of
that, units in the chain face outward, and may bind in a second place. The only
physical restriction is that chains cannot enter the particle but may substantially
adsorb thereon in many points. The process depends on polymer affinity toward the
surface; in words, surface coverage is dictated by thermodynamics. We assume that:

a.polymers and colloidal nano-particles, NPs, are mono-disperse;
b.polymer size is << NPs radius;

c. wrapping units are much shorter than the fully extended polymer one;
d.different parts of the same polymer may wrap;

e. partition between bulk and surface-bound states may occur.

We impose X to be the overall mole fraction of polymer molecules in the medium;
itis either free or interacting with particles. The latter is the sum of wrapping and
protruding parts. Interacting polymers are divided in two classes, i.e., wrapped, o, and
protruding, € (=1 — «), states. The equilibrium between such states, K, is defined as

Kye=ale=a/(1-a) (5)

As in most classical books on Colloid Chemistry ([27, 28], and references
therein), Eq. (5), defines the ratio of wrapped to protruded states, and gives a bind-
ing probability, P, for adsorbed segments. For an ith state, it is defined as

(r+w)ali/KT] eXP—[n/KT] (6)

P;=k; exp‘[

where P; refers to a state characterized by a length /;, and width equal to a.
We assume the latter to be the cross section of the main chain, Figure 2. Terms w
and r are energies per unit volume. Their balance depends on the dominance of
attractive/repulsive forces acting on the NP surface. 7 is a rotational energy, when
the pre-exponential k; is a proper weighing factor. P; depends on the balance of
all energy terms acting in the first layer around particles. The forces acting in the
corona depend on the average local polymer concentration, calculated layer by
layer. This statement is due to the fact that the content of polymer sub-unitsin a
layer depends on surface curvature, and/or bulkiness, as well [29]. Expectedly,
the solvation is not uniform along the protruding polymer chains. Similar cases
occur when polymer coverage is close-grained and does not allow surface adsorp-
tion of other species. Thus, poly-oxy-ethylene glycols, PEO’, and structurally
related polymers (mostly PEO-PPO-PEO block co-polymers) are widely used to
avoid protein adsorption and find application if biomedical-intended NPs must
not adsorb albumin or lysozyme, otherwise easily nucleating onto the mentioned
NPs [30-32]. This common application is in use, others are mentioned below.
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Polymer-polymer interaction term

Surface adsorption term

Figure 2.

Polymer adsorption for loops sizes << NP diameter. The surface adsorption term, has energy = w. Polymer-
polymer interactions at the NP surface, 7, are attractive or vepulsive. At saturation wrapping has veached its
maximum value. Above that threshold, w and n energies balance.

Figure 3.

Reconstructed liposomes with DNA compacted on the outer surface. The lower left arrow indicates lipid
head groups; the upper one random coils vepresents compacted DNA. Protruding whips indicate PEO chains
anchored to the bilayer. Such chains are hydrated, elastic, densely packed, and do not allow other species to
come in contact with liposomes.

Figure 3 describes how to get the stabilization of synthetic liposomes against
coalescence and is widely used in transfection technologies.

4. Biological implications

Physics and Chemistry allow to clarify some items of biology, despite substantial
problems, due to a terrific increase in complexity inherent to living systems. As a
matter of fact, these consist of many parts substantially differing from each other,
in reciprocal relation. A first glance to a biological sample allows to observe some
organization details. Understanding the hierarchy of active forces, packing modes,
and processes taking place in bio-systems is discouraging, unless systematic efforts
are stricken out. Therefore, most attempts to relate cell complexity to a number of
forces acting therein are not trivial. Such attempts require going from simplicity to
complexity, and to focus only on the essential modes of interaction. To focus only
on the electrostatic and steric effects is a promising starting hypothesis. The first
accounts for forces decaying with distance in a predictable way, irrespective of the
medium [33]. The second conveys the impression that the geometry dictated by
an arrangement of springs, or semi-rigid protrusions, facing outward the particle
surface implies repulsion [34]. This fact is more convincing if we account for the
additional role of osmotic forces [35], quite often associated to steric stabilization.

