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Preface

Nearly one decade ago a two volume edition on “Polyelectrolytes with Defined
Molecular Architecture” edited by M. Schmidt appeared in the Advances in Poly-
mer Science, which summarized progress in the field at that date. Within the total
11 chapters one was dedicated to “Polyelectrolyte Complexes,” in which its authors
addressed interpolyelectrolyte and polyelectrolyte/surfactant complexes as well as
theoretical aspects of polyelectrolyte (PEL) complexation.

This new two-volume edition on “Polyelectrolyte Complexes in the Dispersed
and Solid State: Principles and Applications” is intended to extend the content of
this former chapter by bringing together selected state of the art contributions on
principles and theory (Volume I) as well as on actual application aspects (Volume
II) of polyelectrolyte complex (PEC) based particles and soft matter. In the Volume
I progress and new knowledge on theoretical aspects of electrosorption phenomena
between PEL and oppositely charged surfaces (A.G. Cherstvy and R.G. Winkler)
and of the practically always apparent aggregation and clustering tendency of PEC
particles (N.I. Lebovka) are reviewed. Recently identified important dynamic
aspects of ion conductivity (C. Cramer and M. Schonhoff) within PEC soft
matter and relaxation phenomena within PEL/protein PEC particles (S. Lindhoud
and M.A. Cohen-Stuart) as well as structural aspects of interpolyelectrolyte com-
plexes of novel synthetic polyionic species with nonlinear topology and polymer—
inorganic hybrids (D.V. Pergushov, A.A. Zezin, A.B. Zezin, A.H.E. Miiller) are
reviewed. In Volume II, prominent recent applications of PEC particles are
reviewed together with an outline of relevant key properties concerning colloidal
stability, size, shape, compactness, surface, and biointeraction. The use and tailor-
ing of PEC particle-modified relevant surfaces for paper making (C. Ankerfors and
L. Wagberg), solid-liquid separation and water treatment (G. Petzold and
S. Schwarz) are addressed. The last three contributions review PEC applications
in the life sciences, including the role of PEL/protein complex assemblies in food



vi Preface

(S. Bouhallab and T. Croguennec), the use of DNA/polycation complexes for gene
delivery and protection (A. Bertin), and the potential of sizable and shapable
nanosized PEC particles in pharmaceutical applications such as controlled drug
release (M. Miiller).

Dresden, Germany Martin Miiller
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Polyelectrolyte Complexes for Tailoring
of Wood Fibre Surfaces

Caroline Ankerfors and Lars Wagberg

Abstract The use of polyelectrolyte complexes (PECs) provides new opportunities
for surface engineering of solid particles in aqueous environments to functionalize
the solids either for use in interactive products or to tailor their adhesive interactions
in the dry and/or wet state. This chapter describes the use of PECs in paper-making
applications where the PECs are used for tailoring the surfaces of wood-based fibres.
Initially a detailed description of the adsorption process is given, in more general
terms, and in this respect both in situ formed and pre-formed complexes are
considered. When using in situ formed complexes, which were intentionally formed
by the addition of oppositely charged polymers, it was established that the order of
addition of the two polyelectrolytes was important, and by adding the polycation first
a more extensive fibre flocculation was found. PECs can also form in situ by the
interaction between polyelectrolytes added and polyelectrolytes already present in
the fibre suspension originating from the wood material, e.g. lignosulphonates or
hemicelluloses. In this respect the complexation can be detrimental for process
efficiency and/or product quality depending on the charge balance between the
components, and when using the PECs for fibre engineering it is not recommended
to rely on in situ PEC formation. Instead the PECs should be pre-formed before
addition to the fibres. The use of pre-formed PECs in the paper-making process is
described as three sub-processes: PEC formation, adsorption onto surfaces, and the
effect on the adhesion between surfaces. The addition of PECs, and adsorption to the
fibres, prior to formation of the paper network structure has shown to result in a
significant increase in joint strength between the fibres and to an increased strength
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of the paper made from the fibres. The increased joint strength between the fibres is
due to both an increased molecular contact area between the fibres and an increased
molecular adhesion. The increased paper strength is also a result of an increased
number of fibre/fibre contacts/unit volume of the paper network.
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1 Setting the Scene: Polyelectrolytes in Papermaking

Briefly, paper is made from a very dilute aqueous suspension of anionically charged
cellulosic fibres which, after water removal, form a fibrous network, i.e., a paper
sheet. In many cases, filler particles such as ground or precipitated calcium carbonate
or clay are added to the fibre suspension to enhance the optical performance or
printability of the paper. Also, a variety of other components are added to improve
specific properties of the paper sheet (e.g., wet and dry strength agents) or to facilitate
the paper production process (e.g., retention aids to minimize the loss of fines and
filler material to the process water, dewatering aids or defoaming chemicals).
The majority of these chemical additives are polymers.

The strength of a paper sheet is determined by the strength of the individual
constituent fibres, the strength of the joints bonding the fibres together, the number of
such joints per volume and the sheet formation (a measure of how evenly the fibres are
distributed in the sheet). The fact that the strength of the sheet is generally significantly
lower than the strength of a fibre leads to the conclusion that the joints between fibres
are of utmost importance [1, 2]. The strength of a fibre—fibre joint is due to mechanical
interlocking, van der Waals interactions, ionic bonds, hydrogen bonds, polymer inter-
diffusion between fibre surfaces and hydrophobic interactions [3]. For most of these
factors, the actual molecular contact area in the fibre—fibre joint is crucial [4].

Thus, it is of interest to modify the fibre—fibre joint in order to improve the various
parameters of the paper sheet. One example is the addition of a polyelectrolyte in the
papermaking process to increase the strength of the fibre—fibre joints and thus increase
the paper strength. A large variety of polyelectrolytes, natural and synthetic, are used
to modify fibre surfaces in papermaking, some of which (e.g., starch) have been used
for more than 50 years [3]. Instead of single polymers, alternating layers of cationic
and anionic polyelectrolytes can be adsorbed, forming a polyelectrolyte multilayer
(PEM) [5] on the fibre surface [6]. This procedure leads to a significant increase in
paper strength.
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The classic approach to increasing the strength is mechanical beating of the pulp.
This strengthens the resulting paper by straightening and flexibilizing the fibres,
leading to stronger fibre—fibre joints and a more uniform stress distribution in the
sheet with beaten fibres [7]. The side effect, the production of fine material, leads to
more difficult dewatering, which results in a wetter sheet and thereby higher produc-
tion costs. Beating also generally leads to the formation of denser sheets, which in
turn may lead to lower bending stiffness or lower light scattering, and greater
shrinkage upon drying, which are undesirable effects for some paper grades.
The problem of densification has to some extent been overcome by (partial) replace-
ment of the beating with chemical treatment with polyelectrolytes.

Recently, it has been shown that it can be of both technical and economic interest
to pre-form polyelectrolyte complexes (PECs) before letting the polyelectrolytes
interact with the fibres [8, 9]. This procedure offers an industrially interesting
method for exploiting the advantages of the separate polyelectrolytes and for
creating a new, nanostructured unit (which in itself has a further advantage in
enhancing paper properties). It is also very interesting from an industrial point of
view because PECs with new properties can be formed from polyelectrolytes that
already have the necessary application permission from the authorities. It is usually
very expensive to introduce totally new chemicals.

In more general terms, the addition of PECs can be seen as a surface treatment that,
in combination with all the polymers available today with exciting functionalities,
such as antibacterial, conductive, UV- or thermoresponsive properties, offers very
interesting possibilities for adding new functionality to a large variety of fibre-based
materials.

2 Adsorption of PECs to Cellulose Fibres

In order to correctly describe the adsorption of PECs at the solid-liquid interface, it is
important to decide how to define the interaction between a PEC and a solid surface,
i.e., should it be considered an adsorption of a polyelectrolyte or an adsorption of
nanosized colloids with a net charge? This naturally depends on a number of factors,
but it is vital to establish what type of complex is being studied since a soluble
complex will differ from a coacervate, which in turn will differ from a colloidal
complex [10, 11]. In the present discussion, only colloidal complexes will be
discussed and, as shown in Fig. 1, this type of complex can be represented by a
nanosized colloid with a neutral core and a charged corona. The size of these colloids
depends on their composition and on how they are prepared but, according to
Dautzenberg [11], they are roughly in the size range between 10 and 100 nm. The
charge of the complexes naturally depends on the preparation conditions and on the
properties of the constituting polyelectrolytes. The corona naturally also has a cloud
of counter-ions to balance the non-neutralized charges in the external layer(s) of the
complex.

The adsorption of polyelectrolytes and charged colloids at the solid-liquid inter-
face has attracted considerable interest over the years [12—14]. Since the early 1980s,
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Neutral core

Charged corona

Fig. 1 Structure of the nanosized colloidal complex formed from mixing of oppositely charged
polyelectrolytes

there has been a rapid development of our theoretical understanding of the adsorption
processes and the mean-field theories have in general been very successful in
describing polyelectrolyte adsorption at the solid-liquid interface [12, 15]. Good
agreement has also been found between Monte Carlo simulations and thermodynamic
models describing the adsorption of colloids at interfaces [16]. In mean-field models,
it has been clearly demonstrated that the adsorption can be driven by an increase in
entropy of the system due to the release of counter-ions from the polyelectrolyte/
colloid and the solid surface and/or by a positive sign of the surface interaction
parameter y, [12, 15], which is linked to an enthalpy change associated with the
interaction between the polymer/polyelectrolyte/colloid and the surface. The adsorp-
tion of a highly charged polyelectrolyte to an oppositely charged surface is most
commonly driven by the release of counter-ions (i.e., it is entropy driven), but in the
case of a low charge density polyelectrolyte there may be a substantial contribution
from nonionic interactions [12].

It is difficult to categorize colloidal complexes as either high-charged or low-
charged systems because the charge of these materials is dependent on the compo-
sition of the complex, i.e., the constituting polyelectrolytes and the surrounding
medium. Another complicating factor is the influence of the excess polyelectrolyte
in the solution because this polyelectrolyte disturbs the adsorption process to an
extent that depends on the charge and size of the polyelectrolyte in solution.

It has been shown [17] that the removal of the excess cationic polyelectrolyte led
to a somewhat greater adsorption of complexes of polyallylamine hydrochloride
(PAH) and polyacrylic acid (PAA) onto SiO, surfaces in water, with a net cationic
charge and a degree of neutralization of 0.8, since the excess PAH diffused more
rapidly to the surface and was adsorbed before the larger colloidal complexes could
be adsorbed. When the PAH was removed, the complex adsorption dominated and
the adsorbed amount thus increased. Similar results were found for the adsorption
of cationic lattices onto cellulose fibres with an excess of cationic polyelectrolyte in
solution [18], where it was found that a large excess of the cationic polyelectrolyte
severely affected the amount adsorbed. Both these results show that the amount of
free cationic polyelectrolyte in solution must be controlled in order to safely
elucidate the mechanisms behind the adsorption of PEC onto any surface.

Using a simple filtration procedure on an anionic PEC formed between a cationic
polyamideamine epichlorohydrin condensate (PAE) and carboxymethylcellulose
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complexes. Reprinted from Gérdlund et al. [19] Copyright (2003), with permission from Elsevier

(CMC), Girdlund et al. [19] established that when the charge ratio was higher than 0.6
only a limited amount of free polymer (i.e., CMC) existed in solution. This is shown in
Fig. 2, where the amount of free polymer in solution is shown as a function of washing
cycle number when 50% of the volume of the PEC dispersion was removed in each
cycle. From this, it can be concluded that when the degree of neutralization is higher
than about 0.6 there will only be a limited amount of polyelectrolyte free in solution
that might disturb the adsorption process. This amount is probably dependent on the
properties of the polyelectrolyte used, but this has not yet been clarified.

Another important factor when studying the adsorption of a colloidal PEC to an
oppositely charged surface is the dimension or geometry of the PEC and the amount
of adsorbed charges associated with adsorption of a single complex at the solid—liquid
interface. As shown in Fig. 1, the structure of the colloidal complex resembles a
charged diblock copolymer micelle [20-22] with a neutral interior and a charged
corona, with associated counter-ions. This will significantly affect the adsorption
process because (i) the complex will not at re-conform with time to a flat conforma-
tion to the same extent as linear polyelectrolytes [23] and (ii) the amount of charges
associated with one complex is more than enough to recharge the surface in an area
corresponding to the size of the PEC. In other terms, this means that the amount of
counter-ions released from the complexes will not be the same as the amount released
from the surface, and this will lead to a recharging of the surface and a build-up of an
osmotic pressure that will prevent further adsorption of PECs. This can also be
viewed as a significant repulsion between the adsorbed complexes that will prevent
the adsorption of further complexes. If this hypothesis is true, the addition of
electrolyte will increase the adsorption of further PECs because the added electrolyte
will decrease the osmotic pressure build-up upon PEC adsorption. As shown in Fig. 3
[19], this was indeed found for the adsorption of anionic PECs of PAE/CMC onto
cellulose fibres pre-saturated with PAE as the NaCl concentration was increased. This
figure clearly shows that the addition of NaCl significantly increased the adsorption.
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Fig.3 Adsorption of PAE from PECs of PAE/CMC onto cellulose fibres as a function of the degree
of neutralization of the colloidal complexes. The fibres were presaturated with PAE 10 mg/g at
different NaCl concentrations. The value at a ratio of O corresponds to the presaturation treatment.
Reprinted from Girdlund et al. [19] Copyright (2003), with permission from Elsevier

This is not in accordance with a pure electrosorption according to mean-field theory
[12] but it is in accordance with the build-up of an osmotic pressure due to non-
neutralized charges of the adsorbed PEC on the solid, in combination with the
dimensions and the composition of the PEC, as described above.

In an early work by Petzold and Lunkwitz [9], this efficiency of recharging of the
fibres using cationic complexes of poly(diallyldimethylammonium chloride),
PDADMAC, and poly(maleic acid-co-a-methylstyrene), MS-a-MeSty, was used
to flocculate cellulose fibres, but the actual adsorption of the complexes was not
measured. The adsorption of anionic complexes of polyethyleneimine (PEI) and
CMC on fibres pretreated with a cationic PDMDAAC has also been studied by
Hubbe et al. [24]. These authors found that when the charge of the complexes was
decreased there was an increase in adsorption, indicative of an electrosorption
process, but the authors also detected signs of nonionic interaction although they
were not able to establish the molecular reason for this behaviour.

The adsorption of PECs onto different model surfaces has also been studied in
order to establish the factors controlling the adsorption to cellulose surfaces.
Giirdlund et al. [19] studied the adsorption of anionic PAE/CMC complexes onto
Si0O, model surfaces pre-saturated with PAE and, as shown in Fig. 4, there was an
increase in the adsorbed amount as the charge of the complexes was decreased,
showing the importance of the electrosorption process.

In another study [25], model surfaces of cellulose and SiO, were used to study
the adsorption of PECs of cationic and anionic polyacrylamide (CPAM/APAM)
and polyethylenesulfonate (PESNa) andPDADMAC in 1 and 100 mM NaCl. These
results show several interesting features. Firstly, they all show that the adsorbed
amount increased as the charge of the complexes decreased, indicating that the
release of counter-ions is very important for the adsorption in all these systems.
They also show that the adsorption of the low-charged CPAM/APAM system
decreased as the salt concentration increased, whereas the adsorption increased
for the high-charged PESNa/PDADMAC system. This is in agreement with the
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earlier discussion in which it was suggested that the build-up of an osmotic pressure
was the cause of the limited adsorption for the more highly charged systems. For the
low-charged system, this is not so important and there is a more typical
electrosorption process in these systems. Saarinen et al. [25] also reported that
Si0O, and cellulose basically gave similar trends in adsorption but that the level of
adsorption was different, probably due to a difference in charge, but also because
different systems show different types of interaction with these two model surfaces.

Many types of cellulose fibres have a considerable amount of lignin and
hemicelluloses left on the fibre surfaces, and model experiments using model surfaces
of these compounds are very relevant for understanding the adsorption. Norgren et al.
[26] used model lignin surfaces to study the adsorption of anionic complexes of PAH/
PAA on net negative model surfaces of lignin at pH 7 and a NaCl concentration of
10 mM. Their results showed a significant adsorption of the anionic complexes under
these conditions, which indicated that for lignin model surfaces there is a significant
contribution from nonionic interactions to the adsorbed amount, although this was not
observed for the cellulose surfaces. This shows both a complexity and the possibility
of modifying the properties of cellulose fibres with PECs.

3 PEC for Controlling Adhesive Properties of Fibres

One PEC application with a potential for the pulp and paper industry is to improve
the wet and dry strength of paper by increasing the adhesion between the fibres. For
this purpose, PECs can be produced in two fundamentally different ways: in situ or
by pre-formation (i.e., mixing the polycation and polyanion before addition to the
pulp fibres). Both methods make it possible to improve the contact between fibres by
creating a ductile joint between them. Examples of studies aiming at evaluating the
performance of PECs as a strength agent will be presented, divided into these two
categories.
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3.1 PECs Produced In Situ

First, the in situ PECs will be considered. In this method, two polyelectrolyte
components are added sequentially to the pulp suspension (e.g., by adding one
polyelectrolyte and then the other component after a pre-selected time delay), forming
PEC:s in situ. This method leads either to the formation of PECs directly on the fibre
surfaces or to the formation of soluble complexes, colloidally stable PECs or macro-
scopic precipitates that can be deposited on the fibre surfaces.

The choice of pulp can affect the efficiency of the PEC treatment. Briefly,
chemical pulping (e.g., Kraft pulping or the sulfite process) is a process aiming at a
delignification of the wood fibre walls and thereby a liberation of the wood fibres in
such a way that the shape and structure of the fibres are preserved. In the mechanical
pulping processes (e.g., thermomechanical pulping or chemothermomechanical
pulping), the most characteristic feature is the production of finer fibre material
(referred to as fines) and also stiffer fibres with more charges compared to the
chemical pulps, since the chemical composition of the fibres is more or less
unchanged from that in the wood. The fines material has a very large surface area
and thus also a large proportion of the surface charges.

The importance of the order of addition of the polyelectrolytes to a fully
bleached softwood Kraft pulp has been studied by Wagberg et al. [27] by analysing,
among other things, the flocculating ability of the polyelectrolytes and the size of
the fibre flocs formed (see Fig. 5). It was found that adding the cationic polyelec-
trolyte (polyamideamine epichlorohydrin, PAE) first had the greatest effect on the
flocculation, and also resulted in the formation of the largest fibre flocs. It was
concluded that, at the right dosages, cationic patches could be formed on the fibre
surfaces and that, after the subsequent addition of polyanion (anionic polyacryl-
amide, APAM), they were bridged together more efficiently than could be achieved
with the cationic component alone.
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The same influence of the order of polyelectrolyte addition was seen on the tensile
strength (expressed as breaking length) using sequential addition of PDADMAC and
CMC to pulp made from recycled copy paper; the highest paper strength being
measured after addition of PDADMAC followed by CMC [28]. At a high level of
addition of PDADMAC (supposedly enough to oversaturate the fibre surfaces), an
increase in the amount of CMC added resulted in higher strength. It was hypothesized
that this procedure led to the formation of a PEC, which was deposited on the fibres
(Fig. 6).

In another study, PECs were made from combinations of crosslinked CPAM or
cationic starch (CS) using either CMC or APAM as polyanion by sequential addition
of the polyelectrolytes (adding the polycation first) to a similar 50/50 mixture of
chemical and mechanical pulp, forming PECs in situ. The Scott bond strength, as a
measure of the interfibre bonding, indicated that the amount of polyanion added after
the polycation must not be too high or the complexes could have a negative influence
on the paper strength. However, with larger amounts of polycation added before the
CMC addition, fibre—fibre bonding and sheet strength were improved. It was also seen
that the effect of the polyelectrolyte treatment on this pulp mixture was less than the
effect on a pure chemical pulp and it was suggested that the stiffness of the mechani-
cal pulp might be a limiting factor [29]. The same research group also evaluated the
effect of in situ PECs on strength properties, together with different applied stress
during the drying of the paper sheet. Generally, a higher stress during drying increases
the tensile stiffness of the sheets, but not the tensile strength, since this parameter also
depends on the fibre—fibre bonding within the sheet, which can deteriorate with a
higher drying stress. With a sequential addition of CPAM and CMC to a fibre
suspension with 50% bleached Kraft pulp and 50% bleached thermomechanical
pulp [30], however, these relations were somewhat changed. With the CPAM/CMC
addition, the tensile strength was increased without the higher drying stress having
any negative effect on the bonding. Increased bonding between fibres with the PEC
addition was suggested as a possible explanation for this. Adding CPAM alone did
not stop the bonding from being impaired under a higher drying stress.

In a series of studies made by Hubbe and coworkers, PDADMAC was added in
excess to different kinds of pulps, followed by the addition of CMC. This procedure
led to an in situ formation of PECs, which were thereafter deposited onto the
cellulose fibres, leading to a substantial increase in tensile strength in sheets formed
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from the fibres [31]. With high polymer addition levels (as much as 40% of the dry
fibre), the tensile strength was increased up to three times, but other problems such
as stickiness, lowered dewatering rates, flocculation and translucence arose [31].
Another study showed that in-situ formed complexes (from PDADMAC and CMC)
yielded a higher tensile strength of sheets formed from glass fibres than pre-formed
PECs of the same polyelectrolytes [32], emphasising the great influence of the
chemical addition strategy used. The glass fibres were used as a simplified model of
cellulosic fibres in order to have a more defined system with, e.g. no fines, no
swelling and no intrafibre porosity. Also, sheets formed from glass fibres without
any polyelectrolytes have almost no cohesive strength, so that any increase in
tensile strength with added polymer can be easily ascribed to the polymer addition.

The sequential addition of two oppositely charged polyelectrolytes is a com-
monly used industrial method for increasing the retention of filler and fine material,
using so-called dual (component) retention aids [33]. The polyanions can also be
replaced by anionically charged micro- or nanoparticles, as in the microparticulate
retention aids [34]. Addition of the polycation first, followed by the polyanion, is an
analogue to building the first two layers of a PEM structure [5], which was first
introduced in the paper field by Wagberg et al. [6], and later studied extensively by
several research teams [35-37].

3.2 In Situ PEC Formation with Wood Components

A special case of in situ PEC formation is to utilize a cationic polyelectrolyte together
with the anionic material already present in the pulp suspension (i.e., in different
wood components). Besides pulp fibres, fines and filler material, the paper furnish can
also contain a considerable amount of molecules originating from the wood material.
Native wood fibres are composed of cellulose, hemicellulose and lignin as major
constituents, roughly one third of each, and, as previously mentioned, the main
purpose of the pulping process is to liberate the wood fibres from each other to
form a suspension of free fibres. Although the two principal pulping techniques
(chemical and mechanical) are very different from each other, the wood compounds
released to the process waters are basically the same, i.e., originating from lignin or
hemicellulose, although the types and relative concentrations may differ. Other
processes, such as bleaching and beating, may result in a further dissolution of
chemical compounds from the fibre material into the aqueous phase. These dissolved
and colloidal substances (DCS) are often polymeric substances with negative charges
and, due to their ability to intervene with the papermaking process, they are often
condescendingly referred to by papermakers as anionic trash. When cationic
polymers (e.g., retention additives) are added to the fibre suspension, PECs can
form spontaneously between the added polycations and these anionic wood
components.

