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Abstract: The concepts hybrid and hybridization are common in many scientific fields, as in the
taxonomic parts of botany and zoology, in modern genetic, and in the quantum-mechanical theory
of atomic-molecular orbitals, which are of foremost relevance in most aspects of modern chemistry.
Years later, scientists applied the concept hybrid to colloids, if the particles” domains are endowed with
functionalities differing each from the other in nature and/or composition. For such denomination
to be fully valid, the domains belonging to a given hybrid must be recognizable each from another
in terms of some intrinsic features. Thus, the concept applies to particles where a given domain
has its own physical state, functionality, or composition. Literature examples in this regard are
many. Different domains that are present in hybrid colloids self-organize, self-sustain, and self-help,
according to the constraints dictated by kinetic and/or thermodynamic stability rules. Covalent, or
non-covalent, bonds ensure the formation of such entities, retaining the properties of a given family,
in addition to those of the other, and, sometimes, new ones. The real meaning of this behavior is
the same as in zoology; mules are pertinent examples, since they retain some features of their own
parents (i.e., horses and donkeys) but also exhibit completely new ones, such as the loss of fertility.
In colloid sciences, the concept hybrid refers to composites with cores of a given chemical type and
surfaces covered by moieties differing in nature, or physical state. This is the result of a mimicry
resembling the ones met in a lot of biological systems and foods, too. Many combinations may occur.
Silica nanoparticles on which polymers/biopolymers are surface-bound (irrespective of whether
binding is covalent or not) are pertinent examples. Here, efforts are made to render clear the concept,
which is at the basis of many applications in the biomedical field, and not only. After a historical
background and on some features of the species taking part to the formation of hybrids, we report on
selected cases met in modern formulations of mixed, and sometimes multifunctional, colloid entities.

Keywords: hybrids; organic moieties; inorganic domains; cores vs. surfaces; biological functionality;
thermodynamic/kinetic stability; technological applications; bio-medicine

1. Introduction: Hybrids, Freaks and Visions

The concept of hybrid takes its origin from both the classical literature and mythology,
where sphinxes, hermaphrodytes, medusae, chimerae, centaurs, and similar entities were
considered real [1]. The underlying reason finds origin in the fact that humans imagined
(and somehow still do) that entities joining the properties of diverse animal types in a new
one, whatever imaginary it could be, ensured to the resulting hybrid peculiar properties
such as bisexuality, the contemporary attitude to walk, swim, and fly, and a wide number
of funny, sometimes horrible, combinations of characters, as shown in Figure 1.

In the bestiaries of the middle ages, and later, many examples of that sort were
considered and beautifully drawn by monks (who were outstanding miniaturists) and
artists [2]. Consider, for instance, the superb, disquieting, pictures by the Dutch painter
Hieronymus Bosch, or the fruit/human portraits by Arcimboldo. Grotesque and gruesome
creations are not alien to the imagination of J. Boss-chart, a Dutch artist of our times. Also
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René Magritte created surrealistic “hybrid figures”; see Figure 2. We do not forget, anyhow,
Pablo Picasso, Salvador Dali, and other surrealist painters!

Figure 1. Mythological hybrid, wonderfully painted by Caravaggio in the Shield with Medusa head,
oil on canvas, dating 1595-1598, Museo degli Uffizi in Florence, Italy. It takes inspiration from
classical literature. Blood is flowing from the neck and eyes are horrified by Medusa’s self-viewing
on Perseus’ bronze shield before being beheaded by her opponent. Not all artists of the past were as
brutally frank as Caravaggio. In his Metamorphoses, Ovidius claims that Perseus is taken from pity
toward his victim and puts Medusa’s head on a bed of algae, so that “anguiferumque caput dura ne
laedat harena” (i.e., “so that the hard sand will not injury the eel-covered head”).

Figure 2. (A): The famous tryptich “The Garden of Earthly Delights” (oil on oak panel) by Hyeron-
imus Bosch. It is exposed at the Museo del Prado in Madrid. (B): Painting (oil on wood) of the Roman
God of the seasons, Vertumnus, by Biagio Arcimboldo (also spelled Arcimboldi), today kept at
Gripsholm Castle by the Malarian lake, Sweden. (C): “The Apotheosis of Dali ”, by Johfra Bosschart,
1971, appearing on a book by he himself “Highest Lights and Deepest Shadows”. Information about
him is not abundant. He is known as an eccentric and extravagant, but fascinating, artist whose work
offers a very hard perusal. (D): The visionary art of Rene Magritte is evident in two paintings, named,
respectively, “Men’s son”, left, and “Man with bowler hat”, 1964, actually kept in private collections.
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Strictly speaking, angels and devils too belong to the category of hybrids. From
that fact comes out a general consideration, stating that humans always dreamed about
the possibility that attitudes peculiar to a given category could fruitfully mix with those
pertinent to a second one.