Cells always systematically trigger surface charges, acting as a physical barrier
against the entry of exogenous material. Passive diffusion is not enough [36], unless
itis substantially assisted by other transfer pathways. Imagine having the necessity
to insert a nucleic acid in the cell. It is absolutely necessary to make use of chaperons,
capable to overcome the protecting action of electric barriers [37]. This action relies on
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transfection technologies capable to neutralize/invert the charge of hosts to be trans-
ferred through membranes, thus favoring uptake. For instance, DNA is neutralized, or
adsorbed on oppositely charged vesicles, and transferred into the hosting cells [38-42].
Attraction between cells and transfectants is electrostatic in nature, and its action favors
fusion with the cell membrane. It is a phenomenon comparable to the behavior met
when viruses enter a cell [43-45]. This mimicry overlaps with other physical effects, due
to membrane curvature elasticity [46, 47], its fluid state [48], and so forth [49].

It is known that steric stabilization has a large effect on macrophage uptake
in vitro [50]. This effect is tuned by the fixed thickness of aqueous layers, at least
in lipid-based chaperones. To ensure long-lasting circulation to immuno-liposomes
(and avoid their biodegradation), combination of sterical stabilization with a supe-
rior targetability is attained by attaching monoclonal antibodies. These are formed
directly on the distal ends of liposome-grafted PEO chains [51, 52]. Similar effects
are attained when the more rigid poly-L-lysine is used as sterical stabilizer. In this
case, electrostatic effects, due to pH-sensitive charging/discharging of the peptide
moieties, are significant. The coupling of antibodies to membranes allow anchor-
age even in mild basic conditions without the need for antibody derivatization. On
the same line, lipo-plexes sterically stabilized with PEO derivatives are used [53].
Relevant are some reports on doxorubicin-loaded liposomes, previously stabilized by
adsorption of heparin; these systems show a marked antitumor activity. Heparin is
also a coating material stabilizing and protecting liposomes against adverse immune
reactions [54], or, in presence of adjuvants, induces drug accumulation at the tumor
site [55]. The above list is far from being exhaustive and indicates that steric stabili-
zation, in conjunction with other contributions, is responsible for advanced applica-
tions in most fields of bio-medicine and molecular medicine [56-60].

5. Final remarks

The “visions” of nature have been different throughout the development of
natural sciences. Often physicists, chemists and biologists had a different, sometimes
conflicting, way of looking at nature and investigating natural phenomena. One
example for all: physical and chemical phenomena (reactions) were considered
essentially irreversible in the “classical” history of natural sciences. On the contrary,
biological phenomena were considered reversible, and fluidity, change of shape
and behavior were dominant. It is not a coincidence that one of the masterpieces of
theoretical biology written by J. Monod (1910-1976), one of the most authoritative
biologists of last century is entitled “Chance and necessity” [61]. As the title suggests,
chance seems to rule the biological phenomena: how life arose, the “plasticity”
of many biological events. But, necessity is the driving force; a sort of constraint,
impeding the same phenomena to escape the stringent laws permitting the comple-
tion of a fully functional living organism. Indeed, these strict laws are often repre-
sented by physico-chemical (essentially weak) interactions that give a determinant
contribution to biological organization and functions. In other words, one could
confidently conclude that Occam razor in its popular acceptation, once again, holds
true: if there are competing ideas, the simplest one is possibly the correct one.

This formulation is not actually the Occam’s razor, but rather the law of maximum
parsimony. Occam’s razor states that in the case of competing hypotheses making the
same predictions, the solution with the fewest assumptions is most likely to be true,
provided that hypotheses predicting different solutions are not discarded by default.
Ockham stated this principle in various ways, but the most popular version, “Entities
are not to be multiplied without necessity” (originally “Non sunt multiplicanda entia
sine necessitate.”) was formulated by the Irish Franciscan philosopher John Punch.
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