With today’s striving towards more environmentally sound production processes
and low water usage (especially in countries with water shortage), increased system



Polyelectrolyte Complexes for Tailoring of Wood Fibre Surfaces 11

closure is used, i.e., circulation of the process water is employed. This leads to
increasing concentrations of the mentioned substances in the circulating water [38].
With large amounts of DCS in the process water, aggregates may form. Deposits of
aggregates of substances on machine parts may cause severe disturbances to paper
machine runnability [39] and, in this respect, the addition of cationic polyelectro-
lyte can be detrimental to process efficiency. Although this is sometimes viewed as
a problem leading to a high consumption of cationic additives, the process can have
several advantages. The viscosity of the aqueous phase is lowered by the removal of
unwanted dissolved or colloidal material and this facilitates drainage and
dewatering [40, 41], which is an economic advantage because it reduces the energy
needed for drying the paper sheet. Also, the PEC structures formed can be deposited
onto the fibre surfaces, thus increasing the adhesive contact between the fibres.

In the papermaking process, lignin is generally considered to be a more difficult
substance than hemicelluloses such as xylan, which can even act as a strength agent.
The positive effect of released hemicelluloses on paper strength is well established
in the literature [38]. Lignin, on the other hand (retained by the addition of CPAM,
forming PECs in situ) acts only as a filler, i.e., a non-bonding spacer in the fibre
crossings [38]. Extensive investigations of the interaction between different com-
mon retention chemicals and wood components were carried out by Strom et al.
during the 1980s [42—46]. When a high-charge-density polycation (here, polyethy-
leneimine, PEI) was added to a pulp suspension, any lignosulfonates were con-
sumed first and hemicelluloses such as xylan later [43, 47]. The effect of the
lignosulfonate complexes depended on the relative amounts of the two oppositely
charged polymers, forming complexes with different net charges. If the added
polycation was in deficiency, the negatively charged PECs formed merely acted
as a larger amount of fines material in the water phase. With increasing polycation
dosage, cationic PECs were eventually formed, which could be deposited on the
negative fibre surfaces and thereby remove them from the water phase.

The interactions between different polysaccharide additives (such as guar gum
or starch) and the components in a variety of pulp suspensions (including whole
pulp and washed pulp) have been described as a four-step process (Fig. 7): mixing
of polysaccharides into the pulp suspension; complexation with DCS; adsorption of
polysaccharides (free or complexed) onto fibres and fines material; and, finally,
association of fines to the adsorbed polysaccharides on the fibres [48]. According to
the authors, this agrees with the maximum fines retention, drainage and paper
strength observed in industrial applications,

In a study with a similar purpose, i.e., the better understanding of the mechanisms
by which cationic retention aids operate in the presence of DCS, the formation of
colloidal and coacervate complexes from CPAM and sulfonated Kraft lignin was
studied [49]. Using a CPAM with lower molecular weight, the formation of colloidal
complexes was promoted over coacervate formation. With CPAM of higher molecu-
lar weight, the re-conformation (into colloidal PECs) was too slow, and coacervate
complexes were formed.

Other reports concerning in-situ-prepared PEC focus on the formation of PECs
and their effect on drainage and dewatering or as an aid for washing pulp [40, 41].
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Polysaccharide Additive

Dissolved and Colloidal
Carbohydrates

Electrostatic-Patch and
Bridged Aggregates

Retention onto Fiber Surfaces

Fig. 7 Interaction between DCS and polysaccharide additives and retention on fibre surfaces.
Reprinted from Rojas and Neuman [48] Copyright (1999), with permission from Elsevier. Please
note that the components are not drawn to scale. The fibres are hollow cylinders with a fibre wall
thickness around 4 pm, a cross-section of around 20 pm and a length of around 2 mm. The
polysaccharides and the additives are charged macromolecules and the fines have a size between
1 and 100 pm

When PDADMAC was added, 80-90% of the lignin could be precipitated from
aqueous solution if the pH was high, when most of the carboxyl groups in the lignin
are dissociated, making the lignin water soluble. In the washing of pulp, it is
desirable to have macroscopic complexes that precipitate.

In summary, PECs prepared in situ are able to increase not only retention but also
paper strength. However, this latter advantage has not been extensively studied and,
especially, not well controlled and exploited. The problem of controlling in situ
PEC formation is to a large extent related to the chemical environment in which the
in situ PEC formation occurs. The properties of the fibre material (e.g., surface
charge, flexibility and swelling behaviour) depend on the pulping and bleaching
processes used to produce the product grade. Although one paper machine (or even
one entire paper production site) usually runs on the same pulp grade, which is
seldom subject to change, different pulp qualities have different requirements with
regard to the PECs, so that a future product would have to be specifically adapted to
the given situation [42]. The concentrations of DCS may also differ over time as a
result of variations in the incoming wood raw material. The paper furnish can also
have considerable concentrations of various ions, and the concentrations can
vary with time due to variations in, e.g., the fibre raw material. The presence of
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ions (i.e., at higher conductivities) decreases the Debye length. At distances longer
than the Debye length, the interactions between charged molecules are significantly
weakened. The entropical driving forces that might promote adsorption (see Sect. 2)
are weaker than at lower ionic strengths. In more practical terms, this means that
interactions between fibres and polyelectrolyte or between polyelectrolyte and
polyelectrolyte will not be as strong or as long-range at higher salt concentrations.
The pH is another important factor because many of the chemicals involved are
weak polyelectrolytes, changing their charge density with changing pH.

Together, these factors make in situ PEC formation an unreliable method. Besides
in situ PEC formation, there is another possibility: to pre-form the complexes before
addition to the pulp fibres.

3.3 Pre-formed PECs

In contrast to the formation of PEC structures in situ, PECs can also be formed
before addition to the fibre suspension. We refer to these as pre-formed PECs. They
are prepared by mixing two oppositely charged polyelectrolytes together in some
way before further use as a paper chemical. The PEC preparation method that is
predominantly used in the literature is polyelectrolyte titration, i.e., the slow
addition of a solution of one polyelectrolyte to a solution of an oppositely charged
one [11]. However, another PEC preparation method has recently been used,
the so-called jet mixing method [50, 51].

One unique advantage of pre-formed PECs over in situ PECs is the possibility of
controlling their formation and of analysing their structures and colloidal properties
before addition to the pulp fibres. Since complex formation occurs in a separate
environment, which is more controllable than the paper stock that can vary sub-
stantially with time, the PEC formation can also be made more reliable and robust
than if it occurs in the fibre suspension.

The technique of using pre-formed PECs to enhance the adhesive interactions
between fibres can be divided into three sub-processes (schematically illustrated in
Fig. 8): formation of the complexes; adsorption of the complexes onto the fibre
surfaces; and the performance of the PECs as a part of the fibre—fibre joint. The first
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Fig. 9 Tensile index, i.e. the stress at break of paper sheets from HBK fibres subjected to
chemical treatment (PAE or PAE/PEC), mechanical beating or a combination of both. From
Girdlund et al. [54]
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Fig. 10 The relationship between (a) tensile index, i.e. the stress at break, and sheet density and
(b) bending stiffness and tensile index for all the pulps studied in Gérdlund et al. [54]

two sub-processes have already been discussed (formation by Petzold and Schwartz
[52] and adsorption in Sect. 2) and will hence not be further discussed here.

The interaction between pre-formed PECs and pulp fibres has been systemati-
cally studied by several research teams, and the use of pre-formed PECs in
papermaking has been demonstrated to significantly enhance the physical
properties of paper. The PECs tested were combinations of PAA and PAH or of
PAE and CMC [19, 53, 54]. An undesired densification occurred when the PECs
were added to the various tested pulps, but this effect was not as pronounced as that
achieved by mechanical beating, indicating the great potential for using PECs to
enhance paper strength while maintaining a significant part of the paper bulk, as can
be seen in Figs. 9 and 10 [54]. In another study, paper strength was reported to
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Reprinted from Gérdlund et al. [19] Copyright (2003), with permission from Elsevier

increase by up to 100% without any significant densification [4], as shown in
Fig. 11. The strength increase was explained by stronger fibre contact zones.
This will be further discussed in Sect. 3.3.

As previously discussed in Sect. 2, salt plays an important role in the perfor-
mance of a PEC. Figure 12 shows the increase in wet and dry tensile index after the
adsorption of one layer of PAE and thereafter the adsorption of anionic PECs with
different charge ratios prepared from PAE and CMC. From these results, it is
obvious that, although there was a clear effect of the PEC addition in deionized
water, the effect was much greater in the presence of 0.01 M NaCl. PAE is a
commonly used wet-strength additive in the paper industry, with the ability to bond
covalently to the cellulose in the pulp fibres [55]. CMC is also commonly used in
papermaking.

A new method for producing PECs by jet mixing [51, 56] was thoroughly
investigated by Ankerfors et al. [17, 50] using the two polyelectrolytes PAA and
PAH. The same two polyelectrolytes have previously been shown to increase paper
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Fig. 13 (a) Tensile index and strain-at-break of sheets made of fibres treated with PECs prepared
from PAA of molecular weight 5000 and PAH of molecular weight 15,000 at a charge ratio (anion/
cation) of 0.8 as a function of PEC dose. (b) Tensile index of PEC-treated sheets (filled triangles) as a
function of adsorbed amount of PAH [59] in comparison with the tensile index data for sheets made
of fibres treated with PEMs after adsorption of layers 1, 3, 5 and 7 (open squares) [57]

strength, using the layer-by-layer technique [5] to build up a polyelectrolyte multi-
layer (PEM) on the fibre surfaces [6, 57, 58]. As previously mentioned, making an in
situ PEC in the presence of pulp fibres is similar to adsorbing the first two layers of a
PEM. To study and compare their effects on the strength of paper sheets formed under
the same conditions, pre-formed PECs from PAA and PAH were compared with
PEMs of the same components [59].

The effects of using PECs and PEMs as strength-enhancing chemicals can be
compared in two ways: with reference to either the adsorbed amount or the number of
treatments. For adsorbed amounts of PAH below 10 mg/g (Fig. 13b), the sheets made
of PEC-treated fibres have a higher tensile index than those made of PEM-treated
fibres. At higher dosage levels, the PEM treatment is superior to PEC treatment
because it is possible to increase the amount of PAH adsorbed simply by adding more
layers. This comparison also indicated that four or five PEMs would be needed to
achieve the same tensile index level as achieved with the highest PEC dose. It should
also be noted that, in this study, the density of the sheets, which is crucial for many
paper properties, was unaffected by PEC treatment, in contrast to the effect of most
traditional paper strength agents.

Using a peel force test, the adhesion force of PEC from polyvinylamine (PVAm)/
CMC adsorbed onto wet membranes of regenerated cellulose was studied by Feng
et al. [60]. Their study indicated that the cohesion of the complexes is very strong and
that the failure eventually occurs at the cellulose complex interface and not within the
complex itself, i.e., as an adhesive rather than a cohesive failure. After oxidizing the
cellulosic surfaces (TEMPO/NaBr/NaClO), a higher delamination strength was
achieved (Fig. 14). This was ascribed to the formation of imine and aminal linkages
with hemiacetals on the oxidized cellulose. The highest wet adhesion was achieved
with PVAm-rich complexes, which was opposite to their previous findings for dry or
almost-dry adhesion [61]. Again, the importance of adapting the PECs for the
purpose of each application and situation was emphasized.
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Pre-formed complexes of APAM and CPAM with different charge ratios and
their effect on dewatering were studied [62]. The most important finding was a
broader optimum concentration than for single CPAM. Although this paper focused
on the use of PECs for enhancing dewatering, the authors also emphasized the
importance of choosing the right complex type for each purpose and the possibility
of finely tuning the dewatering effect by changing, e.g., the ratio of polycation to
polyanion in the pre-formed complexes.

4 What Controls the Adhesion?

Having seen all the positive effects on paper strength of the addition of PECs, it is of
course interesting to try to elucidate the molecular mechanism behind the positive
effects of the PECs in increasing the adhesion between cellulose surfaces. What
controls the adhesion between surfaces is a more general question that has been
widely debated in recent decades, a discussion that to a great extent originates from
the fascinating adhesive behaviour of the gecko’s feet, allowing the lizards to climb
up a wall or even to hang from the ceiling — and at different humidities.

It has been pointed out that the geometry of the adhering surfaces is of great
importance for the adhesion. By studying the size of the attachment pads of animals
(such as insects, spiders and geckos), it has been shown that animals with a large body
mass increase their adhesion by increasing the number of filaments (setae) at a given
radius of curvature (Fig. 15). An even larger body mass requires a smaller seta
diameter and a smaller radius of curvature. A patterned surface has the advantage
of establishing contact with different surface profiles, and is less sensitive (has an
increased tolerance) to defects in individual contacts [63]. For a flat punch geometry
it was found that the maximum force to separation scaled as n'*, where n is the
number of contact points, and when the posts are finished with a half sphere the
maximum force scales as n'’?. The same conclusion was drawn by Lamblet et al. [64]
from a study of PDMS-acrylic adhesive interfaces having pillars with different
height-to-radius ratios and different surface flexibilities. The ordering of the surface



18 C. Ankerfors and L. Wagberg

Fig. 15 Terminal elements body mass =
(circles) in animals with hairy
design of attachment pads.
Note that heavier animals
exhibit finer adhesion
structures [63]. Copyright
(2003) National Academy

of Sciences, USA

Fig. 16 AFM image of a
PEC-covered surface with the
possibility of several contact
points [59]. The size of the
image is 1x1 pm

pattern has also been shown to be important. Ordered arrays of micron-sized PDMS
pillars were shown to have significantly higher adhesion than disordered arrays [65].
In both experimental studies and a developed model, the high sensitivity to geomet-
rical effects was pointed out. In model studies using PAH/PAA complexes [59] it was
also found that the complexes formed a random array of contact points at the solid
liquid interface that could be efficient for the creation of efficient joints between two
treated surfaces (Fig. 16).

Later studies of real gecko feet have shown that the true contact area and the
minimized compliance in the loading direction are more important factors, espe-
cially for reversible adhesive design, than, e.g., the presence of fibrillar shapes
alone. By adapting a theoretical model to the adhesive behaviour of many different
materials over a wide range of loads (14 orders of magnitude in adhesive force), it
was found that the adhesive materials must be sufficiently soft (i.e., compliant) to
increase the true contact, but stiff enough to achieve high loads [65].
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area of the single-fibre joint. From Torgnysdotter et al. [66]

In a more applied work, Kraft pulp fibres were treated with PEM or PEC (built by
both PAA and PAH, where the cationic complexes were prepared by titration) [4].
It was pointed out that when designing a strong adhesive joint with a favourable
stress distribution, it is important to have a contact zone of high quality, i.e., high
work of adhesion and large molecular contact area (Fig. 16). Adding PEC or PEM
significantly increased the tensile and compression strength by increasing the
fibre—fibre joint strength [4]. In a continuation of this work, Rayon fibres were
used as a model system and three different surface treatments were used on these
fibres: (i) carboxymethylation to increase the surface charge of the fibres; (ii) PAE
addition; and (iii) PDADMAC addition [66].

Whereas an increase in the fibre surface charge resulted in a greater degree of
contact and a decrease in the number of contact points (due to a greater conformability
of the surface, as a result of the increased swelling potential with increasing surface
charge), the addition of PAE or PDADMAC had the reverse effect, i.e., the degree of
contact decreased, but the number of contact points increased (Fig. 17). The PAE
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treatment resulted in by far the highest joint strength for a given degree of contact or
for a given number of nodes (Fig. 18). Cohesive failure of the paper sheets was seen to
some extent (fibre fragments were pulled out), showing the great adhesive strength of
the surface treatment. With increasing surface charge of the fibres and with PAE
added, the tensile index of the paper increased significantly. With PDADMAC
addition, however, the tensile index decreased. This was ascribed to a lower
conformability of the fibres with adsorbed PDADMAC than with PAE.

The conclusion that a large number of just sufficiently compliant contact points
between the fibres would be the most advantageous suggests that surface treatment
with a PEC should offer great possibilities. Although only a few studies have been
performed on this specific topic, current research suggests the potential of PECs to
increase both the number of contact points between two surfaces and, of course, to
offer a way to steer the mechanical properties of the joint by appropriate choice of
polymer components and/or preparation conditions.

5 Future Outlook

The advantages of PECs lie in their three-dimensional structure and the relatively low
polyelectrolyte concentration needed to reach this structure as compared with, for
example, polymer lattices. Another major advantage is the possibility to vary the
structure and properties of the complexes simply by changing their composition. This
is more important than ever considering the large efforts that are needed to acquire
necessary permits for the introduction of new chemicals, since the PECs can be
prepared by already accepted polymers/polyelectrolytes and/or nanoparticles. The
structural integrity of the PECs also allows them to retain a three-dimensional
structure when adsorbed at a solid-liquid interface, which is essential, e.g., for
flocculation efficiency. Flocculation is interesting in many industrial applications,
not only for the paper industry but also in, e.g., waste water treatment.

Despite the rich literature on PECs, only a limited number of polymers (and
nanoparticles) have been used to prepare PECs so far. Therefore, it would be
interesting to test a more extensive range of other types of polymers, including
block-copolymers, since the properties of the polymers and thereby the PECs can
be tailored to reach a wider property space of the PECs. An additional possibility with
block-copolymers would be to investigate other complexing interactions when
forming PECs, apart from the pure electrostatic interactions that are the most com-
monly used today. Another interesting development is the combination of
nanoparticles and polyelectrolytes for adhesive surface engineering. Recent results
show that both adhesive pull-off forces and the work of adhesion can be tailored with
this concept [67]. It has recently also been identified [68] that in order to form strong
interfacial joints it is necessary to have a a) high interfacial adhesion b) a large
molecular contact area and c¢) a low compliance of the material in the contact zone. By
selecting the right starting materials for the PECs and by selecting the right prepara-
tion and adsorption conditions for the complexes these materials could be ideal for
tailoring adhesion.
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From a more practical point of view, a few open questions remain before PECs

can be fully introduced as a common chemical to the pulp and paper industry. The
most important remaining technical challenge is to increase the concentration of the
produced PECs. Today, they are generally produced as dilute water suspensions
that are difficult to add directly into different processes due to the large volumes
needed for the required amount of PEC.
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Polyelectrolyte Complexes in Flocculation
Applications

Gudrun Petzold and Simona Schwarz

Abstract This review concentrates on the interactions between oppositely charged
polyelectrolytes and on the formation of complexes, which can be used for different
applications such as paper retention or water treatment. Three different possibilities
for the appearance of polyelectrolyte complexes (PECs) in flocculation applications
are described. Starting with the “classical” dual system (step-by-step addition of
polycation and polyanion to a negatively charged suspension of fibers or particles),
the interaction between a “soluble polyanion” (such as anionic trash) with poly-
cation is described as well as the formation of well-defined pre-mixed PECs and
their application as flocculants.

The influence of several parameters related to the characteristics of the solid
materials (e.g., charge, particle size), the polyelectrolyte (e.g., type of charge,
charge density, molar mass, hydrophobicity) and the flocculation regime (e.g.,
order of addition, pH, ionic strength) are discussed.

Research in this area shows great potential. Over the past 30 years, dual systems
have been applied mainly in the paper industry. The application of PECs, described as
particle-forming flocculants, provides new possibilities in solid-liquid separation
processes. For an effective system, the application parameters have to be optimized
(e.g. polymer type, concentration, charge, molecular weight). Therefore, direct and
efficient methods for the characterization of the flocculation behavior (sedimentation
velocity, packing density of the sludge, particle size distribution) are necessary and
will be described.

Finally, the most advanced applications for PECs are discussed.
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FTIR Fourier transform infrared spectroscopy
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1 Introduction

Solid-liquid separations are an important part of many industrial processes such as
papermaking, water treatment, or mineral processing.

For the separation of particles or unwanted components from a dispersion, it is
necessary to add flocculants. Salts, such as ferrous (III) or aluminum salts, which
were used as flocculants in the past, have many drawbacks such as high demand for
salt, the formation of small, unstable flocs, and a large volume of sludge. Therefore,
they were replaced by water-soluble polymers (or were used in combination with
them). Small polymer concentrations can produce large aggregates that can be
separated easily. Numerous flocculating agents with different chemical properties
are commercially available. Their flocculation mechanism as well as the results of
the separation process are influenced by the properties of the polymers, such as their
charge and molecular weight, and of the dispersed material. Nearly every
solid—liquid system is different from every other. Therefore, there is no general
rule on how to treat them. In different fields of application, the solid—liquid systems
can be extremely different. So, the particle size can range from a few nanometers up
to micrometers, or the solid content from parts per million up to 20%. The removal of
solids of nanometer-size range from the dispersion is a crucial stage in many
environmental technologies. Such colloidal particles are too small to be effectively
separated by filtration, flotation, or sedimentation. Therefore, the most effective way
to remove them is to cause the particles to flocculate so that larger units are formed.

As already mentioned, an effective separation can be realized by using only one
polymer (monoflocculation). But, because water is becoming an increasingly scarce
and limiting resource, the demand for treatment technologies has grown and, in
recent years, there has been considerable interest in cases where more than one
polymer is used. Such combinations of polymers can have significant benefits over
the use of single polymers. Moreover, we will show that some of the new challenges
in the industry can only be solved by using new types of flocculants.

We will discuss the possible interactions of such polymer mixtures from
polycations (PC) and polyanions (PA), which can form polyelectrolyte complexes
(PECs) or can be applied as “dual systems”.

There are some different possibilities for the appearance of PECs in flocculation
applications. The most important options are presented in Fig. 1.

The first option is the application of two-component flocculants of opposite
charge, which are added step by step (Fig. 1, top). During the flocculation process
an interaction can occur between the two flocculants PA and PC, resulting in the
formation of PECs, as well as between the polymer (mostly PC) and the suspension
(inorganic particles or fibers). A summary of former results and recent developments
will be presented in Sect. 2.

The complex formation between a (mostly negative) charged suspension and PC
(Fig. 1, center) will be described in Sect. 3. The “basic” type of flocculation, i.e., the
interaction between a negatively charged particle suspension and PC has often been
studied and is not the topic of this review. But, instead of a particle suspension, the PC
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can interact also with colloidal detrimental substances such as stickies (Fig. 1, center).
Relatively few systematic investigations of such interactions have been reported.

The third possibility is the formation and application of pre-mixed PECs in a first
step, which can then be applied as flocculants (Fig. 1, bottom).This will be described
in Sect. 4.

The use of polymer combinations for the improvement of flocculation efficiency
is not new and was described earlier [1-24]. Two or even more components, added
in sequence as flocculant systems, produce synergistic effects on the flocculation.
Many different systems have been applied in the paper industry, and also in other
fields like peat dewatering [1], flocculation of harbor sediments [2], wastewater [3],
or sugar beet washings [4].

But, in the meantime, the importance of flocculation applications has been growing
because of increasing requirements in several fields, such as for:

The paper industry:

— Excellent dewatering combined with good retention
— Reduction of high anionic trash content in combination with the reduction of
water use in paperprocessing (due to the closure of circuits)

In other fields, flocculation is used in the following processes:

— Separation of ultrafine- or nanoparticles

— Separation of uncharged and/or colored materials

— Purification of fruit and vegetable wash water

— Reduction of the moisture content in separated sludge

— Sorption of low concentrated organic molecules from water, such as enzymes or
hazardous materials

— Removal of humic acid from drinking water

— Preparation of carrier materials with great potential in health care and environmental
sciences

— Splitting of emulsions and the removal of oil from oily sludge

The next three sections show that some of the problems that flocculation is
required to deal with can only be solved with new types of flocculants like polymer
combinations or aggregates.