Concerning “natural” plant and animal hybrids and selections, let us mention that
the end of the hunters—gatherers era grossly coincides with the beginning of routinely
agricultural practices and animal husbandry [3]. As a consequence, humans became bound
to a stable site and sedentary. This avoided them the continuous and uncertain labor of
hunting and collecting fruits or roots. Breeding started with the sedentary lifestyle and
domestication of the first agricultural plants, estimated to date back 9000 to 11000 years
ago [4]. Grafting methods were common in China before 2000 BCE [5]. Early farmers
selected edible plants having particular features and employed these as progenitors for
subsequent generations, with the accumulation of valuable traits over time. Husbandry
generated animal hybrids: for instance, in ancient Egypt, cattle were very important
livestock, and sheep, goats, and pigs were also kept. Poultry included ducks and geese;
pigeons were captured in nets and bred on farms, where they were force-fed with dough to
fatten them. Honeybees were domesticated from at least the Old Kingdom age, providing
both honey and wax [6,7]. In ancient Rome, rabbits were domesticated for food before the
first century BC. To help flush them out from their burrows, polecats (Mustela putorius) and
ferrets (Mustela putorius furo) were domesticated, as documented by Pliny the Elder (AD
23/24-79 of our era) [8-10]. This Roman historical naturalist and philosopher documented
the domestication and usage of ferrets (that he named meles) in Roman provinces, as the
Balearic Islands. Polecat-ferret is a hybrid by a wild European polecat and a domesticated
ferret. It is not easy to distinguish polecats from their hybrids through DNA analysis, due
to extensive gene inter-mingling. Supposedly, the escape of domesticated ferrets has led to
the hybridization of ferrets and polecats in the wild.

In modern bio-sciences, the concept of hybrid is not restricted to organisms resulting
from in vivo or in vitro genetic mixing. In fact, the word chimerism indicates organisms
composed of cells having more than one genotype. At a cellular level, all living beings, be
they animals or plants, are chimeras. Animal cells contain mitochondria, playing a key role
in respiration, whenever plants contain chloroplasts, which are active in photosynthesis.
Both kinds of organelles are ancestral symbionts of the respective cells and are endowed
of their own genotype (DNA). This makes, by definition, all cells as functional chimeras.
At the molecular level, the formation of hybrid molecules occurs during DNA replication
and transcription into RNA chains. Any animal type has his or her own appearance (the
phenotype) directly determined by its DNA genetic patrimony. Despite that, female and
male sex organs may coexist in the same individual, no matter whether is its gender: it is
the regulation of different genes that triggers the prevalence of one phenotype [11]. Even
transitions from an animal type to another, such as whales and hippos, are explained on
the same grounds [12].

Gene dis-regulation may give rise to hermaphrodites, although these are quite rare
in nature. Organ transplant technologies made chimeras a surgical phenomenon: it is
not possible to define in other ways the recipient of a transplanted heart or liver from a
deceased donor. In addition, bone marrow transplantation may determine the recipient’s
ensuing blood type [13]. Myeloma repair in modern medicine takes origin exactly from
the same approach [14]. This concept is synthesized in the famous Latin allocution by
Gottfried W. Leibniz “Natura non fecit saltus” (Nature never makes leaps) to indicate the
evolutionary continuity, when expressed in terms of mathematical functions [15]. The same
concept was later adopted by Carl von Linné (Carolus Linnaeus) in his “Systema naturae”,
where he established that biological species form a continuum of variations, generating
over time many different plants and animals [16].
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2. A Brief Historical Background on the Concept of Hybrid in Chemistry

In chemical investigations dating to the 19th and 20th centuries, the concept of hy-
bridization was widely used to define the chemical structure of benzene [17], and later,
the theory of atomic/molecular hybrid orbitals leading to the concept of LCAO (Lin-
ear Combination of Atomic Orbitals) [18-22]. The underlying theory is firmly based on
quantum-mechanical approaches.

As to the concept of hybrid in Colloid Sciences, a lot more can be said. Originally, the
word Colloid took its definition in a “negative” sense, due to the difficulty to crystallize
these materials with respect to Crystalloids. Substantial investigations from Ostwald,
founder of the first journal on colloids [23,24], and others took place. Ostwald himself had
at his disposal the possibility to see real examples of association colloids, thanks to the
suggestions of McBain [25], but he rejected such possibility with disdain [26]. The concept
of association colloids, the first to be discovered as a class, was described by McBain.
“Colloidal electrolytes are salts in which an ion has been replaced by a heavily hydrated
polyvalent micelle that carries an equivalent sum-total of electrical charges and conducts
electricity just as well or even better than the simple ion it replaces” [27]. Perhaps, the
concept of association colloids was fully accepted only in the 1930s [28].