2 Dual Systems (Step-by-Step Addition)

Flocculants are usually applied to accelerate separation processes, such as the
drainage process during paper making, and to increase the retention of the finely
dispersed material in the paper. Flocculation is one of the most important factors
and influences both the machine runability and paper quality. Many chemical and
physical factors influence flocculation in a complex way.

Usually, cationic polymers of high molar mass are used for flocculating the
anionically charged suspension. However, the improved effect of dual systems is
also appreciated. The application of two or even more components, added in sequence
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as flocculant systems, produces synergistic effects on the flocculation. Many different
systems have been applied, especially in the paper industry.

The so-called dual system was first described in literature in the 1970s and
consists of two oppositely charged polymers. It can produce distinct improvements
in retention and dewatering [5, 6]. From the 1980s until now, much work has been
done to improve our knowledge about such systems. This has been especially true
in research areas like paper forming and floc shear stability. A special type of dual
system, the so-called microparticle containing system, has been developed. In this
system, the addition of a cationic polymer is followed by the addition of an anionic
submicron particle suspension. Examples of this type of retention aid system are
cationic starch used in conjunction with anionic colloidal silica or anionic colloidal
alumina hydroxide and cationic copolymers of acrylamide used together with
sodium montmorrilonite. Several systems of this type are commercially available.
They are said to be very efficient flocculants, which give smaller flocs at an equal
degree of flocculation compared to single-component systems.

Very good reviews, which include a survey of some aggregation mechanisms
and comparisons between different dual systems, are available [7—12].

This chapter focuses on polymer—polymer systems, mainly in the paper industry.
But, current approaches used in other fields of flocculation will also be mentioned.

2.1 Interaction with Cellulose (Paper Industry)

An example of an early and very detailed investigation of such a dual system is the
work of Moore [13], in which different types of cationic polymers were combined
with hydrolyzed polyacrylamides at various alumina concentrations. In contrast to
other workers, Moore studied the charge relationship of the various charged
species. He discovered that a combination of cationic and anionic polymers can
give very high levels of retention with high shear resistance only in the case of a
proper balance of charges and concentrations.

Miiller and Beck [14] have investigated cationic polyethylene imine (PEI) or
polyamidoamine in combination with an anionic polyacrylamide. They explained
that under conditions of optimum performance, two mechanisms are operating:
charge patch formation and bridging. The relatively short-chain PC produces a very
fine flocculation of the particles via a charge patch destabilization mechanism. If a
long-chain polyacrylamide (PAA) is then added to the stock, the negatively charged
chains “get a good grip” on the positive patches of the primary floc and bring further
linkages by forming bridges. Other aspects of the floc formation mechanism were
studied by Petdja [15], including the influence of the type and amount of PC, the
time delay between cationic and anionic addition, and the degree of turbulence. It
was shown that the agitation level and control of floc formation after cation addition
are very important for good sheet formation.

In Table 1, a wide variety of examples of polymer—polymer systems from the
literature are listed. The most commonly used systems are those in which the PC is
added prior to a high molar mass PA. It was confirmed by different authors that the
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Table 1 Examples of different types of polymer—polymer dual-systems

Type of polycation (PC)

Type of polyanion
(PA)

Remarks/reference

PEI or PAAm; LMW; 0.2-0.3 wt%

PEI or other PC; LMW up to HMW

PDADMAC of MMW, high charge
density or dimethyl-amino-
epichloro-hydrin resin of LMW;
0.07 wt%

LMW polymers, e.g., polyamines
(highly cationic)

Polyacrylamide copolymer

Starch 2 wt%

PDADMAC; MMW

Cationically modified PVA

PC with low charge density
of 6 mol%

PAA-derived PC with charge
density 50%

Cationic starch (degree of
substitution > 0.5)

PAA; HMW;
0.02-0.04 wt%
“pA”

PAA, HMW;
medium charge
density;

0-0.12 wt%

PAA

PAA (medium or
HMW)

PAA; 0-0.08 wt%

PAA; HMW; low
or medium
charge density

PAA-derived PA;
HMW; low
charge density

PA with high
charge density
of 35 mol%

Three different
synthetic PAA-
based PA

Synthetic PAs

Optimum ratio is necessary; for
waste paper [14]

Dual systems are not the solution to
all retention problems [15]

Three different dual systems are
compared [16]; cationic polymer
should be added before the
anionic

Dual systems need better control
in terms of optimum polymer
ratio [17]

The cationic charge density of the
polymer affected initial
flocculation as well as
reflocculation; fiber fines and
filler responded differently on
flocculation [18]

Classical dual systems are both less
reversible and show a lower
dewatering compared with
microparticle systems [19]

The necessary amount of PC depends
on the charge of the suspension
[20, 21]

Improvement in the flocculation of
fine clay particles [22]

Optimum at a 1:1 mass ratio,
corresponding to about sixfold
excess of negative over positive
charges in the adsorbed layer [23]

It is necessary to consider the overall
system of sedimentation and
filtration of the sludge; PC
followed by PA is more effective
than PA followed by PC [2]

The results of [24] are comparable to
those in [2]

The quantity of polymers used is mostly given in weight percent

order of addition is essential for efficacy. Drainage and retention are significantly
increased if the PC is added before adding the PA, a treatment usually superior to
the addition of a single PC. However, the dose rates of such systems are said to be
often higher than those for single polymers [9]. It may be that the optimum polymer
balance was not reached in these cases.
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Table 1 demonstrates the large differences in the composition of dual systems.
The quantity of polymers is mostly given in weight percent (wt%) without consideration
of the charge content of the systems to be flocculated.

In contrast to microparticle-containing systems, which were widely used in the
paper industry, the “classical” dual retention aid systems (polymer—polymer) are said
to give high retention combined with a poor dewatering [19]. But, some researchers
were able to show that an optimized polymer—polymer system has many advantages,
such as good dewatering, superior retention, and shear-resistant flocs.

These effects are obtained by a combination of charge patch formation and
bridging. The behavior especially depends on the concentration of PC (according to
the anionic character of the suspension) and the molar ratio of anionic and cationic
charges.

We have studied the mechanism of such polymer—polymer interactions as well as
the interaction between polymers and fibers or particles [20]. After investigating
the reaction between the strong PC poly(diallyl-dimethyl-ammonium chloride)
(PDADMAC) and two cellulosic model suspensions with low or high anionic trash
content, the influence of added PA on flocculation and dewatering was studied [20, 21].
As shown in Fig. 2a, for both suspensions, the drainage volume increased with
increasing polymer (PC) concentration in the suspension up to a maximum. The charge
of the suspension is slightly negative at this point, as shown in Fig. 2b. However, at
higher polymer dosage the efficiency of flocculation decreases. Something like a
plateau can be found; however, at the polymer dosage where the system is neutral,
the volume Vg strongly decreases. The polymer amount that is necessary for optimum
flocculation depends on the charge of the suspension to be flocculated. For instance, the
optimum polymer concentration (cationic demand) significantly increases with increas-
ing trash content, but the drainage behavior (maximum of the drainage volume) was
similar in both cases (Fig. 2a). The amount of PC necessary for optimum flocculation is
of great importance for the optimization of the whole dual system and, as a rule, it
should be determined first.

It was also found that the molar mass of the added PA has large influence on
flocculation and dewatering. The higher the molar mass, the better the efficiency in
flocculation. In contrast to this observation, the charge density of the PAs should not
be very high. Most excellent results were obtained with PAA having a low (less
than about 30%) anionic charge. The difference between a step-by-step addition of
polymers to cellulosic suspension and the addition of pre-mixed complexes [25]
will be discussed in Sect. 4.

2.2 Interaction with Humic Acid

The influence of charge and molar mass on the flocculation mechanism was also
confirmed by results obtained for water treatment, where the influence of humic acid
on the flocculation of clay was investigated [26]. The separation of clay particles was
influenced by the presence of humic compounds, which act like an additional PA in
the clay dispersion. Owing to their adsorption on clay and the higher anionic charge
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of the system to be flocculated, the optimum PC concentration is higher compared
with clay in water. PCs with high charge density are efficient at removing humic acid
owing to complex formation and precipitation. It was shown that the complexes
formed by the highly charged PDADMAC and the weak PA humic acid are also able
to collect fine particles. Most effective removal of humic acid was obtained by a
combination of the highly charged PC and small amounts of a high molar mass PA
(dual system). In this case, a broad flocculation window (Fig. 3) was obtained
because of the bridging mechanism, as well as larger flocs than obtained with
monoflocculation [26].

2.3 Removal of Minerals or Heavy Metals

Dual systems were also used for the flocculation of mineral suspensions [27, 28] or for
the precipitation of heavy metals such as Cu**, Co?*, Zn**, Ni**, and Pb** [29, 30].
Glover [27] investigated the effect of a dual system on the compressive yield stress and
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Fig.3 Monoflocculation (curves I and 2) compared with dual flocculation (curves 3 and 4) of clay
(10 g/L) in solutions of humic acid (HA) in water (25 or 50 mg/L) showing dependence of the
absorption of the supernatant on the total amount of polymer used. PDADMAC was used for
monoflocculation; PDADMAC + HMW PA were used as dual system. Figure adapted from [26]

hindered settling function of positively charged alumina suspensions, as measured by a
filtration technique.

The removal of various heavy metal ions such as Cu®*, Co®*, Zn**, Ni**, and Pb**
from aqueous solutions was conducted [29]. Heavy metal binding with a phosphono-
methylated derivative of PEI (PPEI) was initially allowed to occur and then, upon
equilibration, PEI was added to initiate precipitation of the PEC together with the
heavy metal ion. The PPEI-PEI system was found effective for heavy metal scav-
enging purposes, even in the presence of high concentrations of non-transition metal
ions like Na*. The PPEI-PEI PEC was found to be more effective than traditional
precipitation methods; however, the result was not obtained by the application of pre-
mixed complexes, but by a step-by-step addition of PPEI and PEI (similar to other
dual systems described here).

Gohlke described the separation of heavy metal ions with a PEC comprising a
polycation and a polyphosphone compound [30].

Another field of an advanced separation is the flocculation and efficient dewatering
of ultrfine coal (>150 pm) with a polymer blend (unmodified and sonicated flocculant)
as dual system [31]. The authors proved that ultrasonic conditioning may be an
effective alternative for a dual system in which two different flocculants are used.

2.4 Dual Systems Using “New Polymers”

In contrast to studies where most advantageous results were obtained by an optimi-
zation of the polymer amount and properties (molar mass, charge density) [20, 21],
other groups have been trying to improve the results by the application of “new”
polyelectrolytes. Water-soluble starch derivatives with a high degree of substitution
up to 1 (containing quaternary ammonium groups) were used in combination with a
high molar mass PAA for the flocculation of harbor sediment suspensions [32].
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Fig. 4 Clay flocculation induced by dual-polymer system based on Star-P(MeDMA) polymers.
Adapted from [33]

Li et al. [33] investigated the application of cationic star polymer with 21 arms as
part of a novel component in a dual-component flocculation system for fine clay
particles. Several cationic star polymers with different hydrodynamic sizes were
applied as both single- and dual-component flocculation systems. The results
indicated that the dual-component systems were superior to the single-component
systems. In combination with a PAA-based anionic polymer (Percol 173) with high
molar mass, very effective flocculation was achieved using the star polymer.
Electrostatic interactions between the clay and Star-P(meDMA) polymers, as well
as those between the Star-P-pretreated clay and anionic polymer, were studied via
the determination of adsorption isotherms. It was concluded that the star polymers
played an important role in inducing highly effective bridging flocculation (Fig. 4).
Moreover, the reported system also removed soluble aromatic compounds simulta-
neously with the flocculation.

A new type of dual system was also described by Sang [22]. In conjunction with
an anionic PAA-based polymer with high molar mass and low charge density,
cationic modified PVA induced effective flocculation of fine clay particles.

As mentioned above, two-component flocculants often present advantages over a
single-component flocculant, such as better control of flocculation kinetics and
improved floc strength. Most dual-component flocculants consist of two poly-
electrolytes, two polymers, or a polyelectrolyte and a nanocolloid. Usually, one of
the components adsorbs on the surface of the particles to be flocculated and the second
component bridges these polymer-coated particles. Therefore, this combination of
“patching” and “bridging” is believed to be responsible for excellent results,
as described for instance for retention systems (Fig. 5) [10].

2.5 Dewatering and Sludge Conditioning

Sludge conditioning by single and dual polymers has been investigated [34, 35].
Capillary suction time (CST) or specific resistance to filtration (SRF) were used to
assess sludge dewaterability. Experimental results showed that sludge conditioned
with dual polymers showed a better dewaterability, with less chance of overdosing
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Fig. 5 Combinations of polyelectrolytes with different charge. Primary flocs are formed with the
help of patching, after which primary flocs are linked together by bridging. PEI poly(ethyleneimine),
A-PAM anionic polyacrylamide copolymer. Adapted from [10]

compared with sludge conditioned using a single polymer. In addition, sludge
conditioned with dual polyelectrolytes (PEL) performed better in fine particle
capture and in the formation of larger aggregates, which resulted in a better
dewaterability and less chance of overdosing [34, 35].

The formation and breakage of flocs using dual systems was also investigated by
Yukselen and Gregory. In the case of cationic—anionic polymers, the re-growth of
flocs was fully reversible and the breakage factors were smallest, indicating highest
floc strength. In contrast, flocs formed using nonionic polymer together with
anionic or cationic polymer did not produce strong flocs [36].

Wang et al. [37] investigated the dual conditioning of activated sludge utilizing a
polyampholyte in combination with ferric chloride or cationic PEL. The investigations
indicated that dual conditioning of sludge exhibited better dewaterability at lower
doses compared with single conditioning. The advantages of PDADMAC over ferric
chloride as applied in dual systems were also discussed [38].

As shown for clay [39], the sediment height and therefore the density of the
sediment can be measured quantitatively using the separation analyzer LUMiFuge.
The results obtained agreed very well with other methods like the JAR-Test, which
is not so convenient.

One example of a very special dual-component polymeric flocculant is poly
(ethylene oxide) (PEO) and carboxylated phenolic resin (CPR), usually referred to
as a cofactor. It has been shown that this dual flocculant can induce a richness of
flocculation behavior depending on the concentration of the two components [40, 41].
Flocculation, deflocculation, and reflocculation of cellulose particles were studied for
various CPR:PEO ratios. It was found that reflocculation is a strong function of this
ratio. For low ratios, no reflocculation occurs after a few cycles, whereas for high
ratios very limited flocculation and reflocculation occurs.
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2.6 Surface Modification

We have described how a step-by-step addition of oppositely charged PEL can
improve the quality of flocculation. A possible flocculation mechanism is described
(Fig. 5) and is also shown for comparison in Fig. 6a. However, an increase in the PC
amount can also lead to the formation of PEC in solution (Fig. 6b), which can be
used as an additional flocculant. In the case that the PC and PA are added at the
same time, the complex formation is favored (Fig. 6c¢).

The situation shown in Fig. 6b can also be applied for a strong surface modification
of particles or fibers [42—45]. As demonstrated [43], in the presence of cellulose the
complex formation between the two PEL is favored in the solution, and this complex
itself is adsorbed on the surface by electrostatic interactions, which also causes
flocculation. Under the condition that a large quantity of PC is still in solution when
the PA is added dropwise, it is possible that the incorporation of the PC into the
expanded complex takes place. As shown in Fig. 7, the surface charge of flocculated
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cellulose increases and has a maximum at a molar ratio of negative to positive charges
(n—/n+) of about 0.55-0.6.

Clay particles whose surfaces have been modified by the PC PDADMAC and the
sodium salt of the weak PA poly(maleic acid-co-a-methylstyrene), POIMS-a-MeSty),
were used as sorbents for removal of surfactants from aqueous solutions [46].

2.7 Dual Systems with Thermosensitive Polymers

A novel strategy for faster and better flocculation in solid—liquid separation processes
has been reported. The natural polyelectrolyte chitosan was used in combination with a
biocompatible thermosensitive polymer [poly(N-vinylcaprolactam); PNVCL]. The
flocculation of silica dispersions (Aerosil OX50) was evaluated using laser diffraction
and turbidimetry studies. The sedimentation velocity, which was determined with an
analytical centrifuge, was doubled by addition of PNVCL. Furthermore, at 45°C the
density of the sediment was 33% higher than when chitosan was used. This results
from the temperature-sensitive behavior of PNVCL, which phase-separates expelling
water at temperatures higher than its lower critical solution temperature (LCST;
32-34°C). By using this strategy, the sediment is more compact, contains less water,
and contains a very small amount of biodegradable chitosan and biocompatible
PNVCL.

The flocculation of clay using mixtures of chitosan and a thermosensitive polymer
was investigated as a function of the polymer concentrations and the temperature at
different pH values [47].

The compaction of TiO, suspensions [48] as well as the dewatering of inorganic
drinking water treatment sludge using dual ionic thermosensitive polymers was
described by Sakhohara [48, 49]. By using both cationic and anionic modified
PNIPAAm, the anionic thermosensitive polymer poly(NIPAM-co-AAC) in combi-
nation with cationic poly(NIPAM-co-AAC), the dewatering rate was remarkably
increased at relatively low temperatures. This increase was attributed to the formation
of a polymer complex that decreased the LCST of the polymer molecules adsorbed on
the sludge.

3 “Direct” Interaction Between the Flocculant (PC)
and an Anionically Charged Suspension

In contrast to the situation shown in Fig. 1 and described in Sect. 2, where different
interactions between two oppositely charged PEL on one side and the solid material
(fibers or particles) on the other side can occur, in this section we describe the
“direct” interaction between a flocculant (PC) and a charged suspension, which acts
like a PA. But, as shown in Fig. 1, the suspension can contain particles as well as
“soluble” anionically charged material.
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Those interactions are very important in the paper industry [50, 51] because the
effectiveness of cationic polymers as retention and drainage aids in the manufacture
of paper is strongly affected and sometimes even limited by anionic macro-
molecules, which dissolve in the white water. Such polymers are, for example, lignin
or carbohydrates from wood. Therefore, the application-relevant effect of pine xylan
on the use of PEI, and acrylamide copolymer as retention and drainage aid, for an
unbleached sulfite pulp was investigated [50]. The formation of PECs between pine
xylan and three cationic polymers has been studied as a function of pH and ionic
strength [51]. Complex formation was found to be nonstoichiometric and both
soluble and insoluble complexes are formed, with maximum precipitation occurring
when the complexes are neutral. A tentative structure of the complexes was
suggested.

3.1 Paper Recycling

The problems of complex formation are growing because the increasing use of
de-inked pulps, in combination with the closure of paper machine circuits in pulp
and paper industry processes, is leading to an accumulation of so-called trash
material or tacky substances. The formation of a high amount of these substances
affects paper production negatively due to lower retention of the filler or increased
deposition on paper machines. These substances are brought into the process
through many different sources. The recycling of paper is one of the most important
ways of producing paper.

The variety of tacky materials present in papermaking systems have different
names: for instance, the accumulated pollutants in the water recycling system are
called dissolved and colloidal substances (DCS). The composition of DCS, which
mainly come from pulp, filler, recycled water, and the chemicals added during the
papermaking process, is very complex.

Pelton [40] describes PEC formation as an important part of paper technology.
One example is the strategy for removing the anionic PEL components of the DCS
by adding oppositely charged polymers to form PEC. Oppositely charged PEL will
form complexes over a broad range of stoichiometric ratios. However, the
complexes tend to be water-soluble unless they are nearly stoichiometric because
an excess of either positive or negative particle charge will confer water solubility.
This behavior is illustrated by the interaction of PDADMAC, a linear cationic PEL,
with kraft lignin, which is a branched anionic phenolic polymer resulting from the
decomposition of lignin in the kraft pulping process. The formation and the amount
of precipitated kraft-lignin-PDADMAC complex were investigated as a function of
the mass ratio (kraft lignin/PDADMAC) and the pH [40]. But, kraft lignin is not
ideally suited for fundamental studies of PEC formation because lignin is a poly-
disperse polymer with a complicated structure; hence, most of the basic information
about PEC comes from investigations on well-defined synthetic polymers [52] (see
Sect. 4).
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3.2 Sticky Removal

The appearance of so-called stickies is described for instance by Hubbe [53]. These
are most often the result of synthetic polymers used in pressure-sensitive label
adhesives. The full characterization of stickies is not easy to assess since there are
many different types of stickies that have to be considered [54].

The existence of primary stickies (from raw materials) and secondary stickies,
which were built by the interaction in such systems, has been described, together
with many different characterization methods(including mechanical methods) for
quantifying the efficiency of different fixing agents [55, 56]. In addition, physico-
chemical methods such as measuring the cationic demand, the zeta-potential, or the
turbidity of wastewater have been applied.

Unfortunately, none of the sticky test methods investigated was found to be
universally applicable, i.e., suitable for all types of stickies. Therefore, the most
suitable method must be chosen for each particular case and problem area [56].

Previous articles or reviews (such as [53, 57]) have considered the origin, the
nature, as well as the removal of DCS.

Among the organic polymers used in the paper industry to combat deposit
problems are polymers with a huge ranges of molecular mass, charge, and hydro-
philic versus sparingly soluble character. The effects of these polymers are greatly
dependent on how these materials interact with the suspension or with surfaces [53].
Important classes of polymers are cationic polymers with very high mass, e.g.,
acrylamide polymers (well known as retention aids) or high charge cationic
polymers [58, 59]. Hydrophilic polymers of intermediate mass are applied as well
as PEL with partially hydrophobic character or surfactants. The adsorption tendency
of PEL onto tacky materials can be increased by derivatization with hydrophobic
substituent groups. Various copolymers of cationic, hydrophilic monomers, and
hydrophobic monomers have shown promise as detackifying agents for resinous
material [60, 61].

According to Meixner et al. [62], tailor-made cationic polymers are very effective
for fixing interfering substances because they reduce the tendency of adhesive,
hydrophobic substances to agglomerate and slow down the rate at which secondary
stickies are formed. Using different types of models (hydrophilic or hydrophobic)
and fixing agents, Meixner et al. were able to demonstrate that, for efficient sticky
removal, not only is the cationic charge necessary but also the hydrophobicity.
Whether (or not) a certain polymer is effective depends on the type of detrimental
substances.

3.3 Natural Polymers for Sticky Removal

A few articles describe the application of starch, modified starch, or other carbohy-
drate polymers as flocculant for sticky removal [63—66]. The role of charge on the
destabilization of microstickies was investigated by Huo by comparing the strong PC
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PDADMAC with commercial cationic starch. The agglomeration of microstickies
with PDADMAC occurred mainly via a charge neutralization mechanism. In contrast,
the agglomeration of microstickies with cationic starch “had a more complicated
behavior” [64].

Luo and Wang [65] prepared highly cationic starches (HCS) with different branching
degrees and molar mass. The DCS controlling effects were investigated using zeta-
potential, cationic demand, drainage speed, and turbidity. The study indicated that the
degraded linear HCS had better performance in controlling microstickies than the
branched HCS, which had better performance in paper strengthening.

Recently, we have investigated the interaction between tailored cationic starches
wearing hydrophobic groups and model extracts of recycled newspaper and sticky
material [67—69]. The properties of the prepared extracts differed in turbidity, total
organic carbon (TOC), and charge. The surface tension was established as a useful
tool for characterizing the surface activity and, therefore, the sticky content of the
suspension. The interaction of three modified starches with the same “medium”
cationic charge, but different hydrophobicity (degree of substitution by benzyl
groups, DSgy) with model suspensions was investigated. The interaction and
complex formation was confirmed by complex precipitation, resulting in a decrease
in turbidity and TOC, but an increase in surface tension. The most important
consequence of this work was the finding that the amount of cationic charge is
essential for sticky removal, especially for the reduction of turbidity and TOC, but
that sticky removal can be improved by a higher degree of starch hydrophobicity.
The highest surface tension of the mixture between the model suspension and
different starch types (mentioned above) was obtained with the benzyl starch,
having the highest DSgy (Fig. 8).