A few years later, polymer chemistry started being considered a field of research
autonomous and independent from the consolidated colloid chemistry. This is due to the
pioneering contribution of E. Staudinger, the first polymer chemist awarded with a Nobel
Prize in 1953 (despite his landmark papers date back to the 1920s) [29-31]. Nobody at that
time thought of the possibility to join the two categories in a single one, since scientists
were trying to do the reverse in such a way to distinguish them. Imagine how risky it could
have been in those years introducing the term “hybrid colloid”!

The modern concept of hybrid colloids took place only recently, despite sparse excel-
lent contributions in the field. The first approach along this line is surely due to Feynman
in the seminal article “There’s plenty of room at the bottom” [32], although the term “hy-
brid” does not explicitly appear therein. Anyhow, the inclination toward the concepts of
nanotechnologies, including hybrids, surely originated from Feynman'’s contribution.

Effective attempts to proceed on their preparation and characterization took place
since the 1950s, when bodies based on polymers, slurries, nanoparticles, or fine powders
were covered with species adsorbing thereon and ensuring them with a substantial kinetic
stability. The increase in the number of functionalities and in the preparation pathways
was very fast until the ubiquitous use nowadays. The category can be extended to covered
surfaces [33], fibers [34], and so forth. For brevity, we do not mention here emulsion
droplets. This would lead us to talk about a much wider field of applications.

Combining the features of intrinsic (that we actually term solid, semi-solid, nanoparti-
cles) and association colloids gives the opportunity to obtain hybrid entities. It is worth
noting that the concept of hybridization originally came from the necessity to avoid unde-
sired clustering of silver nanoparticles (the first to be synthesized and extensively used for
biomedical purposes); see in Figure 3.

These entities, which may preferentially assume the form of platelets in the given
working conditions, spontaneously collapse if not properly surface-covered [35]. Another
important point to mention is that coverage by a given species may prevent the undesired
adsorption of unwanted ones. A relevant example deals with use of PEO (i.e., polyethylene
oxide), avoiding adsorption of proteins on SiO; colloid particles intended for in vivo
administration [36]. This is the main reason why biomedical competences are needed to
implement the behavior of systems like such.
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Figure 3. Hexagonal in shape silver platelets deposited on a polycarbonate membrane. They were
obtained by reduction in the presence of an adsorbent. The bar size is 1.2 pm long. Partly redrawn
from Ref. [32].

3. More Remarks
3.1. Generals

Let us consider finely dispersed bodies, which spontaneously tend to collapse. The
physical state of such bodies is immaterial. Adsorbate and adsorbent, the categories on
which we focus, interact thanks to the formation of covalent bonds or non-specific chemical
linkage. In both cases, the final product is stable and moves in the solvent as a whole kinetic
entity (N.B. An example can be the covalent binding of C1gOH onto silica). It is immaterial
if such “stability” is thermodynamic, or kinetic, in nature. Energy barriers controlling the
stability of all hybrids can be many kgT units high. It is not surprising that although the
energy pertinent to the non-specific binding on a single locus, as an hydrophobic surface, is
relatively low (about 2.5 k] mol ! per CHj units [37]), the system as a whole is substantially
stable, since the number of “weak” (of van den Waals, vdW, nature) surface bonds that are
formed is extremely high. The effect is cooperative but partly counteracted by steric effects,
and this ensures that although coverage effectively takes place, surface crowding is almost
never attained.

Surface functionality (termed wrapping) is described in the following. Imagine hav-
ing a dispersion of spherical particles having the same radius, embedded in a medium
containing size-mono-dispersed polymers. Whatever their nature, polymers wrap onto
nanoparticles and impart them substantial stability, avoiding coagulation and undesired
phase separation. The above effects are controlled by the overlapping of different energy
contributions. In the case of covalent interactions, bonds are formed by chemical reaction;
the final products are stable for indefinite long times. In the non-covalent mode, polymer
portions adsorb on the nanoparticles” surface (hereafter indicated as NPs), other parts
face outside; the non-interacting parts are randomly dispersed in the bulk. The forces
responsible for wrapping can be extremely diverse in their nature and span from pure
vdW [38] to purely electrostatic [39].

Some relations for the (wrapping/protruding) ratio are known, and energy contribu-
tions to wrapping have been quantified. Changes in the conformational degrees of freedom
for surface-bound polymers are relevant in the stability of aggregates they form with
NPs. Wrapping is controlled by many energy terms, jointly contributing to stabilization.
They include both surface-polymer and polymer—polymer interactions, and interactions
with the solvent (mostly for polymer chains), as well. Similar considerations apply to
particle-protein systems and particle-surfactant hybrids. The latter case is similar to that of
polymer adsorption [40], with significant differences [41]. Surfactants adsorb on non-polar
surfaces by hydrophobic interactions. Cases are known where their ionic groups anchor by
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electrostatic forces on the particles and neutralize them. Later, a second adsorption stage
takes place [42]; in words, vesicle bilayers confine NPs.

The generalities of adsorption are described in the following paragraph. Below, we
would stress on the concept, stating that hybrids in colloid science imply many significant
variations with respect to the parent entities, generating different organization modes and
functionalities. The above concept has real pertinence with what is formerly described in
the behavior inherent to cells and tissues. We introduce below a simple approach to the
formation of polymer/nanoparticle hybrids. The underlying theory has been simplified,
without loss in generality.

3.2. Polymer-Coated Hybrid Formation: Some Thermodynamic Remarks

Efforts started in the 1950s, when many authors developed statistical thermodynamics
methods, introduced by Flory [43,44], extended to wrapping refined theories, or draw
innovative experimental approaches [45-51]. Although many years have passed from
Flory, there are still some obscure points in such developments [52,53].

We introduce here a model based on the more currently accepted developments in the
field. It applies to “hard” particles such as 5iO;, TiO;, or carbon nanotubes (CNTs), but it
can be extended to different entities, be they rigid, soft, or semi-soft. NPs are supposedly
uniform in size; the same can be said for polymer chains, which presumably have a mean
full length. Whatever such length is, the end-to-end distance for polymers is lower than the
NPs diameter, and the length of wrapping units is lower than the fully extended polymer
one. Supposedly, polymers and NPs are mono-dispersed in size. This is not a strict
requirement and can be overcome using a statistical distribution of particles or polymer
sizes. Only part of a polymer chain effectively wraps. These effects are accounted for by
defining « as the number of wrapping units per chain. The partitioning of units between
the bulk and bound states occurs. We define Xy as the mole fraction of free polymers
(<Xiot); the latter is the sum of wrapped and free states. Completely free polymers may
exist as well.

Adsorption occurs in the same way as onion leaves progressively grow layer by layer.
In case of multi-layer adsorption holds, the amount of interacting polymer is obtained by
summing over all possible M; values the number of adsorbed layers. The M; one is in
contact with NPs, whereas M, faces toward the solvent. N° (=X}) is the concentration
of polymer, and T the number of segments in the main chain. The adhesion probability
is expressed by a P term, which is related to «. Complementary to « is an ¢ term that
indicates the fraction of polymer not directly involved in wrapping. « and ¢ refer to the
whole number of bound/free, states, irrespectively of whether physical continuity in bound
sub-domains occurs. The weight of wrapping and protruding parts is expressed as

MaT = (1 - Xf> N°P¥(1 — P)? )

MeT = M(1—a)T = (1 - Xf)N°p2(1 — P) 2)

wherel <M <m.
In the onion-like approximation, the equilibrium between a and ¢ states in each layer,
K¢, is expressed as

w w P*(1 — P)?

sz,s = [*} = [ ] = (—1)_ (3)
€ 1—a PZ(I—P)( «)

«T and (1 — )T indicate the number of wrapped and protruding units, respectively.

Their ratio is controlled by the polymer affinity toward the surfaces, or successive layers,

and it is counteracted by the repulsive forces they exert on each other. Since « is directly

proportional to wrapping, its value can be calculated by summing Equation (3) over all
possible M; values.



Colloids Interfaces 2021, 5, 33

7 of 18

Explicit relations between « and P are obtained assuming that (1 — &) = (1 — P)/P [50].
Thus,
P
1-P

4)

P¥(1—P)?

After partial separation of variables and subsequent re-arrangement of Equation (4),

we get
1

P (P1-Pp)7
f{ (1-p)° } ©

which can be easily transformed in a distribution function.

For homo-polymers, wrapping is controlled by the main chain length, unless the
protruding parts contain groups directly involved in binding. We assume the polymers
to have uniform cross-section, which is indicated as 4. Adhesion implies the wrapping of
a-wide ribbons; obviously, 4 is an average value.

We introduce an adhesion term, w, of dimensions energy per unit area, and 77, an
osmotic pressure contribution. The first indicates the transfer energy from the bulk to
the NP surface, when 7 is the two-dimensional analogue of an osmotic pressure. The
adsorption energy, E g4, is related to the wrapping length and is proportional to

Ey=(w+ malf; +1 6)

Subscripts i in Equation (6) indicate the number of binding entities, /; indicates the ex-
tended segment length, and f; < 1, is a shrinking parameter, which depends on the structure
and conformation of segments. f; terms are justified by a possible segment shrinking [54].
The surface coverage reaches a maximum in case of fully extended length, when f; values
approach unity. 7, a shrinking energy term, depends on polymer conformation. Its value is
not known a priori and is determined by spectroscopic methods [55]. The meaning of 7
and w terms was given above.