The surface tension of this mixture between modified starch and the suspension
with a very high sticky content can be further increased by the addition of bentonite
(Aquamont) [72], so that the resulting supernatant is almost free of surface-active
substances (surface tension about 70 mN/m). It is also important that the mixing
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ratio significantly influences the properties. Despite the fact that the turbidity
removal is good in most cases, differences in the surface tension were obtained.
The most effective composition (lowest TOC and highest surface tension) was
obtained at a mixing ratio were the system is neutral.

Sticky removal with different natural polymers has been compared [69]. Tai-
lored starches, with benzyl as well as with ethyl substituents, from very low to high
cationic starch density, were investigated as well as benzylated chitosan.

In contrast to previous results [67, 68], the bubble pressure method, a relative
simple and time-saving test method, was used for the dynamic surface tension
measurement [69]. For comparison it was shown that the addition of unmodified
starch did not have any positive influence on sticky removal: neither for decreasing
the turbidity or TOC content, nor for the reduction of surface activity. In contrast,
the interaction between the functionalized starches and DCS, and therefore the
sticky removal, is significantly influenced by the main properties of the modified
starches, i.e., their cationic charge density and their hydrophobicity. As already
described, the stickies were removed due to complex formation between the
tailored modified starch and the colloidal substances in the suspension having
anionic charge. As demonstrated in Fig. 9, the surface tension of a sticky-containing
model suspension increases due to the addition of modified natural polymers
bearing cationic charge. As already shown [67, 68], the efficiency of sticky removal
depends on the charge ratio (anionic:cationic charge), which means that it depends
on polymer dosage. Most effective removal was obtained when the mixture
between the starch and the SCS was neutral.

Consequently, the results shown in Fig. 9 do not show an optimum because the
natural polymers have different cationic charge densities. Whereas the modified starch
with low cationic charge (benzyl starch) is more effective at higher polymer dosage,
the modified chitosan, having higher cationic charge, has optimum sticky removal at
the dosage shown in Fig. 9. The ethyl starch, despite its low cationic charge, is also
effective in reducing the surface activity due to its hydrophobicity [69].
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4 Pre-mixed PECs as Flocculants

4.1 Complex Formation and Characterization

It is well known that oppositely charged PEL will form complexes over a broad
range of stoichiometric ratios.

Such interactions were investigated, among others, by Tsuchida [70], Dubin [71],
Philipp and Dautzenberg [72, 73], Miiller [74-76], Pergushov and Miiller [77],
Dragan [12], and the group of Kabanov [78, 79]. Some of the most important PEL
used for complex formation are summarized in Table 2 and in works by Dragan [12]
and Jaeger et al. [80].

Kabanov et al. described the formation of water-soluble nonstoichiometric PECs
(NPEC) as a result of the interaction of oppositely charged PEL in nonequivalent
ratios. They are obtained by the interaction of polyions with different degree of
polymerization, i.e., different molar masses. The polyions are introduced into the
reaction in nonequivalent ratios so that a relatively long-chained host PEL (HPE) is
incorporated into an NPEC particle in some excess in comparison with the opposite
charged relatively short-chained guest PEL (GPE). Such NPEC are water-soluble
because of their big differences in molar mass, and their properties can be studied by
classical methods. An NPEC can be represented as a peculiar block copolymer with
alternating hydrophobic double-strand blocks and hydrophilic single-strand blocks
composed of sequences of HPE units incorporated in NPEC in excess (Fig. 10). One
of the most important properties of NPEC is their ability to participate in intermacro-
molecular exchange and substitution reactions in aqueous solutions, as described by
Kabanov [77]. These properties can be used to flocculate and separate materials
such as dyes.

PEC nanoparticles, prepared by mixing solutions of the commercial low-cost PEL
components PEI and PAC, were described by Miiller et al. [75]. It was found that the
size and internal structure of PEI/PAC particles can be regulated by process, media,
and structural parameters. The mixing order, mixing ratio, PEL concentration, pH, and
molar mass were found to be especially sensitive parameters for regulating the size
(diameter) of spherical PEI/PAC nanoparticles, in the range between 80 and 1,000 nm,
in a defined way.

The formation of PECs using structurally uniform and strongly charged cationic
and anionic modified alternating maleic anhydride copolymers was described by
Mende [81]. The hydrophobicity of the PEL was changed by the comonomers
(ethylene, isobutylene, and styrene). Additionally, the n—/n+ ratio of the molar
charges of the PEL and the procedure of formation were varied. Dynamic light
scattering indicates that, besides large PEC particle aggregates, distinct smaller and
more compact particles were formed by the copolymers having the highest
hydrophobicity (styrene). These findings could be proved by AFM. Measurements
of fractal dimension, root mean square roughness, and the surface profiles of the
PEC particles adsorbed on mica allow the following conclusions: the higher the
hydrophobicity of the polyelectrolytes, the broader the particle size distribution and
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Table 2 Structures of some of the most commonly used types of PEL for complex formation

Polycation (PC)

Name

Structure

PDADMAC: poly(N,N-diallyl-N,N-
dimethyl-ammonium chloride)

PEI: poly(ethyleneimine)

PAA: polyacrylamide (cationic)

PMADAMBQ: copolymer of
N-methacryloyloxy-ethyl-
N-benzyl-N,N-dimethyl-
ammonium chloride

Poly(ethylene-trimethylammonium-
iodidepropylmaleimide)
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Polycation (PC)

Name Structure
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Fig. 10 Fragment of a nonstoichiometric PEC particle having hydrophilic as well as hydrophobic
units. GPE guest PEL, HPE host PEL. Adapted from [82]

the minor the swelling of the PEC particles. Hence, the most compact particles were
formed with the very hydrophobic copolymers.

4.2 Influence of Polymer Type on Complex Properties

From basic research on PECs, we can summarize the following important points.
There are many parameters that can influence the formation of PECs:
Charge density of the polyelectrolytes

— Strong polyelectrolytes (the charge does not depend on pH) with high charge
density have a rod-like structure; they form complexes with a ladder-like-structure.

— In strong polyelectrolytes with low charge density, the polymer is coiled. In the
case of a weak PEL such as PEI, PAC, or chitosan as a natural polymer, the
complex formation is influenced by the pH dependence of the polymer charge.
In such cases, the complexes are formed between coils of PC and coils of PA.

Molar mass

Complexes made from polyelectrolytes with low and medium molar mass (such as
PDADMAC, PSS, PEI, PAC) are studied very often and are used in different
fields of application.

Complexes made from PEL with very high molar masses (more than 10° g/mol) are
used in paper production; such complexes are formed from big polymer coils
and therefore such PECs are very large.

Polyelectrolytes with big differences in their molar mass form PECs that are water-
soluble.

Substances bearing hydrophobic parts such as PSS, PMBQ, styrene or surfactants
and micelles form complexes that are very dense or compact. The stability is
often low.

Other parameters that can influence complex formation are the mixing conditions
such as mixing speed, order of addition, ionic strength, and pH.
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4.3 Application of Pre-mixed Complexes as Flocculants

For along time, the application of pre-mixed PECs as flocculants seemed to be a field
of academic work that had not found a practical application [20]. But, as found
earlier [82], such complexes made from oppositely charged polymer solutions have
interesting properties and are very effective for the flocculation of finely dispersed
inorganic particles. A reflocculation was not noticed in a wide range of
concentrations. Investigations on PECs as flocculants for inorganic particles like
silica are important for the understanding of flocculation mechanism. But, PECs will
never be applied as flocculant for such inorganic particles in practice. Nevertheless,
PECs play an important role as flocculants in certain applications for special
problems in wastewater treatment, such as low content of solids, soluble detrimental
substances, or small amount of dye that can color a big volume of water. Therefore
their removal is important.

As one of the first to study this, Somasundaran and coworkers [83] found that
combinations of polystyrene sulfonate and cationic polyacrylamide enhanced the
flocculation of (positively charged) alumina suspensions. The weight ratio of the
two polymers was kept at 1:1 for all experiments. But, pre-mixing of the two
polymers did not give as good results as those obtained when the polymers were
added step by step [82]. In our opinion, the charge ratio of both PECs is extremely
important and influences the flocculation mechanism. Effective flocculation can be
found with highly charged complexes as well as with complexes near the 1:1 ratio
of charges.

Onabe [84] analyzed the drainage behavior of pulp suspensions with a two-
component system, with attention to polyion complex formation. With cationic and
anionic polyacrylamides (molecular weights 3,000,000 and 1,000,000 g/mol) added
individually, a polyion complex with an irregular three-dimensional structure was
precipitated on the fiber surface. This reduced the homogeneity of the paper sheets.
In contrast to this, a pre-mixed system of an anionic and cationic polyacrylamide [83]
resulted in an improvement in pulp retention and paper quality (paper strength).
Because of the very high molar mass and thus the big coil diameter, the formed
PEC:s are very big and are therefore good flocculants.

Wagberg and coworkers [85] described the preparation and characterization of
complexes for dry and wet strength improvement of paper. They investigated the
structure of complexes formed by two oppositely charged PEL commonly used in
the paper industry: polyamideamine epichlorohydrine condensate (PAE) and
carboxymethylcellulose (CMC). They found that complexes can have a good
resistance to PEC aggregation/dissolution at high salt concentrations and that it
was possible to adjust the net charge of the complex particle solutions, making the
PEC of great value in papermaking for covering the fibers with a high amount of
material in a one-step procedure.

CMC-rich cellulose sheets were prepared by Uematsu [86] with a cationic
retention aid. When 5% poly(INNN-trimethyl-N-(2-methacryloxyethyl) ammonium
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chloride (PTMMAC) and 5% CMC were added to cellulose slurries, approximately
94% of the polymers were retained in the sheets by formation of a polyion complex.

PEC dispersions have been used as a fixing agent, flocculant, or retention aid to
increase the water resistance of paper [87].

Detailed studies of particle (silica) flocculation using pre-mixed complexes were
done by Buchhammer [88], Schwarz and Dragan [89], and Mende et al. [90, 91].

The flocculation efficiency of some nonstoichiometric interpolyelectrolyte com-
plex dispersions synthesized by the interaction between poly(sodium 2-acrylamido-2-
methylpropanesulfonate) (NaPAMPS) and three strong PCs bearing quaternary
ammonium salt centers in the backbone on a stable monodisperse silica dispersion
have been tested. The PCs PDADMAC and PCAS alone showed a very narrow range
of flocculation. In the case of the most hydrophobic PC, PCA5D1, the window of
optimum flocculation concentration was broader compared with other PCs [88].

Mende investigated the flocculation of silica dispersions in dependence of the
properties of nonstoichiometric PECs with different charge excess and hydrophobicity
as well as different average hydrodynamic particle size. PDADMAC as PC and
different PAs such as poly(styrene-p-sodium sulfonate) (NaPSS) and poly(acrylam-
ide-co-sodium acrylate), were used so that PECs with different charge excess and
hydrophobicity as well as different average hydrodynamic particle size could be
prepared. The work was focused especially on the stability of complexes and it was
pointed out that a higher tendency to instability results for complexes with PAs that
have a II-system (phenyl-) in the polymer chain [94]. The average hydrodynamic
particle size and the polydispersity indices (PI), determined by dynamic light scatter-
ing were strongly influenced by the mixing conditions of the PECs and the nature of
the used polyelectrolytes. It was found that particles with narrow or monodisperse
distribution can be prepared under the condition that the PC is the starting solution,
as shown in Fig. 11. Dispersions with PI values between 0.03 and 0.06 are described as
monodisperse, whereas a narrow particle size distribution is found at PI values
between 0.1 and 0.2. A broad particle size distribution is represented by PI values
between 0.25 and 0.5; at PI > 0.5 the result is not analyzable [89].

The reaction process between silica and the used flocculants can be divided into
three intervals (destabilization, flocculation optimum, and restabilization) as known
for all other polymer flocculants. For an effective flocculation of a charged substrate,
both electrostatic as well as hydrophobic interactions play an important role. The
interval up to the beginning of the flocculation optimum is mainly influenced by
electrostatic interactions (the charge density of the flocculant) but the broadness of
the flocculation optimum depends largely on hydrophobic interactions. Hydropho-
bic interactions also play an important role in the shear stability of the formed flocs.

As shown in Fig. 12, the floc size rapidly increases in dependence of flocculant
charge added to the silica dispersions. The size of flocs obtained with complexes is
larger than the size of flocs obtained with the pure PC. The monomodal particle size
distribution for the silica dispersion (n = 0) changes to bimodal or multimodal under
the influence of the amount of cationic charge. With increasing amount of cationic
charge, the volume proportion of single silica particles decreases and the fraction of
bigger aggregates increases (Fig. 12a). The beginning of the flocculation optimum
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Fig. 12 Particle size (diameter; % volume distribution) of silica dispersions without flocculant
(n+ = 0.00 pmol) and treated with PD/NaPSS complexes with n—/n+ ratio of 0.6 in dependence
on the flocculant charge (n+) added to silica dispersions: (a) low cationic charge (0—1.88 pmol/L);
(b) higher cationic charge (1.88-6.26 pmol/L)



52 G. Petzold and S. Schwarz

was found at n+ = 0.63 pmol, where the peaks of both fractions have nearly the same
size. At very high concentrations of cationic charge (Fig. 12b), the particle size
distribution becomes smaller again. It was also confirmed by sedimentation analysis
that the broadness of the so-called flocculation window (range of optimum flocculant
concentration) depends on the hydrophobicity of the flocculant [90].

Nystrom et al. [92, 93] correlated the observed flocculation behavior of calcium
carbonate, induced by mixtures of cationic starch and anionic poly(sodium acrylate)
(NaPA) at various electrolyte concentrations, with the complex properties. A strong
correlation exists between the properties of the PEL mixture, primarily the amount of
complexes formed, and the flocculation behavior. Several mechanisms are involved
in this flocculation process induced by the two polymers. However, interparticle
bridging by the PECs and charge neutralization induced by the deposition of the
complexes were found to be the main reasons for the enhanced flocculation.

As already mentioned, the removal of different dyes is one of the fields where
complexes can successfully be applied [94-97]. The “direct” formation of complexes
between a PC and anionic dyes with two, three, or six sulfonic groups was investigated
using UV—-vis spectrophotometry and viscosimetry. Dragan et al. [12] also reported the
formation of complexes having three components. They were formed by the interac-
tion between nonstoichiometric PC/dye complexes with PAs. PCs differed in their
content of the N,N-dimethyl-2-hydroxypropylene ammonium chloride units in the
main chain. NaPA, NaPAMPS, and NaPSS were used as PAs. Crystal Ponceau 6R and
Ponceau 4R with two or three sulfonic groups were used as anionic dyes. The
formation of the three component PC/dye/PA complexes takes place mainly by the
electrostatic interaction between the PA and the free positive charges of the PC/dye
complex. The stoichiometry and the stability of such complexes depends on the PC
structure, the structure and molar mass of PA, the dye structure, and the P:dye molar
ratio. A high amount of the dye was excluded from the complex before the end point,
when a branched PC was used. The higher the solubility of the dye, the lower the
stability of the PC/dye/PA complexes [12].

The mechanism of dye incorporation into triple complexes was also intensively
studied by Zemaitaitiene et al. It was shown that cationic polymer tends to react with
anionic textile finishing chemicals and auxiliaries such as anionic detergents, forming
intermolecular complexes of different stoichiometry. Under controlled conditions,
these complexes can incorporate the dye and precipitate. Surprisingly, the disperse
dye (which was uncharged) also seemed to be bound by polymer—polymer complexes
[98, 99].

Buchhammer et al. [100] investigated the flocculation behavior of two PCs in
comparison with pre-mixed PEC nanoparticles. These results show that depolarization
of the dye solution can be achieved with the PCs as well as with the complex
dispersions, depending on the type and quantity of the flocculant used. However,
significant differences with regard to the removing efficiency and the usable range for
effective flocculation exist. For both PCs used, which differed markedly in terms of
their structure and chain length, a relatively narrow flocculation window was found. It
was also interesting that the concentration ratio ¢gye/Cpolymer i determined essentially
from the properties of the PC. The concentration ratio is shifted significantly to lower
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values with the long chain PMADAMBAQ that is sterically stabilized. For application,
this means that long chains as well as branched polymers are particularly effective
when used as flocculants for depolarization of textile effluents containing, e.g.,
disperse dyes at low concentration. Further, it was shown that the dye structure had a
marked influence. The dye content after separation was at least 15% for the disperse
dye Celliton Fast Blue, whereas the degree of dye removal was much better for Cibacet
Red [104]. Solid-liquid separation processes in general use highly hydrophilic linear
polyelectrolytes with excellent water solubility as processing aids, but not all floccu-
lation processes can be carried out with sufficient efficiency. These disadvantages may
be overcome using associating or aggregating cationic polyelectrolytes as flocculants.
A significant enhancement of the flocculation properties can be achieved by introduc-
tion of hydrophobic functionalities into the PEL backbone [101-103].

4.4 Polymer-Surfactant Complexes

It was also interesting to investigate the application of pre-mixed polymer—surfactant
complexes (PSCs). Such mixtures of polymers and surfactants are common in many
industrial formulations. The interaction between surfactants and water-soluble
polymers provides special effects, e.g. enhancing the surface activity, stabilizing
foams and emulsions, etc. It is, therefore, very important to study the interaction
between surfactants and water-soluble polymers, especially between components of
opposite charge. The first results were described in the literature of the 1970s, and
from 1980 until now much work has been done to improve the understanding of such
systems [104-107]. Very detailed investigations using different characterization
methods such as surface tensiometry, light scattering, neutron scattering, NMR or
ESR, and surface rheological methods [108—123] are mentioned. Usually, mixed
solutions at fixed PEL and variable surfactant concentrations are investigated and it
can be shown that the association between PEL and oppositely charged surfactant
starts at very low surfactant concentration (typically one to three orders of magnitude
below the cmc of the surfactant). The degree of surface tension lowering depends not
only on the type of PEL (on their hydrophobicity, charge density, molar mass), but
also on the mixing conditions (order of addition, influence of time) and salt content
[124]. In most studies, a fixed polyelectrolyte amount was added to solutions of an
oppositely charged surfactant (the “polymer to surfactant regime” [123]). Because
the interaction between polymer and surfactant starts at very low surfactant concen-
tration, basic research is often carried out below the cmc, but for industrial
applications the interaction with polymers at higher surfactant concentration
is also important. However, despite the importance and common use of PSCs there
are only very few publications about application-relevant properties. As mentioned
above, it is possible to tailor stable, differently charged dispersions made from
oppositely charged polyelectrolytes and surfactants that can be used for different
applications, such as surface modification of powders, sorption of organic molecules
from wastewater, or as flocculants. As an example, complexes with PDADMAC as
PC and sodium dodecylsulfate (SDS) as an anionic surfactant are shown in Fig. 13.



54 G. Petzold and S. Schwarz

470
1,0 8T8 —-0

AN
\L

\'_“

-0,5 30

0,0 0,5 1,0 15

Charge (mmol/l)

Surface Tension (mN/m)

n-/n+

Fig. 13 Charge and surface tension of PSCs made from PDADMAC and SDS in dependence on n—/n+

Whereas the charge continuously decreases with increasing SDS content, the surface
tension has a minimum near the 1:1 charge ratio. Such complexes were used for the
separation of silver particles on zeolite. The separation of such fine particles was
impossible with commercial flocculants, but successful with PCSs.

The interactions between a technical cationic surfactant (dodecyl-amidoethyl-
dimethylbencyl-ammonium chloride) and anionic polyelectrolytes were investigated
[123, 125]. The cationic surfactant strongly interacts with different PAs such as
copolymers of maleic acid or PSS. This makes it possible to tailor complex dispersions
with different properties that are sufficiently stable and can be used for the separation
of dyes or dye-containing wastewater. Such nanoparticles are able to bind disperse
dyes effectively due to their size (i.e., in the same range as the dye molecules) and their
structure. They can bind the individual dye aggregates via hydrophobic as well as
electrostatic interaction forces. The more stable dispersion with poly(maleic acid-co-
propylene), P(MSP), compared with the a-methylstyrene copolymer P(MS-a-MeSty)
is favorable for use in different applications. PSCs are very effective flocculants [124].
Whereas not more than 85% of Celliton Fast Blue could be removed with PECs, this
value can be increased up to more than 95% by using PSCs. The supernatant is clear
and seems to be colorless. Factors affecting the quality of flocculation are the charge
and the hydrophobicity of the components and, as a consequence, the particle size. The
application of “neutral” complexes results in a broad flocculation window.

The flocculation performance of polyampholytes (terpolymers containing hydro-
phobically modified cationic, hydrophilic nonionic, and anionic monomer units,
always with an excess of cationic charges) was investigated [126]. The results were
compared with homopolymers and with those obtained using nonstoichiometric (PSC)
dispersions with adjustable surface charge density. The polyampholytes as well as
the PSC can successfully remove the dye Celliton Fast Blue (Dispers Blue 3). The
efficiency of dye separation is mainly influenced by the charge of polymers or
complexes, demonstrating that charge neutralization is one possible flocculation
mechanism. However, PSC, which are almost neutral, are also able to remove the
dye due to their size and structure. In this case, the degree of dye removal is a little
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better and the so-called flocculation window is broader, as in the case of charge
neutralization.

The removal of dye was also investigated [127]. PECs, described as “new particle
forming flocculants”, were used in comparison with PCs to separate dyes from sludge
(mixture of organic and inorganic components). The charge of the system to be
flocculated was shown to be the most important property for influencing flocculation
behavior. Therefore, sludge with strong anionic charge could be separated with
commercial PC according to a patch mechanism, whereas for the removal of nearly
“uncharged” sludge or dye the complex particles were more effective. The latter can be
easily tailored with different properties by the interaction between aqueous solutions
of dodecylamidoethyl-dimethylbencyl-ammonium chloride (Quartolan), which car-
ries a positive charge, and a PA such as PSS. In dependence on the mixing ratio n—/n+
as well as on the dosage, these complexes can effectively eliminate commercial dyes
such as Acid Yellow 3 or Acid Blue 74 due to their hydrophobicity and structure.

PSCs can be also used as flocculants in montmorrilonite dispersions [128]. An
anionic surfactant (SDS) was combined with a cationic polymer (PDADMAC). At a
1:1 molar ratio, optimal flocculation was obtained owing to the formation of an
insoluble surfactant—polymer complex in the presence of particles. Such interactions
may lead to a flocculation mechanism that combines polymer adsorption, charge
neutralization, and hydrophobic interactions. Other experiments have shown that a
similar flocculation process can be achieved by using a cationic surfactant and
anionic polymer [127].

4.5 Removal of Organic Pollutants

Buchhammer [129] described the design of new materials for removing organic
pollutants such as p-nitrophenol or dyes from wastewater. The sorption of solved
organic molecules on previously formed PSCs or PECs (PC/PA) was studied. The
scheme of complex formation and possible structures is presented in Fig. 14. The
sorption capability of such macromolecular assemblies increases with increasing
molar mass and hydrophobicity of the macromolecules used.