The Boltzmann probability for the weight of an i state, P ((});, is related to E,;, and is
defined as

P (W)i = kiexp —[(r +w)afili/KBT] exp —[1/KBT] @)

The term (Q) refers to a statistical distribution. k; constants are peculiar to each
binding state and are related to the chain stiffness. k;’s and f;’s are interrelated; the stiffer
the polymer, the higher is k; and the closer to unity is f;. Thus, P(Q)); terms are controlled
by k;. Summing over all possible i states gives

Py = Prot = %4 1 P(Q)= Xi _ 1 k; exp —[(r + w)afili/KBT] exp —[1 /KBT] ®)

The above equation relates the wrapping energy to the weight of each possible state.
P(Q)); terms may differ in E ,; values each from another.

Wrapping effectively occurs if I;s in Equation (8) have a non-negligible statistical
weight. As a consequence, a maximum in the plot of P(QQ); versus I; occurs; its position
depends on the segment(s) length. w terms must be significant for the process to be effective.

In calculating the binding of PEO units onto SiO,, we supposed that its value is twice
that for the transfer of a CH, unit into a micelle interior (600 cal mol™1) [37]. P(Q); is
maximum in a narrow /; range and that its position depends on f;. The shape of P(Q));
curves is not symmetrical with respect to /;. The mid-height amplitude of P(Q));, its location
and maximum, P(Q); 4y, are related to the number of segments. The probability of a given
state depends on g, [;, and f;. Thus, we may write P(Q));= f(a, I;, f;,). Derivation with respect
to control variables gives information on the system stability. Rewriting Equation (10) for
each i state leads to

In(P(Y);i/k;) = —[1/(KgD[(7w + wafil; — 1] ©)
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1, the planar component of rotational energy for wrapping segments, is an implicit
form of fil;. There is only one point in the configurational space defined by f; and I;
coordinates at which

(dIn[P(Q)i/kil/ dfi)i = —[(rr+w)al; — (dn/df;)i] = O (10)

(dIn[P(Y);/ki]/dly)s = —[(rr+w)af; — (dn/dl;)z] =0 (11)

The above relations give optimal stability conditions and balance surface energy terms
with shrinking ones. According to Figure 4, the number of binding segments is limited.
In the calculations we imposed some constraints and assumed weak interactions energies
among PEO and NPs. This is in agreement with the accepted behavior of medium-size
homo-polymers [56], where the number of bound segments is limited.

4
Py \
PN A ‘ B
/ \ ! 08|
/ : |
P() \ ‘
1 ! \ ! \
'fi \ \
24 ;l \ P((’))l/Pmt
f \ ) 0.4
'u \
f L
by
N
0 T T — 0 T T _

10 | 1 30 50 0 20 |I 40
Figure 4. (A). Binding probability, P(Q2);, in arbitrary units, vs. the number of polymer units in the
main chain, [;, for k; terms equal to 2/3, red, and 1.0, blue, at 25.0°. Data were calculated for PEO
binding onto SiO,. The number of segments in PEO chain is 50; the NP’s diameter is 200 nm. (B).
Normalized plot of P(QY);/ Pyt vs. I;, calculated assuming k; to be proportional to 1/I;. The behavior
conforms to common knowledge on the binding efficiency of small-medium length polymers. See

the text for more details.

According to the calculations, less than 15 units over 50 are substantially bound. This
implies a large number of protruding units and an extended corona. Even if not evident
from the above equations, the hydration energy of polymer protruding parts is large.

Estimates of energy terms reported in Equations (10) and (11) are given below. As a
consequence of PEO adsorption onto SiO, and of the number of bound EO units calculated
by the distribution function, the contribution due to w, i.e., to its transfer from the bulk
to the NP surface, is 10-12 kcal mol~!. The 7 term is hardly estimated, but it is close to
the osmotic pressure that concentrated polymer solutions exert on the NP surface: about
1 kcal mol~!. Terms due to polymer—solvent interactions, not present in the equations,
may be significant. Therefore, even neglecting rotational, #, and dehydration terms, a
substantial wrapping energy is obtained. Such contribution ensures an efficient coverage.

3.3. Some Details on the Preparation of Hybrid Particles

A bunch of combinations among NPs and surface modifiers is possible. Starting from
the quite popular SiO,, intended as a reference system, we define several classes, which
were partitioned in sub-categories. Sometimes, it is hard to distinguish one from another
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mode, since differences are subtle and involve modifications in either NPs nature, polymers
and/or both.

3.3.1. Nanoparticles

Tentatively, NPs with organic/inorganic cores can be divided in the following categories:

(1) Raw NPs. They remain as such until non-covalent coverage occurs through the
adsorption of a polymer in a bad solvent [57,58]. This is the case of SiO; coverage which
was the first attempt used to date [59]. This procedure has severe drawbacks due to the
difficulty to eliminate the solvent.

(2) Surface-charged NPs are modified by modulating the medium pH, to ensure ad hoc
surface charge density [60,61]. Dissolution in proper solvents favors such a step. This
process is required to induce the adsorption of ionic polymers [62].

(3) H-M NPs. The process implies using as a preliminary step the procedures indicated
in Point (2) [63—66]. Reaction with fatty acids, alkyl-amines, and /or long-chain alcohols
leads to the formation of H-M entities; see Figure 5. These are capable of later binding
proper polymers. Such particles are sticky to the touch and are nucleation sites for the
adsorption of hydrophobic molecules. In some sense, they act in analogy to oil droplets,
as to the binding of hydrophobic moieties is concerned. Similar considerations apply if
species binding thereon are surfactants.

Figure 5. Nanoparticles of SiO, (220 nm in size) onto which C;3gOH was adsorbed. NPs were
dissolved in EtOH, reacted, dried, repeatedly washed in organic solvents, and kept in DMF until
use. NPs stickiness, when they are left on air for some hours, is evident, as indicated by blue arrows.
The inter-particle regions have strong similarity with details met when cells join together, or there is
mitosis during the partition in two daughter cells. The red bar size is 300 nm long. For more details,
see Ref. [59].

(4) Biopolymer-coated NPs. They share substantial similarities in common with those
mentioned in Point 2), and significant differences, too. Such differences are due to the
necessary chemical or structural modifications required to allow an effective biopolymer
binding. Typical examples are those dealing with pH changes inducing in proteins sig-
nificant charge density or denaturation. Both favor the onset of extended hydrophobic
moieties. It is difficult to separate one mode from the other, as in pH-dependent albumin
binding onto synthetic vesicles [67]. Even more exotic is the necessity to get single stranded
DNA, which is capable of binding onto carbon nanotubes only if transformed in a less rigid
form than the native one [68,69].
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(5) Fully hydrophobic NPs are particles with polystyrene, PS, or poly-methyl methacry-
late, PMMA, as inner cores [70,71]. They are manipulated in such a way to allow a per-
manent binding. This process occurs via covalent functionality procedures. The inherent
drawbacks arise from using toxic reactants.

(6) Metal-based nanoparticles. These can be made of metals or metal oxides. Such entities
can be functionally modified as indicated above. Sometimes, it is necessary to form layered
entities, in preparing NP-based super-capacitors, for instance [72].

(7) Surfactant-coated NPs. The latter are of ancillary use, due to a surfactant exchange
with the bulk. The mentioned phenomenon is controlled by the adsorption/desorption
to and from the NP surface and is not different from that occurring at fluid surfaces. It is
counteracted by adding electrolytes [73] to reduce the surface charge density, eventually by
adding alcohols, or other co-surfactants. The addition of polymers (but also proteins) gives
polymer—surfactant complexes [74], which are located on the NP surfaces in question.

(8) Vesicles. Such matrices find substantial similarities with cells and thus are used in
biomedical applications. The significant biomimetic character renders them compatible
with most biological tissues [75,76] and allows for their use in biomedicine and transfection
technologies. Surface functionality occurs in the same way as in nature. Promising are syn-
thetic vesicles composed by lipids or surfactant mixtures, bearing oppositely charged polar
heads [77-79]. Such systems, prepared by mixing the two species in non-stoichiometric
ratios (in terms of charge, or mole numbers), are easily modulated in size and surface
charge density; see Figure 6 [80]. The resulting entities can be either positively or negatively
charged, depending on which surfactant is in excess. An example is the system made of
SDS (Sodium Dodecylsulfate) and CTAB (Cetyl-trimethylammonium Bromide). When the
ratio among the two is unity, vesicle sizes diverge and lamellar entities do form. Cat-anionic
vesicles, CAT-AN, adsorb cationic or anionic bio-polymers through electrostatic, vdW, or
other physical forces, including combinations thereof. As inferred from that tentative list,
the number of possible combinations is extremely rich and diversified. This fact gives to
formulators a wide bunch of technological possibilities to be experienced.

3.3.2. Polymers

Polymers and bio-polymers belong to an enormously wide category. They differ in
polarity, length, size dispersivity index, number of protruding units, stiffness vs. elasticity,
etc. Homo-, or block co-polymers can be used. Length is crucial in determining the
adhesion probability, as also does the presence of ionic/nonionic blocks in the main
chain. A pertinent case is that of PEO-poly-L-lysine hydro-bromide, which is widely
used in recent years [36,81]. Bio-polymers may be proteins, their hydrolyzed, synthetic
polypeptides, polysaccharides (raw or functionally modified), DNA, or RNA. The same
applies to polymer-surfactant adducts. There is also the less commonly used possibility
that a particle type is surface covered by another, differing in physical nature, size, and
shape from the host one. That possibility ensures the possible bio-mimicry of hybrids with
cells and viruses.