The solubilization of hydrophobic molecules such as pyrene (a fluorescence
probe), or Nile Red (a solvatochromic probe) in nanoparticles was investigated by
Nizri et al. [130]. They studied the morphology of the resulting nanoparticles and
their ability to solubilize hydrophobic materials. As shown by AFM and SEM
imaging, the particles are spherical, having a diameter of about 20 nm. From pyrene
solubilization it appeared that the hydrophobicity of the nanoparticles depends on
the ratio between SDS molecules and the charge unit of the polymer and therefore
they confirmed the results described by other authors [128].
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5 Current Trends and Future Research Directions

5.1 Advanced Characterization Methods

In contrast to previous research in the field of flocculation, which mostly investigated
the direct interaction between one substrate and one polymer, today we have to deal
with multicomponent mixtures and formulations. Therefore, a direct and efficient
method for the characterization of the sedimentation behavior is necessary. It is
demonstrated that the separation analyzers LUMiFuge and LUMiSizer can be used
for a pre-selection of flocculants [131, 132]. The LUMiSizer is a microprocessor-
controlled analytical centrifuge that allows determination of space- and time-resolved
extinction profiles during the centrifugation of up to 12 samples simultaneously [133].
This multisample analytical batch centrifugation with optical detection proved to be a
versatile tool for the determination of the characteristic material properties related to
the sedimentation and consolidation behavior of dispersions. This was demonstrated
for the sedimentation and consolidation of rigid non-interacting particles and also for
the consolidation of interacting network-forming particles.
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The evaluation of ceramic dispersions using analytical centrifugation (STEP-
Technology), combined with multisample analytical centrifugation is described
[134]. The shear-dependent sedimentation rate, consolidation, and packing behavior
are directly analyzed. In addition, the particle size distribution can be obtained with
high resolution. Application studies on kaolin, silicon carbide, and silica dispersions
show the high potential of this method. The potential of multisample analytical
centrifugation for formulation design (stability as well as flocculation) was demon-
strated in investigations on the effect of particle (silica, calcium carbonate) and
polymer (PAA) concentration on dispersion properties of different stabilized
suspensions [135].

The dispersibility of carbon nanotubes (CNTs) was assessed by studying the
sedimentation of CNTs dispersed in aqueous surfactant solutions at different
ultrasonication treatment times using a LUMiSizer. Different commercially available
multiwalled CNTs, such as Baytubes C150P or Nanocyl NC7000, showing quite
different kinetics, were compared. In addition, the particle size distributions were
analyzed using dynamic light scattering and centrifugal separation analysis [136].

As described, the application of flocculants with two or more components is of
growing importance for solid—liquid separation processes, including the dewatering
of ultrafine materials (sludge from clay, coal, or gravel pits) or sewage sludge.
Through various examples involving the preparation of well-characterized model
systems, it has been demonstrated that the removal of detrimental substances
such as colored materials (dyes) or stickies is favorable by the formation of
PECs. In addition, PECs as well as PSCs can be used as materials for the sorption
of hydrophobic materials such as organic compounds.

5.2 Use of Natural Polymers

For many years, in most cases synthetic polyelectrolytes such as PDADMAC or
PEI as PC, and PAC, PAMPS, or PSS as PA were used for complex formation. But
at present, the application of so-called natural polymers is of growing importance in
the field of complex formation. Natural polymers occur in nature and can be
extracted. Examples are chitosan as well as polysaccharides such as starch, pectin,
or alginate. Natural polymers are used because of their good biodegradability and
high biocompatibility in a wide range of applications in industry. They can have
cationic charge (chitosan) [137] or can be modified with cationic as well as hydro-
phobic units [74].

The interaction between modified starch and sticky-containing wastewater was
mentioned in Sect. 3.2. of this article [67, 68]. Mihai [141] investigated chitosan-
based nonstoichiometric PECs (NPECs) as specialized flocculants. Such NPEC
were more effective than chitosan in kaolin separation. Their main advantage is the
increase in critical concentration for kaolin restabilization. The NPEC particles
were adsorbed on the kaolin surface, protecting them more efficiently against
re-dispersion.
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The physicochemical properties of biopolymer-based PECs with controlled pH
and/or thermoresponsiveness were described by Glampedaki et al. [138, 139]. The
study [138] illustrates a novel combination between negatively charged pH- and
thermoresponsive microparticles of poly(isopropylacrylamide-co-acrylic acid)
(PNIAA) and positively charged chitosan chains. Morphological and physicochemical
aspects of the stimuli-responsiveness of the complexes were investigated through
scanning electron microscopy, polyelectrolyte titration, UV—vis spectroscopy, analyt-
ical centrifugation, and tensiometry. The PNIAA thermoresponsiveness kinetics was
found to be both temperature- and pH-dependent. Chitosan/PNIAA complexes
appeared more hydrophobic below LCST and more hydrophilic above LCST, com-
pared with PNIAA alone. Their demixing behavior revealed that chitosan/PNIAA
complexes are more sensitive to pH and temperature changes than their individual
components. Finally, complexes were found to be surface-active, with their surface
activity lying between those of chitosan and PNIAA. The information obtained
about hydrophilicity/hydrophobicity aspects of the studied systems is considered
essential, as they are intended for interesting applications such as polyester surface
functionalization.

The preparation of pH- or thermoresponsive microgels of NIPAAm copolymerized
with acrylic acid, either alone or complexed with chitosan is described [138]. All
properties of the microgels are in very good correlation with those expected from the
chemical structure of the polymers used for their preparation.

A new type of a dual system using mixtures of chitosan and a thermosensitive
polymer has been described in Sect. 2.7 [47-50].

PECs also have been the focus of an expanding number of studies for their wide
use in medicine. For instance, biopolymer nanoparticles have been described as
very promising nanosized carrier materials with great potential in health care and
environmental sciences [140].

Miiller et al. [141] described PEC nanoparticles prepared by mixing solutions of
oppositely charged PEL, whose size and shape can be regulated by external and media
parameters. An improved preparation protocol for PEC nanoparticles based on con-
secutive centrifugations was elaborated, resulting in better reproducibility and lower
polydispersity. Experimental and simulation evidence showed that salt and PEL
concentration are sensitive parameters for size regulation of spherical PEC
nanoparticles. The authors outline certain advantages of dispersed PEC particles for
life science applications due to easy preparation, graded nanodimensions, achievable
solid content, and uptake/release properties for proteins and drugs.

The physicochemical and biological properties of DNA and small interfering
RNA (siRNA) complexes prepared from a set of maltose-, maltotriose-, or
maltoheptaose-modified hyperbranched PEIs [termed (oligo-)maltose-modified
PEIs; OM-PEIs] were investigated [142]. The authors showed that pH-dependent
charge densities of the OM-PEIs correlate with the structure and degree of grafting
and with the length of the oligomaltose. Decreased zeta-potentials of OM-PEI-
based complexes and changes in the thermodynamics of DNA complex formation
are observed, while the complex sizes are largely unaffected by maltose grafting
and the presence of serum proteins.
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But, these aspects of complex application in medicine are not addressed in this
review and therefore they are not referred to in detail here.

6 Summary and Outlook

Polyelectrolytes and their complexes play a central role in solid-liquid separation
processes such as paper making or waste water treatment.

A lot of different products are available — synthetic as well as natural polymers.
Worldwide, the use of PECs is a fast growing market for treating water in different
spheres of life, such as the supply of drinking water, the purification of wash water,
or the dewatering of sludge.

The main message of this review is that many different ideas based on an
understanding of colloid—polymer interactions have been developed for solving
different problems, at first in the paper industry, but also for other technologies such
as the separation of metals (like alumina) or minerals, the dewatering of sludge, or
the removal of dyes.

The direct interactions between a flocculant (PC) and a charged particle suspension
have been investigated for many years and are not the topic of this review. But, it is
important to know (also for dual flocculation) that polymers with low molar mass can
flocculate via neutralization or patch flocculation mechanism, whereas polymers with
higher molar mass can flocculate via bridging. Decreasing the charge density of
polymers makes the flocculation range broader and the flocs bigger.

Because the separation problems have become more and more complex, new
principles of flocculation must be used to meet all requirements, such as the removal
of heavy metals, dyes, or natural colloids. Instead of monoflocculation with one
polycation, pre-mixed PECs (made from PC and PA), which are effective flocculants
due to their size and structure, are used. Because hydrophobic interactions are of
growing importance for the removal of hydrophobic substances such as oil, it is
necessary to introduce hydrophobic parts into the flocculants or, alternatively, to use
pre-mixed PSCs.

Last but not least, the flocculation efficiency of synthetic polymers should be
compared with natural polymers like chitosan, or with polysaccharides such as
modified starch, pectin, or alginate.
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Abstract Beyond their nutritional value, food proteins are a versatile group of
biopolymers with a considerable number of functionalities throughout their extensive
structures, conformations and interaction—aggregation behaviour in solution. In the
present paper, we give an overview of the induced aggregation and spontaneous
reversible assembly of food proteins that lead to a diversity of supramolecular
structures. After a brief description of the properties of some food proteins, the first
part summarises the aggregation processes that lead to supramolecular structures with
a variety of morphologies and sizes. The second part reports on the requirements that
drive spontaneous assembly of oppositely charged proteins into reversible supramo-
lecular structures. The promising new applications of these structures in food and
non-food sectors are also mentioned.

Keywords Aggregation - Food proteins - Interactions - Self-assembly - Supramo-
lecular structures
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1 Introduction

Protein assembly in food science has been studied for long time because it contributes
to the characteristics and specific sensory properties of food. In the past decades,
improving knowledge on the mechanism of protein assembly has been responsible
for the design of specific but still limited numbers of supramolecular structures
(fibres, spheres, nanotubes, etc.) [1-5]. These structures could extend the functional
properties of proteins by the development of new sensory properties in food or the
encapsulation, protection and delivery of bioactives. Anyway, obtaining such
supramolecular structures from protein solutions tightens the evidence that proteins
constitute ideal building blocks for obtaining assemblies of various size and
architectures [6]. These supramolecular structures are not specific to one (or a
group of) protein(s) but are obtained from very distinct proteins, indicating that the
way that proteins assemble into supramolecular structures is a generic property of
proteins that is, de facto, independent of the amino acid composition of proteins [7].
In addition, one selected protein will self-assemble into various different supramo-
lecular structures only by modifying the physicochemical conditions of the medium.
Hence, even if protein assembly follows universal mechanisms, the selection of the
physicochemical conditions of the medium, by affecting the rate of the different steps
occurring during protein assembly, influences the size, shape and characteristics
of the supramolecular structure formed (reactivity, internal structure, etc.); these
physicochemical conditions being specific to each protein system [8].
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In contrast to model solutions of protein, food systems have a complex composi-
tion that contains proteins, polysaccharides, lipids, minerals, etc., of different types
and mixes at different concentrations and ratios. The presence of molecules other
than proteins in the medium, such as small solutes (specific ions, amino acids, fatty
acids, etc.), strongly affects their assembly process [9-12]. The assembly process is
also affected when working with mixtures of proteins [13—15]. These parameters
constitute putative, still underestimated, means for controlling the characteristics and
functionalities of new supramolecular structures. All these parameters must be
considered for the interpretation of data on the protein assembly process. In fact,
combining the large diversity in protein structure (stability, repartition of hydro-
phobic and hydrophilic patches, net charge, localisation of charged group onto the
protein surface, etc.) and in medium composition offers endless possibilities for
protein self-assembly into supramolecular structures. In these conditions, the control
of supramolecular structure formation becomes a real challenge, though examples
from biological systems inform us that food technology has just entered this new
scientific area.

Prediction of protein assembly needs for its perfect control an understanding
of the physicochemical parameters affecting protein—protein and/or protein—
aggregates and/or aggregates—aggregates interactions at different length scales,
from molecular to nano- and mesoscopic, and at different time scales. One of the
key issues for controlling the formation of supramolecular structures with defined
size and shape is to identify the initial events that promote the later stages of the
process of protein assembly. Having proteins with well-characterised molecular
structure (identification of residues and atoms accessible to the solvent and avail-
able for protein—protein interaction) is helpful for understanding and predicting the
mechanism of protein assembly at a molecular level [16]. Forces and energies
developed at a higher range scale could be different since intrinsic properties of
aggregates change throughout the progress of the assembly. Identifying the type
and intensity of inter-protein and inter-supramolecular structure interactions acting
simultaneously and/or sequentially in both space and time constitutes important
knowledge for understanding protein behaviour in complex systems [17].

Induced assemblies and spontaneous assemblies (self-assemblies) are two dis-
tinctive routes to the formation of supramolecular structures. Induced assemblies
occur when proteins are destabilised consecutively to an induced unfolding and/or
hydrolysis that triggers protein assemblies. They are obtained under physico-
chemical conditions that are different from physiological conditions, i.e., under
elevated temperatures and/or extreme pH conditions, by changing solvent quality,
etc. [18-23]. Induced assemblies are often irreversible. In contrast, protein self-
assemblies dictated by thermodynamics involve the spontaneous and hierarchical
association of the proteins into ordered supramolecular structures without the
contribution of external energy input and/or denaturing agents. The driving forces
for self-assembly involve either attractive intermolecular interactions or an indirect
entropy contribution resulting from the release of counter-ions and water molecules
[24, 25]. Self-assembly phenomenon is widespread in nature and is the basis of
numerous biological functions (structure, regulation, transport, protection, etc.).
Apart from mimicking nature, using the self-assembly potential of proteins for the
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design of specific supramolecular structures (new biomaterials), leading to new
functionalities, constitutes great scientific and technologic challenges in food
science and also in various fields such as in nano- and medical technologies. The
main advantages of the self-assembly approach compared to other ways used for the
production of supramolecular structures (high temperatures, unpleasant chemicals
or solvents, mechanical stresses, etc.) lie in the step-by-step control of polymer
association (bottom-up approach) and a reduction of energy costs [26, 27]. Other
specificities are that protein self-assembly is usually reversible, i.e. that assembly or
disassembly may be triggered by modifications of the physicochemical conditions
of the aqueous solution. In addition, the composition and yield of formation
of supramolecular structures resulting from self-assembly are precise and are
adjustable by slight changes in the physicochemical conditions of the medium
[12, 28].

Literature reviews describing experimental and/or theoretical polymer—polymer
assembly is abundant and diversified regarding the nature of the polymers and
physicochemical conditions used and the supramolecular structures obtained
[29-35]. In this review, we will focus on recent data on food protein assembly.
After a description of the structure and main properties of some important food
proteins, we will describe first the protein-induced assemblies that lead to regular
supramolecular structures and, in a second part the spontaneous protein self-assembly
potential with a special emphasis on systems containing more than one protein.

2 Structure and Properties of Some Food Proteins

In this section, a brief overview of the structural characteristics of the food proteins
most widely used in studies on protein—protein complex formation is presented.
Proteins presented below and in Table 1 are from milk [B-lactoglobulin (p-Lg),
a-lactalbumin (a-La), bovine serum albumin (BSA), lactoferrin, caseins] or egg
white (ovalbumin, lysozyme), even if proteins from other sources (including gelatin
and soy and wheat proteins) are also used for self-assemblies and complex forma-
tion studies. The proteins presented are mainly monomers, but are able to self-
assemble into oligomers or aggregates in some specific conditions. These
conditions are also addressed.

2.1 General Aspects of Proteins

Proteins are complex natural macromolecules made up of successive amino acids
that are covalently bonded together in a head-to-tail arrangement through amide
bonds. Each protein molecule is composed of an exact sequence of amino acids
determined by the genetic code and arranged in a linear fashion. Proteins are
zwitterions because they contain both positive and negative charges in a proportion
that depends on the amino-acid composition. Hence, proteins are weak
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Table 1 Physicochemical properties of various food proteins

Protein Mw (kDa) p/ Charge at neutral pH Aggregation state ~T,,, (°C)
B-Lactoglobulin 18.3 5.2 —16 Dimer 75
Bovine serum albumin 66.3 5.0 —7to —10 Monomer 80
a-Lactalbumin

Apo 14.2 4347 -4 Monomer 26

Holo 64
Ovalbumin 45.5 4.5 —12 Monomer 84.5
Casein

s 23.6 4.9 —21 Micellar -

o2 25.2 5.2 —15 Micellar -

B 24 54 -12 Micellar -

K 19 5.6 -3 Micellar -
Lactoferrin

Apo 83 8.5 +14 Monomer 60-65

Holo ~90
Lysozyme 14.3 10.7 +7.5 Monomer 74

pl isoelectric point, T, denaturation temperature

polyelectrolytes whose charge sign and density show a strong dependence on the
pH. Proteins are distinguished from each other by their amino acid sequence, their
folding (globular folded form, fibrous form, intrinsically unfolded conformation)
and their biological function. One of the key features of proteins is their ability to
acquire distinctive secondary and three-dimensional (3D) structures dictated by the
amino acid sequence.

The primary structure of a protein is the succession of amino acids bonded
together by peptide bonds between the carboxyl group of the amino acid N and the
amine group of the amino acid N + 1. The acid hydrolysis of proteins releases 20
amino acids, each having a lateral chain with specific reactivity. Some lateral chains
are hydrophobic, others are hydrophilic, neutral or carry an electric charge (positive
or negative). The presence of hydrophobic residues confers to proteins an affinity
towards hydrophobic surfaces. The charge on the lateral chain of the amino acids
gives the protein a net charge that is positive, negative or null according to the pH
value. At a certain pH, referred to as the isoelectric point (p/), the numbers of positive
and negative charges on a protein are equal and the protein is electrically neutral.
Proteins have an excess of positive charges below its p/ and an excess of negative
charges above its pl. Basic proteins (high p/) are rich in arginine and lysine residues
whereas acidic proteins are rich in glutamic and aspartic acid residues. Figure 1
illustrates an example of how the theoretical net charge of a globular protein (a-La)
evolves according to pH, with a zero net electric charge (p/) around 4.6.

The secondary structure consists of the local spatial arrangement of the polypep-
tide chain into repeating structures stabilised by hydrogen bonds, i.e. a-helices and
[B-sheets. In a-helices, hydrogen bonds are shared by amino acid residues close to
each other in the primary sequence of the protein whereas in f-sheets, they involved
distant residues. In addition proteins exhibit local non-repeating structures, i.e. turns.



72 S. Bouhallab and T. Croguennec

(=}

net charge

254

-30 4

-35
pH

Fig. 1 Evolution of the theoretical net charge of a protein (a-lactalbumin) according to pH,
determined using ExPASy Bioinformatics Resources Portal. Theoretical isoelectric point (p/) of
a-lactalbumin is 4.7

The tertiary structure of the proteins is the 3D organisation of the proteins,
involving the repartition of the secondary structure units of the proteins with respect
to each other. The driving force for the folding into tertiary structure is dependent on
the physicochemical properties of the medium. In aqueous solutions, the hydro-
phobic residues of the proteins are hidden in the core of the proteins in order to
minimise contacts with water molecules. The protein tertiary structure is stabilised
by hydrophobic interactions, salt bridges, hydrogen bonds and, for some proteins,
disulfide bonds.

Behind these three structural levels, some proteins have a quaternary structure
that results from the association of two or more identical or different polypeptide
chains (protein subunits).

In solutions, the overall protein conformation fluctuates between a large number
of conformations that are very similar to each other. The native protein structure is
defined as the structure of lowest energy or structure of highest probability. Away
from their pl/, proteins in solution are stable because the protein molecules carry
charges of the same sign and repel each other. In contrast to intrinsically unfolded
proteins, numerous globular proteins are also stable close to their p/ at low or
medium ionic strength due to the presence of residual charged patches on the
protein surface that counterbalance short-range attractive interactions. In some
conditions (elevated temperatures, presence of denaturants, etc.), the native protein
unfolds (loses its native conformation) or denatures. Each protein (except intrinsi-
cally unfolded proteins) has a denaturation temperature that is dependent on the
conditions of the medium (pH, ionic strength, dielectric constant). Upon denatur-
ation, the hydrodynamic size, the flexibility and also the reactivity of the proteins
increase because of the exposure of reactive groups to the surface of the proteins.
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This denaturation may lead to protein aggregation. One other consequence for
globular proteins is a loss of solubility close to the pl.

2.2 p-Lactoglobulin

B-Lg is a globular protein of 162 amino acids and a molar mass of 18.3 kDa. It
belongs to the lipocalin superfamily, sharing the common f-barrel calyx structural
feature as an ideal binding site for hydrophobic ligands [36-38]. Its molecular
structure is well established [36]: basically, f-Lg has 10-15% o-helix, 43% p-sheet
and 47% unordered structures, including B-turn. Its structure contains nine p-strands
(labelled A-T) that are organised into two B-sheets facing each other and a C-terminal
a-helix, as determined by X-ray crystallography [39]. f-Lg has two disulfide bonds,
which play an important role in the reversibility of B-Lg denaturation [40]. 8-Lg also
contains one free sulthydryl group, which is buried within the protein structure on the
f-strand H and plays an important role in stabilising the protein structure [41]. Its p/ is
about 5.2. At neutral pH (5.5-7.5) and room temperature, native f-Lg exists as a
stable non-covalent dimer but its oligomerisation sate is dependent on the medium
conditions. At pH below 3.5 and above 7.5, f-Lg is mainly monomer; between pH
3.5-5.5, it is mainly associated as octamer. These pH ranges also vary according to
the ionic strength, temperature and the presence of hydrophobic ligands in the central
cavity of the protein. Changes that occur in protein structure when heated have been
described [42].

2.3 Serum Albumin

BSA consists of a polypeptide chain of 582 amino acids and a molar mass of
66.4 kDa. It is mainly a helical protein having a p/ of 4.9 [43]. BSA is a monomer
containing one sulfhydryl group and 17 disulfide bonds, which stabilise the structure
of the protein. All the disulfide bonds are relatively close to each other in the
polypeptide chain, which is therefore organised in a series of short loops. BSA
exhibits several binding sites for hydrophobic ligands on its surface.

2.4 «a-Lactalbumin

a-La consists of 123 amino acids and has a molecular weight of 14.2 kDa. Its
isoelectric point is between 4.2 and 4.5. a-La has close homology in sequence with
hen egg-white lysozyme [44]. Among the 123 amino acid residues, 54 are identical to
corresponding residues in lysozyme and a further 23 residues are structurally similar.
a-La consists of 26% «o-helix, 14% p-sheet and 60% unordered structure. a-La
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contains eight cysteine residues, all engaged in disulfide bonds that stabilize the
tertiary structure of the protein. In addition, a-La binds one calcium ion per molecule
(Kn =29 x 10 M™! [45]) in a pocket containing four aspartate residues [46].
When the pH is decreased below 5, the aspartate residues are progressively
protonated and o-La ability to bind calcium decreases. The calcium-free apo form
of a-La is highly heat-sensitive and it denatures rapidly when the temperature
increases. The denaturation temperature of apo a-La is around 30°C [47] whereas
holo a-La is stable up to around 60°C [48, 49] (see Table 1). The apo a-La self-
associates at pH close to 5.0 at about 50°C to give microscopic aggregates.

2.5 Ovalbumin

Ovalbumin (Ova) is a phosphoglycoprotein of 385 amino acids and a molar mass
of about 45 kDa [50]. Its amino acid sequence contains about 50% hydrophobic
residues and about 33% charged residues, mostly acidic, giving the protein a p/ of
4.5 [51]. The sequence includes six cysteine residues, two of which are involved in
a disulfide bond, and the N-terminal residue of the protein is an acetylated glycine
[52]. Ova has one glycosylation site and two phosphorylation sites [53]. Ova
contains 32% p-sheets and 30% o-helix as determined by X-ray crystallography
[54, 55]. Some evidences indicate that Ova molecules self-assemble depending
on protein concentration and pH. Ova is monomer at concentrations lower than
about 0.1% and forms oligomers (dimer, trimer and tetramer) at higher protein
concentrations; the association behaviour is favoured when pH decreases from
a neutral value to the protein p/ [56].