3.4. Size and Shapes

The success of hybrid preparation depends on the required features, which are ex-
pressed in terms of shapes and chemical composition. Sizes span from a few nm upwards,
when shapes are spheroidal, cylindrical, plate-like, star-like [80], and so forth. In case of
composite NPs, the sub-units may combine in non-canonical geometries, depending on the
domain’s composition. The resulting effects may also be controlled by charge accumulation
on the protruding NP’s edges or on curved domains [82]; see Figure 7. Note that what we
define as “smooth” are winding and twisting on an atomic scale level; that is the reason for
a substantial charge accumulation on some colloid particles. This is true for inorganic or
polymer-based NPs. However, bio-based particles that bind more entities on their surfaces,
similar to cells and viruses, operate on the same grounds.
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Figure 6. Relation between surface charge density, o, in Q cm 2

, and average vesicle radius, R
(nm), for cat-anionic vesicles made of unequal amounts of SDS and CTAB. The solution contains
6.2 x 1073 mol kg~ !, at 25.0 °C, with ionic species in non-stoichiometric ratios. What is reported
here refers to a CTAB-rich vesicle. As expected, the surface charge density decreases with the SDS
mole ratio in the mixture. The reported behavior is tentatively described by a relation keeping the
form oR = K. A specular behavior is met when the species in excess is SDS and CTAB is added. In

that case, obviously, o is negative.

Figure 7. Adsorption of TiO, nanoparticles, directly flourishing onto the edges and curvatures of
single-strand DNA carbon nanotubes, as flowers do onto the branches of the Judas tree, (Cercis
Siliquastrum). The blue bar size length is 250 nm. Redrawn from Reference [83].
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4. Materials Preparation
4.1. Preparation Procedures for Getting Hybrids

According to what was previously stated, a number of preparation pathways is
possible. This is due to the wide number of NPs and of adsorbing species that are actually
required. We indicate below the main categories, each characterized by proper reaction
modes. These include covalent, non-specific adsorption, and electrostatic interactions. The
pertinent energies span from a few to over 100 kcal mol . It is worth noticing, perhaps,
that the term “weak interaction forces” refers to one binding unit, whereas many of those
do effectively take place on the same particle. In addition, the insertion of one functional
group may favor more ones because of the overlapping of many energy terms. It is also
relevant to point out that weak adsorption forces imply interactions among close polymer
units that protrude outward the bulk, not to mention the ubiquitous dehydration effects.

There are many possible pathways to proceed along these lines. The most pertinent
ones are the following:

(a) Through covalent linkage among NPs and polymers. Both are endowed with new
functionalities in such a way to ensure an efficient, and permanent, chemical bond. Thus,
NPs will contain reactive surface groups. The most common are alcohols, amines, acyl
chlorides, or double C=C bonds pending on the NPs surface. Complementary groups are
located at one end of the polymer to be linked. Eventually, the use of catalysts shall be
required on that purpose. One-pot building procedures are by far preferred.

(b) Through surface adsorption. This non-specific pathway requires the adhesion
of a significant polymer portion on the NP surface, according to what was mentioned
in Section 3.2. The energies that are required for the binding of a single unit (such as
an ethylene oxide one) are moderate, but many of those effectively take place. Other
contributions mentioned above are also relevant. The process is favored by dialysis, by
modifying the solvent nature, or the working temperature.

(c) Electrostatic in nature. This latter modality is twofold in nature. In the foamier case,
it is related to the binding of ionic polymer moieties onto oppositely charged NPs. A typical
example is met in the binding of PEO-poly-L-lysine hydro-bromide block copolymer onto
charged particles; the effect is often concomitant to the dehydration of either polymer and
NP moieties, and as a rule, it is entropically favored. In the second one, oppositely charged
polymer domains tend to pack, thus giving compact coronas. The latter eventuality has
been extensively described in important contributions due to Prof. Dobrynin [84,85].

It is possible to have the combination among two, or more, of the mentioned modes,
as indicated above. However, it must be considered that the relative weight of these
contributions can be quite diverse.

4.2. Optimization Procedures

Hybrids suffer from being rather poly-disperse in size and substitution degree. In most
technological purposes, this is not a serious fault. However, the situation can be problematic
in case of applications for advanced biomedical purposes. Imagine, for instance, that a
given hybrid is intended to bind a specific site. This requires, in sequence, the need to have
proper length of the protruding units and/or the right functionality and the final edge
of the polymer chain. In cases in which this would not hold, the key—lock strategy will
surely lose its effective significance. This fact requires a due selection of the protruding
units, which can be obtained by “living” polymerization pathways [86], in such a way that
the species to be surface anchored retain a proper length.

The same holds for the strategies in use to get finely size mono-disperse particles. It is
well known, in this regard, that optimizing the reactive conditions ensures the possibility
to get finely mono-disperse entities, depending on the amount of reactants, on the working
conditions, and on the preparation pathways, including time control. Pertinent examples
deal with the preparation of SiO; or TiO,, nanoparticles in bottom-up strategies [87].
Depending on what is stated above, the NPs can be effectively size mono-dispersed.
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In all cases reported above, one must avoid polymer depletion from the NP’s surfaces.
Such an effect has been described in theoretical and experimental approaches [88,89],
and it can be met in all instances where surface coverage is needed [90,91]. As such, it
occurs in polymer and/or surfactant stabilized systems; it finds origin in the presence of
unbalanced osmotic gradients between entities located on the surface and the bulk. It is
often concomitant to a phase separation of particles that are no longer surface stabilized.
Therefore, it is obvious that it must be counteracted or controlled. This can be done by
changing the solvent, using polymer (surfactant) blends in place of a single species, adding
electrolytes, or modulating the temperature.