2.6 Caseins

Caseins (agq, 0s2, P, ¥) are a group of flexible proteins of about 2024 kDa (from 169
to 209 amino acids) sharing some common features such as the presence of ester-
bound phosphate (organic phosphate) in their structure and rather high number of
charged (glutamic acid, lysine) and uncharged (leucine, isoleucine, proline) residues,
but low number of sulphur-containing amino acids. They are often considered as
intrinsically unstructured proteins [57] or theomorphic proteins [58] as the structure
of caseins is sensitive to environmental variations. In addition, caseins consist
of well-separated hydrophobic and hydrophilic domains, especially p-casein and
k-casein. The caseins also exhibit microheterogeneity regarding their degree of
phosphorylation and glycosylation [59]. os- and p-caseins are extensively
phosphorylated whereas k-casein has only one or two ester-bound phosphates but is
glycosylated. Due to the presence of a high amount of phosphoseryl groups, ag- and
[-casein precipitate in the presence of calcium. In contrast, k-casein is still soluble
even in the presence of high amount of calcium. Casein aggregation state also depends
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on pH and temperature. Caseins precipitate when the pH is reduced to 4.6 and -casein
self-assembles as small aggregates in a temperature-dependent manner.

2.7 Lactoferrin

Lactoferrin (Lf) is an iron-binding glycoprotein composed of 689 amino acids and
has a molar mass of about 80 kDa. It has approximately 41% a-helix and 24%
B-sheets and the polypeptide chain is folded in two homologous lobes (N- and
C-lobes) connected to each other by a three turns of an a-helix (residues 334—344)
[60]. Each lobe is composed by two domains (N, N, and C;, C,) forming a cleft in
between; the interdomain cleft forms a binding site for one iron ion or other metallic
ion concomitantly to a synergically bound carbonate anion [61, 62]. Lf tertiary
structure is stabilised by 17 disulfide bonds. Compared to the holo form, which is
conformationally rigid, the metal-free apo form of Lf is much more flexible and
more susceptible to denaturation. Lf is a basic protein with a p/ of 8.6-8.9 and
consequently carries a positive net charge at neutral pH. The charge distribution on
Lf surface is uneven with some highly positive patches on the N-lobe and the inter-
lobe region [62]. Additional negative charges on the Lf surface are also carried by
sialic moieties [60, 63, 64], which increase the hydration volume on the protein
surface and stabilise Lf [65]. Lf exhibits ionic strength-dependent aggregation
behaviour [66, 67]. These studies reported an Lf monomer—aggregate equilibrium
that is sensitive to variation in ionic strength. At low ionic strength (and neutral pH),
Lf molecules are mainly monomer and positively charged. When ionic strength
increased, Lf forms neutral [66] or negatively charged aggregates (pI ~6) [67].

2.8 Lysozyme

Lysozyme (C-type family without a specific metal binding site; LYS) is a globular
protein of 129 amino acids (14.3 kDa) and a strongly basic character (p/ = 10.7). It
is a protein consisting of two domains (domains o and p) linked together by a long
helix—loop—helix (residues 87-114). The secondary structure of the protein is
formed by 39% a-helix gathered mainly in the domain a and 11% f-sheet involved
in a three-strand antiparallel f-sheet that constitutes, with some helices, the
B-domain [68]. LYS has eight cysteine residues, all of which are involved in
intramolecular disulfide bonds making the protein compact and stable [69]. It was
noticed that under specific conditions of protein concentration, temperature and
ionic strength, LYS forms transient clusters [70, 71]. Clusters result from short-
range attractions, leading to surface energy reduction upon cluster formation, and
long-range repulsions that increase the Coulomb energy of the clusters and thus
limits their growth [72].
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3 Induced Assemblies of Food Proteins

This section focuses on fibrils, ribbons, spherulites, nanotubes and particulate
aggregates, which are the most regular macromolecular structures obtained from
food protein solutions. The structure (shape, size) of induced assemblies may be
changed by controlling parameters such as protein concentration, temperature and
time of heating, pH, presence of small solutes, etc. The structures of induced
assemblies are generic forms of proteins aggregation as long as the conditions for
protein aggregation are defined: these conditions may change depending on the
protein system [7]. For instance, under appropriate conditions, f-Lg is able to form
fibrils, ribbons, spherulites or particulate aggregates. Similar supramolecular
structures may be obtained with proteins having different structures and properties.
This means that the supramolecular structure of the induced assemblies is indepen-
dent of the primary structure of the proteins; it results from identical aggregation
mechanisms occurring for different physicochemical conditions of the medium [8].

3.1 Fibrils

Amyloid-type fibrils are linear polymers of about 3—10 nm width and range in length
from hundreds of nanometres to micrometres (Fig. 2a) [23, 76]. Protein fibrils are
extensively studied and theoretical models have been proposed that explain and
predict their behaviour. Fibril formation follows a nucleation/growth mechanism
[77-81] where nucleation constitutes a lag phase in which no significant growth is
measurable. Fibril nucleation is usually the limiting step but the lag phase is reduced
by shearing, adding fibril seeds or increasing the temperature [18, 82, 83]. Fibril
growth is hierarchical and unidirectional. During this step, proteins form linear
B-sheet-organised aggregates in which p-sheet conformation is perpendicular to
the growth direction of the fibrils. Protein fibril formation requires specific physico-
chemical conditions allowing the proteins to expose hydrophobic patches to the
solvent and to conserve some net charge on the surface. For this reason, peptides
and intrinsically unfolded proteins such as k-casein are well adapted to fibril forma-
tion. Fibrils of k-casein are obtained at neutral pH and physiological temperature
(37°C) after reducing protein disulfide bonds [13, 14, 84]. Fibril formation from
globular proteins such as whey, egg white and soy proteins require a preliminary step
of unfolding and/or hydrolysis of the proteins in order to expose on the protein
surface residues prone to establish intermolecular f-sheets. Even if protein hydrolysis
was suggested to be an essential preliminary step for fibril formation [85, 86],
experimental evidence indicates that fibril formation also occurs under conditions
where an absence of protein hydrolysis is expected [19-21, 87]. In vitro, fibrils from
globular proteins are obtained under elevated temperatures, low pH and low ionic
strength [23, 85], in the presence of urea [21, 87] or at high concentration of alcohol
[20]. Arnaudov et al. [88] indicated that fibrils formed after a short heating time but
not after long heating periods are unstable and disintegrate on cooling. For numerous
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Fig. 2 Diversity of supramolecular structures obtained from food proteins. (a) TEM micrograph
of fibrils obtained after heating a mixture of p-lactoglobulin (f-Lg) and a-lactalbumin (a-La)
(2.5 wt% with ratio -Lg to a-La of 90:10) at pH 2 [adapted with permission from Bolder et al. [73]
© (2006) from ACS]. (b) AFM micrograph of -Lg ribbons obtained after heating B-Lg (2 wt%) at
90°C and pH 2 [reprinted with permission from Lara et al. [23] © (2011) from ACS]. (c¢) Polarised
light microscopy micrograph of spherulites formed from $-Lg [reproduced with permission from
Krebs et al. [74] © 2009 from The Biochemical Society]. (d) TEM micrograph of f-Lg dispersion
(1 wt%) after heating at 85°C for 15 min at pH 5.8 [adapted with permission from Schmitt et al.
[75] © (2009) from ACS]

proteins, reducing the pH of the protein solution subjected to heat treatment speeds up
the formation of fibrils regardless of the p/ of native protein, for instance LYS (10.7)
and a-La (4.2-4.5). Heat treatment under acidic pH conditions induces some cleav-
age in the polypeptide backbone [76, 82, 85] and generates some succinimidyl
residues from aspartic acid [76], both reactions being preponderant at low pH.
Peptides are considered to be the major building blocks of fibrils, but the contribution
of succinimdyl residues is much more speculative. For f-Lg, the yield of
incorporation of the peptides into fibrils is low because only the most hydrophobic
peptides with B-sheet propensity are involved [85]. The shape and size of the fibrils
are also tuned by ionic strength. Screening of the electrostatic charges by salts fastens
the aggregation stage, resulting in shorter and more curved fibrils [89]. However,
according to these authors, the fibrils exhibited similar thicknesses of around 3.5 nm
and a periodic structure, with a period of about 25 nm whatever the ionic strength in
the range 10-100 mM.

3.2 Multistranded Ribbons and Spherulites

The above fibrils are also able to order into larger structures that are either linear
(helical ribbons) (Fig. 2b) or spherical (spherulites) (Fig. 2c). Under specific
conditions, the larger structures coexist with fibrils in solution [73].
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Ribbons result from the lateral stacking of fibrils. They are observed only after
a prolonged heating at acid pH of globular proteins as different as LYS or p-Lg.
The formation of multistranded ribbons occurs concomitantly with an extensive
hydrolysis of the proteins into low molecular weight peptides [23]. Such small
peptides are hypothesised to be responsible for the formation of multistranded
ribbons.

Spherulites result from the radial arrangement of unbranched protein fibrils and
are characterised by a semi-crystalline structure [90, 91]. Because of their inner
structure, spherulites exhibit a Maltese cross pattern when they are observed
between crossed polarizers in a light microscope [92]. The spherulites can reach
several hundred micrometres in diameter. In the larger spherulites, it is possible to
distinguish two regions: an amorphous nucleus and a semi-crystalline surrounding
corona [91, 93]. In contrast to the surrounding corona, the core progressively loses
its birefringence during the radial growth of the spherulite. Assuming that the
growth of the spherulite occurs through the periphery and that the radially ordered
fibrils do not convert into amorphous aggregates, it was hypothesised that a
distortion of fibrils in the core of the spherulite occurs during the growth, resulting
in a progressive loss of birefringence [8]. Although the mechanism triggering the
association of single fibrils into spherulites is not totally elucidated, it was
hypothesised that the balance between electrostatic, hydrophilic and hydrophobic
interactions is preponderant; heating temperature and pH are preponderant factors
in reducing the lag phase for spherulite observation [94]. In addition, the morpho-
logy of the spherulites is affected by the presence of salt, which favours larger
spherulites with a larger nucleus [74].

3.3 Particulate Aggregates

Globular proteins (BSA, B-Lg, LYS, etc.) are able to form irreversible, well-defined,
particulate aggregates of several tenths to hundreds of nanometres when heated close
to their p/ or in the presence of salts (Fig. 2d) [95-97]. Heating induces the exposure
to the solvent of hydrophobic patches initially buried in the interior of the protein
structure. Hydrophobic interactions constitute the main driving force for protein
assembly, even if some authors underline the importance of electrostatic interactions
[10]. As for fibrils, proteins are held together by intermolecular f-sheets in the
particulate aggregates. However, intermolecular -sheets are shorter in the particulate
aggregates and they have random orientations due to a faster aggregation step (low
electrostatic barriers for protein aggregation) [8]. Experiments on f-Lg indicate that
heat treatment of the unfolded proteins first causes aggregation into oligomers and
then into soluble aggregates [98, 99]. On prolonged heating, soluble aggregates
interact and form particulate aggregates of about one to several hundred nanometres
in diameter. These particulate aggregates self-assemble when the electrostatic
repulsions are too low for their stabilisation in solution [100]. The aggregation of
B-Lg slows down rapidly and even stops when the proportion of native proteins in
solution is lower than 10% [101].
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The low electrostatic repulsion between proteins during the heat-induced
assembly process favours the growth of the aggregate into spherical structures
[102]. Then, particulate aggregates are formed at close to protein p/ or in the
presence of salts due to the screening of exposed ionised groups. pH, ionic strength,
hydrophilic-hydrophobic balance in the polypeptide chain, protein concentration,
heating temperature ramp and heating time are factors tuning the size of the
particulate aggregates formed [74, 100, 103] and governing their assembly
behaviour and stability in solution [100]. Stable suspensions of particulate
aggregates of -Lg (absence of sedimentation) are obtained after heating p-Lg
solution at low ionic strength and at pH slightly below (pH 4.5-4.7) or slightly
above (pH 5.7-5.9) the isoelectric point. Under these conditions, the particulate
aggregates are individualised and monodispersed, with an average diameter of
around 200 nm. Their size is slightly higher at pH 4.6, under which conditions
the net charge of the particulate aggregates is lower than at pH 5.8 (+30 mV at pH
4.6 versus —40 mV at pH 5.8) [75]. It was hypothesised that the charge of the
particulate aggregates limits their growth and prevents their assembly into larger
supramolecular structures. A macroscopic phase separation appears rapidly when
the repulsion between the particulate aggregates decreases [100]. In another study,
aggregates with different sizes and morphologies were produced by heating p-Lg at
80°C in the pH range between 6 and 6.8. Large spherical aggregates with an
average hydrodynamic diameter of 96 nm were formed at pH 6 against smaller
and linear aggregates with an average hydrodynamic diameter of 42 nm at pH 6.8
[104]. Particulate aggregates are also formed by heating a mixture of f-Lg and a-La
(ratio 80:20) at pH 5.7. For higher proportion of a-La in the mixture, the yield of
conversion of native proteins into particulate aggregates decreases and the particles
lose their spherical shape and/or aggregation [15]. At pH 5.7, both proteins are
negatively charged but it was suggested that the presence of a-La in the aggregates
reduces the hydrophobic attractive interactions for the formation of round and
dense particles. The yield of conversion of native proteins into particulate
aggregates increases in the presence of salts because salts promote aggregation
[15]. This indicates that mineral composition and protein composition influence the
assembly process. A suspension of spherical aggregates, with core—shell structure
of diameter around 100 nm, is also obtained by heating a mixture of oppositely
charged proteins (Ova/LYS or ovotransferrin/LYS) [105, 106]. Interestingly, these
studies described lysozyme-rich core and ovalbumin-rich shell particles whose
charge depend on the medium pH: at pH 5-10 the core carries positive charges
and the shell carries negative charges; at pH around 5, formed particles are neutral;
below pH 5, particles with homogeneous positive charge are formed; and above pH
10, particles with homogeneous negative charge are formed. The mechanism of
protein assembly is not understood yet, but under the same physicochemical
conditions it is not possible to obtain the same supramolecular structures with
only one protein. This indicates the prevalence of the interactions between proteins
of opposite charge. The procedure for the formation of nanoparticles of Ova and
LYS consists first of the pH adjustment of the solution at 5.3, between the p/ of the
two proteins, promoting Ova-LYS interactions (Fig. 3). Then, the pH is increased
and, when the value comes close to the pI of LYS, the LYS molecules aggregate
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Fig. 3 Illustration of the mechanism of formation of core—shell nanoparticles between ovalbumin
and lysozyme according to the pH value (constructed from [105])

due to the decrease in electrostatic repulsions (Fig. 3, step 1). After 1 h of gentle
stirring, nanoparticle formation is triggered by heating the solution at 80°C for
90 min (Fig. 3, step 2). Finally, the nanoparticles are constituted, with an Ova-rich
shell entrapping an inner structure composed mainly of LYS. The nanoparticles
have a positively charged surface at pH <5 and a negatively charged surface at pH
>6. Between pH 5.0 and 6.0, the nanoparticles are weakly charged and aggregate
reversibly (Fig. 3). Stable spherical nanoparticles of LYS and f-casein are obtained
by heating the protein mixture under specific pH conditions and appropriate ratio
[107]. Between pH 5 and 11, the two proteins carry opposite charges and form
complexes after mixing. However, the pH suitable for nanoparticle formation is
around the p/ of the two proteins, i.e. in the pH ranges 4.0-6.0 and 9.0-12.0 (Fig. 4).
After heating, B-casein molecules are trapped in the core of the nanoparticles and
are covered by a gelated shell of LYS. In these pH ranges, the protein conversion
yield into nanoparticles decreases if the pH decreases towards 4.0 or increases
towards 12. Between pH 6.0 and 9.0, the charge of the two proteins have similar
magnitude and a coagula instead of nanoparticles is obtained after heating.

3.4 Nanotubes

In contrast to fibrils, the formation of nanotubes from proteins is much less
frequently observed and far less well understood [108]. Concerning food proteins,
to date nanotubes have so far only been reported for a-La, the second most abundant
protein in the whey fraction of bovine milk. Ten years ago, Ipsen et al. [109]
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Fig. 4 Mechanism of formation of lysozyme/p-casein nanoparticles at pH 5.0 and 10 [reprinted
with permission from Pan et al. [107] © (2007) from Elsevier]

showed that a-La self-assembles into long and tubular strands of 20 nm in diameter
upon limited proteolysis by a specific serine protease. The nanotube structure of
these tubular strands was further described in detail a few years later [1]. These
authors showed that the formation of nanotubes from hydrolysed a-La requires the
control of protein concentration, presence and concentration of specific divalent
cations such as calcium and hydrolysis conditions (for details see [2]). The presence
of a small percentage of other proteins as well as the use of certain divalent cations
such as magnesium inhibit the self-assembly process into nanotubes and lead
instead to random aggregates [2]. These nanotube structures are described to be
stable towards processing and could, for example, withstand conditions similar to
pasteurisation. Consequently, they exhibit some interesting futures for food and
non-food applications. As an example, because of their linearity, these nanotubes
form strong gels with a high storage modulus, even at a weight protein fraction as
low as 3% [1]. The reversibility and disassembly properties of these nanotubes
provide other potential applications such as encapsulation and controlled release of
nutritional and bioactive components [2].

4 Spontaneous Assemblies of Food Proteins

For self-assembly, proteins have to diffuse in the medium and establish specific
and/or non-specific interactions when meeting a counterpart. Interactions occur
through the protein surface (absence of denaturation step) and protein—protein
interactions are mainly of low energy, i.e. non-covalent (electrostatic interactions,
van der Waals bonds, hydrogen bonds, salt bridges). Protein—protein interaction
energy is only slightly higher than thermal energy kT (with k is the Boltzmann
constant and T the temperature), enabling the proteins to rearrange locally with
each other for adoption of preferential orientations. In the later stages, minimisation
of the free energy of the protein aggregates drives the assembly to ordered
supramolecular structures [110]; this mainly involves the surface energy of the
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supramolecular structure and the strain energy [26]. In addition, most self-assembled
objects are near-equilibrium systems and then evolve slowly with time and with local
variations in the surrounding of the supramolecular structures. These different steps
could explain why the rate of supramolecular structure formation through protein
self-assembly is relatively slow. The final state depends on the equilibrium of
attractive and repulsive interaction between proteins inside the overall structure and
the forces between the supramolecular structures [17]:

— Repartition of attractive and repulsive zones onto the protein surface is responsible
for the shape and size of the supramolecular structure; hence, depending on the
protein system and the physicochemical conditions of the medium, the size (from
nanometre to micrometre) and shape (fibres, spheres, etc.) are able to change.

— Energy and nature of attractive and repulsive interactions between self-
assembled proteins control the stability and reversibility of the formed supra-
molecular structures.

4.1 Oppositely Charged Proteins and Polyelectrolytes

Several recent reviews deal with the fundamental self-assembly between proteins
and natural polyelectrolytes, e.g. DNA and polysaccharides [30, 31, 34, 111]. The
applications in the food sector of protein and polysaccharide complexes and
coacervates are also well covered elsewhere [35, 112]. Given these abundant recent
reviews, this field is deliberately excluded from the present review.

The literature on the interactions and assembly between synthetic polyelectrolytes
and proteins with opposite charges is also abundant (for reviews see [31, 113, 114]).
The initial interactions in these systems involve short-range interactions like van der
Waals and longer-range interactions, especially electrostatic interactions. At the
thermodynamic level, for oppositely charged systems of protein and polyelectrolyte,
interaction and assembly is generally found to be an exothermic process due to
favourable electrostatic interactions [115], although an endothermic process has
been reported for a BSA/polyelectrolyte system [116]. In addition to electrostatic
interactions, the entropic contribution of the release of small counterions and water
molecules has also been reported. For synthetic polyelectrolytes interacting with
proteins, it is postulated that the interaction process is the result of a competition
between the attractive electrostatic interactions between polyelectrolytes and proteins
in one hand, and the polymer characteristics on the other hand. This was modelled by
Muthukumar [117], taking into account the charge densities, size, Debye length and
the molecular weight of involved macromolecules.