5. Applications

If we look at the increase in number of articles, reviews, and patents keeping the term
hybrid in their titles or in the manuscripts, it is evident that a critical, drastic, increase
in such numbers has been reached in the last few years. Some contributions focus on
the potentialities offered by new materials, although a cogent analysis of their effective
applicability is far to be completed. Anyhow, successful results have been obtained in
many fields. The list below is far from being conclusive and only indicates the items that
we personally suppose to be the most promising in a close future. Intentionally, we did not
consider in the list a wide bunch of patents that appeared in the last few years. To mind
but a few selected ones, let us mention significant results in the following areas:

5.1. Heterogeneous Catalysis

These include a variety of interesting subjects, such as CNT-polymer dendrimer-
like hybrids, thanks to the contribution of Prato et al. [92], hybrid nanoparticles made of
metal /metal oxide cores [93,94], porous polymer sponges containing metals [95], gold—
graphene hybrids [96], and so forth.

5.2. Wastewater Treatment

Noteworthy are contributions that appeared in articles and in a series on water
pollution and bioremediation technologies [97,98].

5.3. Molecular Medicine

Given the possibility to get tailored species, mostly in terms of surface functionalities,
release capacity, and bio-compatibility, many have tried getting formulations capable of
operating at the gut level [99], gene silencing [100], bone tissue regeneration [101-103],
preparing devices [104] and /or decorating NPs with human stem cells [105], and anticancer
therapy [106], as well. We do not know exactly how efficient the mentioned formulations
are compared to canonical ones, but it expected that their safe use is close to be effective
in vivo.

5.4. Food Sciences

This field of research is at an advanced state, due to the fact that many food prepares
contain true hybrid nanoparticles. Think to the impressive amount of work, dating back
to some thousand years ago and focusing on the cheese-making sequences. Today, efforts
proceed on the same line, trying to get products with superior quality in terms of safety
and with significant yields, too. English [107], Italian [108], and Dutch [109] universities
are worldwide recognized for taking care of the above field and to go ahead with a series
of important initiatives in the field of colloid-based formulations used in the food industry.

5.5. Electronics and Micro-Devices

The reasons for using NP-based hybrids arise from the combination of properties
inherent to the nanoparticles that form the resulting objects. The high surface to volume
ratio is one of the most relevant; associated is a relative low density compared to the
objects in mass. It is worth noticing the easy possibility to model them in the desired



Colloids Interfaces 2021, 5, 33

14 0f 18

References and Notes

shape. More substantial is the fact that highly porous matter has an eminent capacity to
adsorb gases or target molecules. Finally, the possibility to form layered entities ensures
that the resulting objects have the possibility of getting entities characterized by a high
charge storage capacity. This fact ensures the possibility of getting high quality super-
capacitors [110]. Relevant too is the possibility of getting a coating with the selected
properties as a significant hydrophobic nature [111]. As to the applications in technology,
let us remind, among many others, a safe and possible use for heat transfer on large
scale [112]. Many other applications are possible.

6. Conclusions

It is shown here that the concept of hybrid is extremely useful in understanding the
features of modern colloid composites and allows one extending to that field almost
everything we historically know from literature, art, and nature. The concept can be
extended to include a lot of objects that we know not to be compatible in logical grounds,
but it can be mixed in such a way to get impressions much stronger than those pertinent
to the single components. It is what we know from classical art and literature when the
concepts of “horrible” and “phantasmic” were conjugated each other to become unusual,
disquieting, and fascinating in the same time. This is the reason for the similarity that
synthetic hybrids share with ones met in classical literature, as mentioned above.

In some aspects, the concept hybrid is a direct consequence of the second principle
of thermodynamics when applied to items that seem to be incompatible at a first view.
Note that the formation of hybrids is almost always concomitant with the significant de-
hydration of the units participating to such processes where entropy contributions may
be significant.

In terms of prime principles, mixing chemicals, although poorly compatible with each
other, is not much different from joining together objects whose features seem conflicting.
More points to be put in evidence are the strong biomimicry of hybrids that are obtained
from tailored experiments with those met in selected biological systems. For example,
think to the steric stabilization of casein micelles [113]. Its presence avoids the coagulation
of the mentioned entities, until proteolytic enzymes cut the polypeptide moieties facing
outward casein. It is evident that to proceed along these lines, significant modeling and
dedicated experimental efforts are needed to get the desired results.
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