Control of these interactions is of importance for the design of a variety of
supramolecular structures with different intrinsic properties. Before considering the
cross-assembly between proteins, we first present some general elements on the
interaction of proteins with linear polyelectrolytes. Some examples published
during the last 10 years on dual systems involving a mixture of protein and
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Table 2 Some indicative examples of protein/polyelectrolytes self-assembly and generation of
various supramolecular structures

Protein Synthetic polyelectrolyte Structures Reference

Lysozyme Poly(acrylic acid)/poly(vinyl  Insoluble complexes [118]
sulfonic acid)

Lysozyme Poly(methacrylic acid)/poly Insoluble complexes [119]
(acrylic acid)

Lysozyme Poly(styrenesulfonate) Spherical complexes, dense globules [120]

Lysozyme Gold nanoparticle/serum Aggregates [121]
albumin

Cytochrome ¢ Gold nanoparticle/aspartic Conventional aggregates or [122]
acid core—shell nanoparticles

Caseins Dodecyl-trimethylammonium Insoluble aggregates or soluble [123]

complexes

BSA Gold nanoparticle Trimers/complexes [124]

Lysozyme Hyaluronan Rod-like complexes [125]

Poly Poly(vinylsulfate)/poly Spherical or needle-like particles [126]

(L-lysine) (methacrylic acid)

BSA Poly(allylamine Positively or negatively charged [116]

hydrochloride) aggregates

polyelectrolyte are given in Table 2. Several teams are interested in studying the
connections between proteins and mineral nanoparticles modified by chemical
polymers. These works explore the diversity of shapes and sizes of protein
molecules that constitute the building blocks for the creation of bio-hybrid
nanomaterials. For example, the electrostatic complementarities between cyto-
chrome c (a basic protein) and gold nanoparticles facilitate the controlled design
and manufacture of micrometre-sized composite materials [122]. In that study, the
protein is used as an orientating agent for the assembly into nanoparticles.
The difference in protein conformation between apo form and holo form allowed
the formation of nanocomposites with different supramolecular architecture, i.e.
from conventional aggregated nanoparticles with the apo form to well-defined gold-
nanoparticles surrounded by a layer of cytochrome ¢ when used in its holo form.
Environmental changes, e.g. pH or enzymatic digestion, induce a remodelling of
the nanocomposites. This study clearly confirms that selective surface recognition
by protein molecules provides programmed bottom-up assembly of synthetic
nanomaterials. In another study, Chen et al. [121] explored the ability of LYS to
assemble with gold nanoparticles grafted with human serum albumin as a means of
detection of LYS in complex food products [121]. The concentration of serum
albumin and the working pH value were shown to be the main factors affecting the
selectivity of the interaction with the LYS as well as the detection limit. This cross-
assembly approach allowed the detection of LYS concentrations as low as 50 pM.
Concerning the interactions in this assembly system, the surface of gold
nanoparticles covalently bonded with serum albumin became neutral after addition
of LYS and resulted in the aggregation of gold nanoparticles via the London—van
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der Waals attractive forces. The assembly of casein, either in monomer or micellar
states, with a cationic polymer of dodecyltrimethylammonium has been described
[123]. Repeating units of the cationic polymer at low concentrations bind to acidic
amino acids of the casein molecules, making the casein micelles more compact due
to the reduction of the overall net surface charge. Increasing the concentration of
cationic polymer induced aggregation and formation of insoluble casein—surfactant
complexes. A re-solubilisation of these complexes was reached for a large excess of
polymer with respect to the casein because of the repulsion caused by an excess of
positive charges at the surface of assembled particles. The re-solubilised complexes
exhibited new physicochemical properties compared to the initial complexes,
which may, according to the authors, broaden the application range of casein
micelles in food science, as well as in the cosmetic and medical domains. This
study illustrates the key effect of the relative proportions of mixed oppositely
charged molecules on the final properties of formed supramolecular structures.
The use of neutron scattering provides access to the internal structure of objects
resulting from the mixture of a protein and a polyelectrolyte with opposite charge.
Studies of mixtures of an anionic polyelectrolyte with LYS showed that the
assembly leads to the formation of several types of supramolecular structures
depending on the concentration, pH and the size of the polyelectrolyte chain
[120]. The study clearly shows that the initial charge ratio and the polyelectrolyte
concentration are the main factors governing the assembly. Under certain
conditions, the two molecules form dense primary complexes with an internal
positive/negative charge ratio close to 1. According to the initial charge ratio, either
free protein in solution or polyelectrolyte forming a crown around the assembled
structure were detected. The variation of physicochemical parameters allowed the
authors to draw the following three conclusions: (a) the inner charge ratio of formed
complex remains close to 1 whatever the initial charge ratio; (b) the assembled
complexes exhibit a very high density when the charge density of mixed molecules
is maximum; and (c) the finite size of complexes (up to several microns) is limited
by the electrostatic repulsions and can therefore be modulated by the ionic strength
of the medium. These laws of interaction have been also reported in the case of two
synthetic oppositely charged polyelectrolytes [127]. A strong or a weak assembly
was reached according to the charge and concentration ratio of the constituents. The
stoichiometry between the two partners found in the assembled supramolecular
structures depends on the system studied. The difference in size between mixed
molecules was assumed to be important for the stoichiometry in the supramolecular
structures. This is well illustrated during cross-assembly of LYS with different
polyelectrolytes [118]. One LYS molecule self-assembles with either 20 mol of
poly(vinyl sulfonic acid) or 500 mol of poly(acrylic acid). The apparent energy
associated with the formation of the complexes is very high but once normalised by
the number of involved molecules, it accounts for about 10 kcal/mol, corresponding
to the energy of a normal Coulombic interaction between two electrical charges in
solution. This explains the low salt concentration typically required for total
dissociation of the formed supramolecular structures.
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Several theoretical models describing the interactions and assembly between
two charged polymers are available. However, the application of these models is
often difficult when proteins are involved because of their structural complexity.
Chain flexibility and electric charge density are the main structural parameters of a
given synthetic polyelectrolyte that influence its interacting properties. The impor-
tance of molecular flexibility for self-assembly and complex formation is well
illustrated when mixing synthetic polyelectrolyte poly(vinylsulfate) or poly
(methacrylic acid) with oppositely charged poly(L-lysine), whose conformation
can be modulated by pH or salt concentration change [126]. Spherical particles
were obtained with random coil conformation of the polypeptide chain whereas -
helical conformation resulted in needle-like particles. Concerning proteins, the
situation is much more complex due to the presence of charges of opposite sign
distributed all over the surface of the molecule, with specificity in local charge
density. In general, proteins carry patches of negative and positive charges on their
surface. For acidic proteins, the number of negative residues on the surface is larger
than the number of positive residues. Hence, the overall charge of these proteins
under neutral pH condition is negative (see [114]). The inverse is true for basic
proteins that carry positive charge under the same conditions. The presence of
positive (negative) patches on the surface of acidic (basic) proteins regulates the
surface concentration of counterions of opposite charges that affect subsequent
interaction and assembly processes between oppositely charged partners.

4.2 Oppositely Charged Proteins

The physicochemical laws that govern protein assembly in a system containing more
than one protein are presumably different from those described for the single protein
systems. In binary protein systems, there is a range of pH for which the two
proteins carry opposite net charges. This is especially true when mixing a basic
protein and an acidic protein. Under these conditions, electrostatic interactions
between the two proteins of opposite charge are attractive and can lead to supramo-
lecular assembly. For a visual illustration, Fig. 5 summarizes how ionic strength
affects the assembly of proteins in system containing one type of protein (all proteins
carry the same net charge at a given pH) or a mixture of proteins with opposite net
charge at a given pH.

The interaction and spontaneous assembly between food proteins with opposite
charge under mild conditions are poorly described. Some published examples are
summarised in Table 3. In contrast to protein assemblies induced by drastic conditions
(see above), the advantage of mild conditions is the possibility of fabricating reversible
supramolecular assemblies because only weak non covalent interactions are involved.
This offers a real opportunity for better control of both the assembly process of proteins
into nano- and microstructures and the disassembly process.

Kobayashi’s group and Lewis’s group were the first to report the formation
of turbid solutions by mixing two oppositely charged globular proteins from
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Fig. 5 Illustration of how an increase in ionic strength affects protein self-assembly according to
the net charge of proteins at a given pH

Table 3 Self-assembly between oppositely charged food proteins and the shape of formed
supramolecular objects

Acidic, negatively Basic, positively Shape of formed

charged protein charged protein supramolecular structures  References
Pre-denatured Lysozyme Undetermined [128]
ovalbumin
Ovalbumin Lysozyme No self-assembly [128]
Holo a-lactalbumin ~ Lysozyme Undetermined [129]
B-Lactoglobulin Lysozyme Undetermined [129]
Succinylated Native lysozyme Undetermined [130, 131]
lysozyme
Caseins Lactoferrin Coacervates [132]
Gelatin B Gelatin A Coacervates [133]
Holo a-lactalbumin Lysozyme No self-assembly [3, 12, 134, 135]
Apo a-lactalbumin Lysozyme Amorphous aggregates [3, 12, 134, 135]
Apo a-lactalbumin Lysozyme Microspheres [3, 12, 134, 135]
Ovalbumin Lysozyme Microspheres [5]
Ovalbumin Avidin Microspheres [5]
BSA Lysozyme Microspheres [5]
B-Lactoglobulin Lactoferrin Microspheres or Boubhallab et al.
B-Lactoglobulin Lysozyme aggregates (unpublished data)
Apo a-lactalbumin Lactoferrin

egg-white and milk whey, respectively [128, 129]. They suggest liquid—liquid phase
separation throughout cross-protein aggregation. Howell et al. [129] underlined the
strong dependence of such assembly between mixed native proteins on the physico-
chemical conditions of the medium. Assembly between LYS and B-Lg, but also
between LYS and a-La, were shown to be modulated by several physicochemical
parameters such as protein molar ratio, pH and ionic strength of the solution,
suggesting the involvement of electrostatic interactions between these proteins.
Working on egg-white proteins, Matsudomi et al. [128] showed that pre-denaturation
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of Ova was essential to initiate cross-assembly when mixed with LYS at pH 7.6 and
low ionic strength. A LYS:Ova molar ratio of 1.5 was found in the formed supramo-
lecular structures. No turbidity (aggregation) was detected by these authors when
LYS was mixed with native (unheated) Ova. The aggregation between LYS and
denatured Ova was also inhibited through the decrease of the positive net charge of
LYS by chemical acetylation. Similarly, an increase in ionic strength beyond 50 mM
strongly reduces the aggregation between the two proteins. The authors conclude that
electrostatic interactions are important during cross-assembly of LYS with the
unfolded chain of Ova. Electrostatic cross-assembly between oppositely charged
molecules was also reported for binary systems involving unstructured proteins.
This is the case when mixing gelatin-A (p/ = 9) and gelatin-B (p/ = 5) at molar
ratio gelatin-A:gelatin-B of 1.5 [133]. This pH-controlled electrostatic cross-
assembly was explored by these authors for encapsulation and release of a hydro-
philic drug.

Electrostatic interactions are also described to be the main driving force in the
self-assembly of structures between Lf (a globular protein) and a-casein, pf-casein
or k-casein (unstructured proteins) at neutral pH [132]. As expected for
electrostatic-driven complexes, the size of the formed complexes is affected by
pH and ionic strength. The size of the complex decreases with increasing salt or
when the pH shifts away from the pH for charge equilibration. For this latter case,
it is assumed that the growth of the complexes is limited by the accumulation of
charge on the surface of the self-assembled structures.

Recent and fundamental studies have been done on the physical chemistry of
aggregation and assembly between proteins with opposite charge. Biesheuvel et al.
[130] have shown the importance of the surface properties of proteins for their
interaction and subsequent assembly and phase separation in the case of a binary
protein mixture. For this, they studied the assembly between native LYS, with an
overall charge at neutral pH of +7, and succinylated LYS, with an overall opposite
charge at neutral pH of —7. The study was conducted under conditions whereby the
overall conformation of proteins are not affected. By combining experimental and
modelling approaches, these authors showed that the assembly between these two
proteins was modulated by different physicochemical factors such as pH, ionic
strength, the molar ratio of the two proteins and the temperature [130, 131]. The
assembly process between these two protein forms decreases with increasing ionic
strength and is inhibited for pH values where the overall charges of the two proteins
has the same sign. A complete phase diagram, depending on the ionic strength and
protein concentration, was described and commented on by the authors. In this
protein mixture, electrostatic interactions and temperature are shown to be the main
driving forces for protein interaction, for subsequent aggregation and then for phase
separation. The theoretical model used to describe the assembly of oppositely
charged proteins takes into account electrostatic interactions, steric effects and
temperature. Optimal conditions for liquid-liquid phase separation in this system
include: low ionic strength, low temperature, a symmetrical charge ratio, high
protein concentration and a pH value at which the protein charge densities are
highest, i.e. pH 7.5. In this work, protein aggregation and phase separation were
assessed by turbidimetry measurements but no structural characterisation of the
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supramolecular structures formed under the different physicochemical conditions
of the medium tested was performed.

Our research group had further extended these interaction studies using a
multiscale approach from molecular to microscopic level. The mechanism of
cross-assembly between oppositely charged proteins was investigated using various
mixtures of globular proteins derived from milk or egg white (Table 3). We thus
studied in depth the process of interaction—assembly between a-La from bovine
milk and egg-white LYS. The use of the a-La in its two conformational forms holo
(with calcium) and apo (without calcium) aimed to clarify the role of protein
conformation in the assembly process. At the molecular level, LYS interacts with
holo and apo forms of a-La at pH 7.5 to form oligomeric structures with a
dissociation constant in the micromolar range in both cases [135]. The affinity
constant between the two proteins decreases with increasing ionic strength,
reflecting the involvement of electrostatic interactions. However, only the apo
a-La/LYS mixture spontaneously assembles into supramolecular objects, leading
to liquid—liquid phase separation.

In the case of the a-La-LYS system, the cross-assembly mechanism between
these two proteins is controlled by both (a) the conformation of a-La and (b) the
molecular interaction with LYS, leading to the formation of oligomers of specific
conformations [135]. Characterisation of interactions at the molecular level was
further performed to understand the driving forces behind such protein assembly.
The early steps of assembly were characterised through the identification of the
amino acid involved in the interacting surfaces of the proteins. This was monitored
by NMR chemical shift perturbations by titrating one '’N-labelled protein with its
unlabelled partner [136]. These authors showed that a-La has a narrow interaction
site on the formed heterodimers, whereas LYS exhibited interaction sites scattered
on a broader surface. Further assembly into tetramers requires additional interaction
sites between apo a-La-LYS heterodimers. The absence of bound calcium on apo
a-La exposes another negatively charged patch on the protein surface, which gives
a second site for interacting with LYS. Within the formed tetramers, most of the
electrostatic charge patches on the protein surface are shielded, enhancing the
contribution of the hydrophobic patches on the tetramer surface for further
assemblies. Again, the increased flexibility of apo a-La compared to holo a-La
favourably exposes some hydrophobic residues on the surface of tetramer. Then,
hydrophobic interactions are assumed to contribute to subsequent assembly
throughout the formation of larger oligomers of LYS and apo a-La. These experi-
mental results agree and match well with Monte Carlo simulations that show
preferential alignment between proteins resulting from the strength of their dipole
moments [136].

Interestingly, the morphology of cross-assembled objects between apo a-La and
LYS was found to be temperature dependent: polydisperse amorphous aggregates
are obtained by mixing the two proteins at a temperature below 25°C compared
with well-ordered spherical particles when the mixing is carried out above 30°C [3].
It is well-established that the apo form of a-La changes its conformation above
27°C from “native-like” to a “molten globule” conformation that is more flexible.
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Thus, the 3D structure of apo o-La directs the nature of the supramolecular
structures resulting from its assembly with LYS. Hence, as already underlined by
Chiti and Dobson [79], subsequent self-assembly of proteins is highly promoted
by conformational change and/or formation of small oligomers. Behind these
structural considerations, the nature of some other constituents such as small ions
is quite important. Theoretical approaches confirm the main role of molecular
structure as well as of the surrounding environment. To predict the morphology
of cross-assembled particles at a given thermodynamic condition, explicit access to
the effective interactions between the macromolecules and the surrounding solutes
is of crucial importance. Several studies indicate that this can be reached by the
coarse-grained Monte Carlo approach that provides such access through a judicious
choice of the interaction parameters [137].

Recent kinetic investigations showed that the temperature, in the range 20-45°C,
affects only the structural re-organisation of the formed final supramolecular
structures. Whatever the temperature, small homogeneous aggregates form rapidly
when the two proteins are mixed that subsequently grow by collision and fusion, as
evidenced by dynamic and static light scattering [138]. However, the amorphous
aggregates formed at 25°C are rapidly converted to well-defined microspheres once
the temperature is increased above 30°C [138].

Working on this protein system, we demonstrated for the first time the possibility
of spontaneous formation of microspheres between two oppositely charged
proteins, under conditions of charge compensation. The final size of formed spheres
seems to be highly dependent on the initial protein concentration. Microspheres of
about 3-5 pm are classically obtained starting with a total protein concentration
around 0.2-0.5 mM. Decreasing the initial total protein concentration to 0.02 mM
leads to the formation of nanospheres with a diameter of about 100200 nm. Hence,
the particle size is directly correlated to the initial protein concentration. Quantifi-
cation of proteins in formed microspheres shows a perfect stoichiometry with «-La:
LYS molar ratio of 1, and the two proteins exhibited a perfect spatial co-localisation
in the microspheres [134]. Moreover, the effect of ionic strength on both the
formation and the stability of the microspheres has been described [12]. An ionic
strength above 100 mM completely inhibits the assembly between the two proteins.
However, once formed, a higher salt concentration is needed to dissociate the
microspheres. In this sense, the divalent ions (calcium, magnesium) are more
effective than monovalent ions in the disassembly of the microspheres. Starting
from these published experimental results, Persson and Lund [139] conducted a
pioneering theoretical study on the self-assembly between these two proteins using
Monte Carlo simulations. For such a simulation study, the two proteins, counter-
ions and salt particles are immersed in a spherical simulation cell containing a
continuum solvent described by the dielectric constant of water (Fig. 6). The
authors suggest that the highly uneven charge distribution on a-La is responsible
for the formation of strongly ordered heterodimers that facilitate the formation of
structured mesoscopic aggregates through electrostatic steering [139]. The process
is described as similar to the interaction between an ion and a dipole; LYS has a
clear preference for interaction to the negative end of a-La, which coincides with
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Fig. 6 Illustration of the
model used for simulating
two proteins in a salt solution.
The solvent is treated as a
dielectric continuum while
salt particles and proteins are
described as (clusters of)
hard, charged spheres. For
clarity, the salt size has been
reduced [reproduced with
permission from Persson and
Lund [139] © (2009) from
RSC]

the negative pole of the molecular dipole moment. The authors evaluated the free
energy of interaction minima at around —9 kT (where £ is the Boltzmann constant
and T the temperature) at low ionic strength and neutral pH. When apo a-La binds
calcium, the dipole moment decreases significantly from 400 to 330 D. Such a
decrease, in combination with a screening of negative charges by calcium and the
reduction in a-La flexibility, could explain the absence of oligomerisation
subsequent to the protein cross-assembly observed experimentally. According to
the developed model, the presence of calcium on a-La reduces the orientation with
positively charged LYS. This would explain the experimentally observed absence
of supramolecular structures between LYS and holo form of a-La. The model also
simulates the effectiveness of divalent ions in destabilising the supramolecular
structures in agreement with experimental finding. These data underline the crucial
role of protein charge anisotropy for orientational assembly, as also described for
other systems such as protein/cationic polyelectrolyte coacervation [140]. In that
work, a clear relationship between protein charge anisotropy (BSA versus $-Lg),
binding affinity to polyelectrolyte and selective coacervation was found experimen-
tally and using computer modelling.

The formation of the original microspheres in dual protein systems was
investigated by mixing various proteins in a pH range where the two proteins
carry opposite net charge. The work carried out has shown that it is possible to
generate spherical structures in other binary protein mixtures, providing the experi-
mental conditions were adapted [5]. Microspheres are obtained at low ionic strength
in dual systems such as Ova/LYS, BSA/LYS and Ova/avidin. In the case of Ova/
LYS, spherical particles were formed between pH 7.4 and pH 8.6 with an optimum
cross-assembly yield at pH 8. The formed microspheres contained twofold excess
of LYS, i.e. the protein molar ratio LYS:Ova was 2. When Ova is mixed with
avidin, microspheres with an equimolar ratio of the two proteins are obtained in the
pH range between 6.4 and 8. In addition, the total protein needed to form Ova/
avidin microspheres is then fold lower than that required to detect Ova/LYS
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microspheres. For BSA/LYS mixture, microspheres are obtained between pH 7.4
and 9.2, with an optimal yield of cross-assembly at pH 8.9. The formed
microspheres contained 3 mol of LYS per mole of BSA. According to the consid-
ered dual protein mixtures, well-defined microspheres are observed for a narrow pH
window. Far from this window, either amorphous aggregates or no cross-assembly
are detected, according to the system. Comparing the conditions of formation of the
microspheres in the three binary systems reveals the following three similarities:

1. Existence of a pH value for maximum efficiency of cross-assembly

2. High sensitivity to the ionic strength, no assembly was detected above an ionic
strength of 30 mM

3. Microspheres are gently obtained at 25°C, a temperature significantly lower than
that required to form apo a-La/LYS microspheres, i.e. above 30°C [3]

The three dual systems also reveal some specificities with differences in:

. The total protein concentration required to observe microspheres
. The optimum pH for microsphere formation
3. The final stoichiometry in the formed microspheres

[\

Whatever the considered binary system, a phenomenon of protein surface
charge compensation seems to prevail in the mechanism that governs microsphere
formation. This is consistent with the complexation theory between biopolymers
involving short- and long-range interactions [102]. However, this theory does not
completely explain the dual protein dependency of the final stoichiometry found in
microspheres. Fine examination of protein stoichiometries in various binary systems
shows that protein charge compensation by itself is necessary but not sufficient. The
results we obtained recently suggest that the difference in the surface area available
for interaction between two proteins is also an essential parameter that could explain
the change in the final stoichiometry. For each protein, this interacting surface is
assumed to be proportional to the molecular weight or size of the protein. Perfect
charge compensation is expected with a molar ratio of one between two proteins
of similar size, e.g. apo a-La/LYS or Ova/avidin. This is exactly what is seen
experimentally. The sizes of Ova and BSA are respectively two and three times
higher than that of LYS. This would explain the molar ratios of 2 and 3 observed in
the microspheres obtained with Ova/LYS and BSA/LYS, respectively [5]. These
results are in agreement with those reported for microspheres formed between gold
nanoparticles (grafted with positive charges) and negatively charged proteins of
different sizes [124]. When the nanoparticles are larger than the protein, several
protein molecules assemble with one gold nanoparticle and the inverse is true in the
case where the proteins are larger than the gold nanoparticles. In the case where the
dimensions of the nanoparticle and protein are in the same order of magnitude,
extended aggregates are observed [124]. Thus, the stoichiometry found in
microspheres of cross-assembled proteins depends, among other considerations, on
the extent of the relative size difference between mixed proteins. Consequently, as
well as charge compensation, size compensation is a key parameter that guides
protein assembly and their stoichiometry in microspheres in dual systems.
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As shown throughout these results on dual protein systems, the experimental
conditions for optimum cross-assembly are specific for each system because of the
required charge and size compensation. This could explain the earlier results
reported in 1990 that showed that Lf interacts and forms complexes with p-Lg
and BSA but not with a-La [141]. A specific optimum pH value favouring Lf/a-La
cross-assembly was probably missing in this work. We have recently confirmed
this assumption by showing that, once the conditions are optimised, LF interacts
with a-La as well as with B-Lg, as revealed by isothermal titration calorimetry
experiments (unpublished data). Indeed, we also observed self-assemblies into
microspheres of B-Lg/LF, a-La/LF and B-Lg/LYS binary mixtures at specific,
system-dependent pH values (unpublished data).

The visualisation of protein microspheres by confocal microscopy showed that,
for all the dual systems described above, the two proteins are perfectly co-localised
in the three dimensions of the microsphere [5, 134]. This is probably related to the
fact that the building blocks initiating the cross-assembly are hetero-oligomers
(dimers, trimers, tetramers) formed by the two proteins involved, as shown experi-
mentally in the case of apo a-La/LYS [135, 136].

Kinetically speaking, even if the reaction of spontaneous interaction—assembly
between proteins is very fast, experimental evidence shows that microspheres are
not formed immediately after mixing the two proteins [142]. At a given total protein
concentration, the organisation into microspheres is a dynamic, kinetically con-
trolled process. This is well illustrated by the work conducted by our group on a-La
and LYS using confocal microscopy [142]. As shown in Fig. 7, branched
aggregates or “clusters of nanospheres” are formed rapidly after protein mixing.
Then, the clusters of nanospheres progressively re-organize into well-defined
spherical particles of a few micrometres when protein concentration is in the sub-
millimolar range. In these experimental conditions, the process takes about 20 min
to reach the final particle organisation.

The formation of spherical structures in mixtures of oppositely charged globular
proteins seems to be a generic process. Beyond the binary systems, we have shown
that it is also possible to form microspheres by mixing three different proteins,
provided the mixing is performed in suitable proportions. This is the case, for
example, for a mixture containing negatively charged Ova and positively charged
avidin and LYS. This offers the possibility to design these new supramolecular
structures in complex protein mixtures. Interestingly, Sugimoto et al. [143] were
able to form amyloid-like fibrils in dual globular protein system including native
LYS and pre-denatured Ova. The fibrils were obtained at pH 7.5 with an initial
molar ratio LYS:Ova of 3. However, the exact stoichiometry recovered in the
formed fibrils was not indicated. This would be of interest for comparison with
the protein stoichiometry of 2 recovered in the LYS/Ova microspheres (see above).
Furthermore, the authors identified the exact peptidic sequence of Ova that interacts
with LYS. The self-assembly of various macromolecules such as proteins in
structures with very specific geometries requires the development of highly specific
interactions combining kinetic and thermodynamic aspects. Different models exist
that describe the laws of oriented molecular assembly between various
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Fig. 7 Dynamics of apo . : .
a-lactalbumin/lysozyme 0.1min Imin
cross-assembly.
Re-organisation of the
supramolecular structures
over time, as assessed by
confocal scanning laser
microscopy. Solution of apo
o-lactalbumin (0.2 mM) was
mixed with lysozyme ]
(0.2 mM) and aliquots were 2min 4min
taken at various times:

(a) 0.1 min, (b) 1 min,

(¢) 2 min, (d) 4 min, (e) 6 min
and (f) 20 min. For
visualisation, one of the two
proteins were labelled by

a fluorescent probe. Scale
bars 5 pm [reproduced with
permission from Nigen et al. 6min 20min
[142] © (2010) from
Elsevier]

macromolecules from basic blocks. At the thermodynamic level, assembly into
structures with spherical shape is advantageous because the process is controlled by
the surface tension at the interface between the solution and the condensed phase.
Sphere formation leads to surface energy gain throughout the minimisation of the
overall surface of the particles [144].

5 Conclusion

The application of fundamental physicochemical concepts for rational design of
functional assemblies from food materials constitute, first, a response to the growing
trend toward the development of new and innovative food products and, second, an
opportunity to generate new structures with new applications. Food proteins are
particularly interesting substrates because they are biocompatible and biodegradable.
They can be manipulated to create either irreversible or, more recently, reversible
supramolecular assemblies. Irreversible supramolecular structures, involving cova-
lent bonds, are induced throughout processing (i.e. energy input), which mimes the
industrial practices such as heat treatment, high shear, high pressure, chemical and
enzymatic cross-linking or degradation, etc. Stable dispersions of self-assembled
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proteins with a variety of structures can be formed by heating aqueous solutions of
food proteins. The design of specific supramolecular structures may enable several
new functions in food science. For instance, supramolecular structures could encap-
sulate and protect bioactive ingredients during processing and/or passage through the
gut and, at the same time, allow desired mouth feeling. Concerning the latter
property, controlling the shape and size of constitutive particles is important for
several reasons, one of which is the desired viscosity. The viscosity of solutions
containing linear assembly of proteins increases with the length and rigidity of the
fibrils. If a viscous aspect is required, linear protein assembly can result in the desired
texture even at low protein concentrations. In contrast, if an absence of viscosity is
required, even for high protein content, the design of spherical particles is required.
The size of the spherical particles has to be controlled because a coarse mouth feeling
texture appears for particles of several tenths of micrometres. For instance, in the case
of whey proteins, diversely sized structures ranging from rigid rods to homogeneous
spheres and branched flexible strands can be created (for more details, see the review
by Nicolai et al. [145]). This is because whey proteins undergo denaturation
(via processing) and the denatured forms re-assemble to covalently linked larger
structures like fibrils, spheres or aggregates, which in turn can be assembled to form
gel networks (e.g. yogurt).

During the last few years, there has been an increasing interest in designing new
and efficient food vehicles for encapsulation and protection of sensitive substances
and for their targeted oral delivery. This involves a good control of the formation of
such vehicles, their stability and the conditions of their disassembly. Spontaneous
assembly of food proteins into microspheres, micelles or nanotubes are good
candidates for such applications. Similarly, taking advantage of their availability,
low cost and natural and safe origin, food proteins have been proposed as drug
nanocarriers for oral delivery [133, 146]. However, prior to these applications,
some challenges still need to be met including: (a) understanding the physico-
chemical forces governing the kinetics and dynamics of the self-assembly processes.
We need to investigate not only protein—protein interactions and self-assembly but
also various molecular interactions between protein molecules and the solute to be
protected; (b) the stability of formed objects toward processing (concentration,
lyophilisation, presence of other components inside food matrix) and storage;
and (c) physicochemical (physiological) conditions of their disassembly, which is
essential for the drug-releasing step. Although the challenge is great, the knowledge
accumulated on the self-assembly and structure of chemical polyelectrolytes and
polyelectrolytes—biomolecules in the field of medical, pharmaceutical and electronics
etc. could help to move rapidly towards these new applications.
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Abstract This review gives representative examples of the various types of
synthetic cationic polymers or polyampholytes (chemical structure, architecture,
etc) that can be used to complex DNA (forming polyplexes) for their application in
gene delivery. In designing polycations for gene delivery, one has to take into
account a balance between protection of DNA versus loss of efficiency for DNA
condensation and efficient condensation versus hindering of DNA release. Indeed,
if the polyplexes are not stable enough, premature dissociation will occur before
delivery of the genetic material at the desired place, resulting in low transfection
efficiency; on the other hand, a complex that is too stable will not release the DNA,
also resulting in low gene expression. The techniques generally used to determine
these properties are gel electrophoresis to test the DNA/polymer complexation,
ethidium bromide or polyanion displacement to test the affinity of a polymer for
DNA, and light scattering to determine the extent of DNA condensation. Moreover,
with the development of more precise instruments for physico-chemical character-
ization and appropriate biochemical and biophysical techniques, a direct link
between the physico-chemical characteristics of the polyplexes and their in vitro
and in vivo properties can be drawn, thus allowing tremendous progress in the quest
towards application of polyplexes for gene therapy, beyond the research laboratory.
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Abbreviations

AFM Atomic force microscopy

Arg Arginine

bp Base pair

CAC Critical aggregation concentration

CMC Critical micelle concentration

CMV Cytomegalovirus

COS (cells) CV-1 (simian) cell line carrying the SV40 genetic material

ctDNA Calf thymus DNA

Da Dalton, g.mol '

DLS Dynamic light scattering

DLVO Derjaguin, Landau, Verwey, and Overbeek theory

DNA Deoxyribonucleic acid

DP Degree of polymerization

ds Double stranded

EGFP Enhanced green fluorescent protein

EM Electron microscopy

EtBr Ethidium bromide

Glu Glutamic acid

HEK (cells)
HepG2 (cells)
His

Human embryonic kidney cell line
Human hepatocarcinoma cell line with epithelial morphology
Histidine

HIV Human immunodeficiency virus

IPEC Interpolylectrolyte complex

LPEI Linear polyethyleneimine

LS Light scattering

Luc Luciferase

Lys Lysine

MPC 2-Methacryloxyethyl phosphorylcholine
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MPS Mononuclear phagocyte system
NCP Nucleosome core particle

NMR Nuclear magnetic resonance
PAMAM Poly(amido amine)

PCL Poly(e-caprolactone)

PDI Polydispersity index

PDMAEMA Poly[(2-dimethylamino) ethyl methacrylate]
pDNA Plasmid DNA

PEC Polyelectrolyte complex

PEG Poly(ethylene glycol)

PEI Polyethyleneimine

PHEMA Poly(2-hydroxy ethyl methacrylate)
PHPMA Poly(2-hydroxy propyl methacrylate)
PLL Poly(L-lysine)

PLLA Poly(L-lactide)

PMMA Poly(methyl methacrylate)

PNIPAM Poly(N-isopropyl acrylamide)

PPI Poly(propylene imine)

PTMAEMA Poly[(N-trimethylammonium) ethyl methacrylate]
PVP Poly(4-vinylpyridine)

RNA Ribonucleic acid

SV Simian virus

TEM Transmission electron microscopy

1 Introduction

The subject of this review is complexes of DNA with synthetic cationic polymers
and their application in gene delivery [1-4]. Linear, graft, and comb polymers
(flexible, i.e., non-conjugated polymers) are its focus. This review is not meant to be
exhaustive but to give representative examples of the various types (chemical
structure, architecture, etc.) of synthetic cationic polymers or polyampholytes that
can be used to complex DNA. Other interesting synthetic architectures such
dendrimers [5-7], dendritic structures/polymers [8, 9], and hyperbranched
polymers [10—12] will not be addressed because there are numerous recent valuable
reports about their complexes with DNA. Natural or partially synthetic polymers
such as polysaccharides (chitosan [13], dextran [14, 15], etc.) and peptides [16, 17]
for DNA complexation or delivery will not be mentioned.

Since the first generation of polycations for cell transfection, such as poly
(ethylene imine) (PEI, commercially available as ExGen500 or jetPEI in its linear
form or as Lipofectamine, which is hyperbranched PEI incorporated in cationic
lipids) [18, 19], poly(L-lysine) (PLL) [20], poly(amido amine) (PAMAM, Starburst)
[8], poly(propylene imine) (PPI) [21, 22], and their derivatives, various other
architectures and structural motifs have been designed in order to surpass the
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efficiency of these commercial products but unfortunately none of them have
succeeded [23]. To date, no gene carrier has been approved for use in vivo despite
the increasing numbers of clinical trials in this direction worldwide, and therefore
research in the field of polycations as non-viral gene delivery vectors is still of
prime importance.

It is to be noted that not only water-soluble polymers can be used to complex
DNA, amphiphilic polymers, which depending on the relative ratio of hydrophilic
to hydrophobic block, can also form various self-assembled structures, from spher-
ical micelles to vesicles (polymersomes). This review will be restricted to micelle-
forming polymers and will exclude polymersomes, which can both encapsulate (in
their aqueous interior) and complex DNA [24, 25].

Since the early years of DNA complexation with cationic polymers, pioneers
from the field of polyelectrolyte complexes between surfactants and/or polymers
led solid physico-chemical studies on the complexation of DNA with
polymers. But it is only more recently, with the rise of more precise instruments
for physico-chemical characterization and appropriate biochemical and bio-
physical techniques, that the published studies are allowing a direct link to be
drawn between physico-chemical characteristics (such as size, charge, etc.) of
the DNA/polymer (mostly polycations) complexes, also called polyplexes, and
their in vitro and in vivo properties, thus allowing tremendous progresses in the
quest towards polyplexes for gene therapy and their application beyond research
laboratories.

The Introduction will give a brief description of DNA as a biopolymer
(structure, conformations, topologies), some definitions in the field of polyelec-
trolytes (weak and strong polyelectrolytes), some generalities about DNA/
polycation complexes (factors influencing the complexation, models describing
the structure of the polyplexes, methods adapted to their characterization), and
a description of the parameters to take into consideration for their use in gene
therapy.

Then in Sect. 2, the interpolyelectrolyte complexes (IPEC) between
polycationic polymers and DNA will be addressed as a function of the chemical
structure of the polymer (most of the DNA being used is plasmid DNA, consisting
of many thousands of base pairs). Water-soluble and amphiphilic polymers will be
discussed and then other properties will be taken into consideration such as the
polyelectrolyte’s nature (strong or weak), the presence of steric stabilizers, etc.
Section 3 will deal with complexes of polyamphoteric polymers with DNA. In both
parts, the working line is the correlation between physico-chemical properties and
efficiency in vitro (transfection potency).

Finally, we will give some perspectives on the field opened by new polymeri-
zation techniques, and consequently new types of polymers, and on recent
discoveries about how to interfere with the expression of specific genes with
oligonucleotides.
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Scheme 1 Chemical structure of DNA

1.1 DNA

1.1.1 Structure of DNA

DNA (deoxyribonucleic acid) is a biopolymer containing the genetic information [26,
27]. Deoxyribonucleotides are the monomers of DNA and are all composed of three
parts: a nitrogenous base also called nucleobase, a deoxyribose sugar, and one
phosphate group (negatively charged at physiological pH). The nucleobase is always
bound to the 1’-carbon of the deoxyribose and the phosphate groups bind to the
5'-carbon of the sugar. There are four different nucleobases: two purines [adenine (A)
and guanine (G)], and two pyrimidines [cytosine (C) and thymine (T)]. The
deoxyribonucleotides are linked with one another via 3'-5’-phosphodiester bounds.
DNA is composed of two antiparallel complementary strands, which build a
double helix. Pairing of the bases, which grant stability to the helix, takes place via
hydrogen bonds. The base pairs (bp) are A-T (two bonds) and G—C (three bonds),
and constitute the inner side of the double helix (Scheme 1). The backbone of the
helix is composed of the sugar-phosphate chain. Another important contribution to
the stability of the helix comes from the base stacking of the aromatic rings of the
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nucleobases. The length of the strands also plays a role: the longer the strands (i.e.,
the more nucleobases there are to interact), the more stable is the double helix.

1.1.2 Conformations of DNA

DNA can have different conformations (A-, B-, or Z-DNA), which vary in handed-
ness, number of base pairs per helix turn, and diameter as proved by X-ray
diffraction studies [28]. DNA in its native state is a semi-flexible long thin rod,
only about 2 nm in diameter (B- and Z-DNA), with a persistence length (mechani-
cal property quantifying the stiffness of a polymer) of about 50 nm [29, 30], which
depends on ionic strength [31], DNA sequence [32], and temperature [33].

The conformation of the double helix can be studied using various spectroscopic
methods such as circular dichroism (CD) [34], infrared (IR), Raman, ultraviolet
(UV), visible absorption spectroscopy, and nuclear magnetic resonance (NMR)
spectroscopy [35].

1.1.3 Topologies of DNA

DNA can be chromosomal or extra-chromosomal (plasmid DNA). Plasmid DNA
(pDNA) is a double-stranded DNA (dsDNA) that can replicate independently of the
chromosomal DNA, and is usually constituted of hundreds to a few thousand base
pairs. Artificial plasmids are widely used in gene therapy in order to drive the
replication of recombinant DNA sequences within host organisms. pDNA can
adopt various conformations (linear, circular, or supercoiled) according to the
over- or underwinding of a DNA strand (Scheme 2). DNA supercoiling is important
for DNA packaging within all cells. Because the length of DNA can be thousands of
times that of a cell, supercoiling of DNA allows DNA compaction, therefore much
more genetic material can be packaged into the cell or nucleus (in eukaryotes).

The commercial calf thymus DNA (ctDNA) often used in physico-chemical
studies is a linear DNA that can be isolated from calf thymus, an organ that has a
very high yield of DNA.

The various topologies of DNA (supercoiled, circular, linear) can be
discriminated by various methods such as electrophoresis and by microscopy
techniques such as electron microscopy (EM) [36], cryogenic transmission electron
microscopy (cryo-TEM) [37], and atomic force microscopy (AFM) [38].

1.1.4 DNA Condensation in Nature

Interpolyelectrolyte complexes form spontaneously upon mixing of solutions of
oppositely charged polyelectrolytes, the main driving force being the gain of
entropy because of the release of small counterions as well as the electrostatic
interactions. This entropy-driven process creates an exceedingly tricky problem of
how to package the genetic material in a stable non-aggregating form with synthetic
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Scheme 2 Various topologies of dsDNA molecule: linear, circular, and supercoiled

a Duplex DNA 10 bp ~3.4 nm Total DNA

Nucleosome Core

147 bp wrapped DNA/ ~1pp
histone core H2B (60 nm)
H2A IG nm
C Chromatin Wrapped DNA
Extended ‘Beads on a string’ -4
Pb
(200 nm)

Linker DNA ~60 bp

Scheme 3 Schematic view of some levels of DNA folding in the cell. (a) On length scales much
smaller than the persistence length (p;), DNA can be considered straight. (b) In eukaryotic cells,
DNA wraps around a core of histone proteins to create a nucleosome structure. (c¢) Structure
of chromation with “beads-on-a-string” configuration. Reprinted with permission from [243].
Copyright 2012 American Society for Biochemistry and Molecular Biology

polymers. On the other hand, the way Nature deals with the complexation of genetic
material by proteins is extremely efficient: the genome of eukaryotic cells is
packaged in a topologically controlled manner in the form of fibrous superstructures
known as chromatin, and this allows DNA with a contour length of 2 m to be
packaged in the nucleus of cells only a few micrometers in diameter [39]. The
nucleosome core particle (NCP) is the fundamental building block of chromatin
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and contains approximatively 147 bp of DNA wrapped in roughly two superhelical
turns around an octamer of four core histones (H2A, H2B, H3, H4) (Scheme 3b): the
DNA that links two neighboring nucleosomes is called linker DNA (55 bp) [40]. The
structure adopts a “beads-on-a-string” configuration (Scheme 3c).

The H1 protein interacts with NCPs and organizes linker DNA, helping stabilize the
zig-zagged 30 nm chromatin fiber. This is a nice example found in Nature of controlled
complexation of genetic material [negatively charged DNA and histones, constituted
mainly of positively charged amino acids such as arginine (Arg) and lysine (Lys)].

The selective binding of a protein to a particular DNA sequence requires the
recognition by the protein of an ensemble of steric and chemical features that
delineate the binding site [41]. DNA-protein recognition occurs very often by
insertion of an R-helix into the major groove of dsDNA. A specific DNA sequence
is then recognized through:

1. Formation of extensive hydrogen bonding and van der Waals interactions with
the bases (“direct readout”)

2. Recognition of sequence-dependent conformational features through electro-
static interactions with the negatively charged phosphodiester backbone (“indi-
rect readout”)

The structure of these DNA-binding proteins and the way they bind to DNA can be
taken as inspiration for the rational design of synthetic polymers as DNA complexants.

1.2 Polyelectrolytes

Due to the presence of negatively charged phosphate groups, DNA is a strong
polyanion and can forms complexes with positively charged polymers. DNA is
usually defined by its number of base pairs and molecular weight (in Daltons) per
charge (two charges per bp, ~650 Da/bp). It is important to mention that the
polyelectrolyte character of DNA largely controls its behavior in solution.

1.2.1 Weak and Strong Polyelectrolytes

Polyelectrolytes are polymers whose repeating units bear an ionizable group. These
groups will dissociate in aqueous solutions, making the polymers charged.
Polyelectrolytes can be divided into weak and strong polyelectrolytes. Strong
polyelectrolytes dissociate completely in solution for most reasonable pH values,
whereas weak polyelectrolytes have a dissociation constant (pK,) in the range of
~2 to 10, meaning that they will be partially dissociated at intermediate pH.

In the case of strong polyelectrolytes, the number and position of charges is
fixed; variation of pH or ion concentration will not affect the number of charges. On
the other hand, weak polyelectrolytes are not fully charged in solution, and their
average degree of charges is given by the dissociation—association equilibrium
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Scheme 4 Counterion condensation on a polyelectrolyte

constant and is governed by the pH of the solution, counterion concentration, and
ionic strength; the charges are mobile within the polyelectrolyte.

The conformation of any polymer is affected by a number of factors, including the
polymer architecture and the solvent affinity. In the case of polyelectrolytes, an
additional factor is present: charge [42, 43]. In solution, whereas an uncharged linear
polymer chain is usually found in a random conformation (theta solvent), a linear
polyelectrolyte will adopt a more expanded, rigid-rod-like conformation due to the
coulomb repulsion (the charges on the chain will repel each other) (Scheme 4a).

The structure of the polyelectrolyte itself depends on the grafting density, degree
of dissociation with counterions, and ionic strength of the medium. If the ionic
strength of a solution is high enough, the charges will be screened and consequently
the polyelectrolyte chain will collapse to adopt the conformation of a neutral chain
in good solvent (Scheme 4b).

1.2.2 Manning Condensation and Effective Charge Density

The properties of polyelectrolyte solutions depend strongly on the interactions
between the polymers and the surrounding counterions. Manning’s theory of
counterion condensation predicts that a certain quantity of counterions condenses
onto a polymer, whose charge density exceeds a critical value [44]. This leads to an
effective decrease in the polymer charge. The macroscopic properties of the
polyelectrolyte are not determined by its bare charge but by an effective charge.
In particular, the flexibility and hydrophobicity of the polyelectrolyte chain, the
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chemical nature of the counterions, the solvent quality, and concentration effects
may well influence the “Manning condensation” [45]. Condensation occurs when-
ever the average distance between co-ions (assumed to be monovalent) on the
polymer backbone is smaller than the Bjerrum length g (distance between two
dissociated ion pairs) defined as:

q2

B= 4neeoksgT’

where ¢ is the elementary charge, kg7 the thermal energy, and e the dielectric
constant of the solvent. This condensation is expected to lead to an average charge
density of g/Ag on the polymer backbone.

Since the polyelectrolyte dissociation releases counter-ions, this affects the
solution’s ionic strength and consequently the Debye length (distance over which
significant charge separation can occur). The Debye length x ' (in nm) can be
expressed as:

. 1

T RrinNAL

where N, is the Avogadro number, Ag is the Bjerrum length of the medium (in nm),
and / is the ionic strength of the medium (in mol L*I).
At room temperature, in water, the relation gives [46]:

. 0304
K =—-.
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These are parameters that should be taken into account when considering the
individual polyelectrolytes (DNA and polycations) before complexation.

1.3 DNA/Polycation Complexes

Polyanions and polycations can co-react in aqueous solution to form polyelectrolyte
complexes via a process closely linked to self-assembly processes [47]. Despite
progresses in the field of (inter-) polyelectrolyte complexes [47] (IPEC from Gohy
et al. [48], block ionomer complexes BIC from Kabanov et al. [49], polyion
complex PIC from Kataoka and colleagues [50, 51], and complex coacervate core
micelles C3M from Cohen Stuart and colleagues [52], understanding of more
complex structures such as polyplexes (polyelectrolyte complexes of DNA and
polycations) [53] is rather limited [54]. It has also to be considered that the behavior
of cationic polymers in the presence of DNA and their complexes can be unpredict-
able, particularly in physiological environments due to the presence of other
polyelectrolytes (i.e., proteins and enzymes) and variations in pH, etc.
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1.3.1 Factors Influencing the Complexation of DNA by Cationic
Polymers

The complexation of DNA and polycations is a function of the intrinsic properties
of the two components. For instance, from the use of synthetic polycations for
complexing DNA also arises the problem of polydispersity of polymers (a polymer
sample is usually composed of macromolecular species of differing molar masses)
compared with DNA, which is monodisperse. Because the polydispersity of
the polycation could be an issue in studies of IPECs, sugar-based polymers
(usually polydisperse except if fractionated), conjugated polymers (polydispersity,
M, /M, > 2), branched PEI derivatives, and hyperbranched polymers are out of the
scope of this review, as already mentioned. Only polymers synthesized via con-
trolled or living polymerization methods will be discussed [55-57].

Although the interaction between multivalent polymeric cations with DNA is
electrostatic in origin, the flexibility of the polymer backbones (rigid versus flexi-
ble) and molecular architectures also show great impact on the properties of the
final polyplexes [58]. The molecular weight and topology of both the polymer
(which can possess various architectures such as linear, brush, star, etc.) and the
DNA (linear, circular, and supercoiled) has to be taken into account. On the
polymer side, the composition (block, statistical, random, etc.) and its strength as
a polyelectrolyte also play a role, as its charge density is varied.

As already mentioned, the main driving force of complex formation is the gain
in entropy caused by the release of low molecular weight counterions, but other
interactions such as hydrogen bonding and hydrophobic interactions can also contribute
to the complexation process. Thus, the hydrophilicity/hydrophobicity of the polymer
(influencing both the solubility of the polymer in aqueous media and its complexation
with DNA via hydrophobic interactions) as well as its H-bonding capacity have to be
taken into consideration. Moreover, the importance of counterions or substituents
(inducing screening of charges) is often neglected in the formation of polyplexes.

Extrinsic factors (environment) such as the medium conditions also play a large
part in the complexation process, especially pH and ionic strength (salt and polyelec-
trolyte concentrations). Also of prime importance is the way that the complexation
itself is conducted, i.e., mixing parameters such as the stoichiometry of the
components, the addition rate, and order of addition of the components (kinetic
versus thermodynamic). Even if this process is fast and kinetically controlled (in
water without added salt), i.e., far from the thermodynamic equilibrium, it can be
followed by a slower stage in which the chains redistribute to a IPEC conformation
closer to equilibrium [59].

1.3.2 Condensation of DNA by Cationic Polymers

DNA can be more simply considered as a particular case of a stiff anionic linear
polyelectrolyte. Monovalent cations will condense on DNA (condensation) but do
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not cause DNA compaction, which is the collapse of DNA into a compact structure.
The compaction of DNA by an incompatible polymer has been modeled as a
coil-globule transition such as observed in other polymers [60], and is also the
topic of recent studies by the group of Dias, Lindman and colleagues [61, 62].

What seems to be the predominant method for polyplex formation is the addition
of a polymer solution to a DNA solution. Some of the consequences of this
procedure are that the concentration of the DNA solution changes in course of the
addition (increase in volume) and DNA is consumed by the ongoing complexation
process. Despite the importance of the addition rate, it is often not mentioned in
polyplex studies. For instance, from IPEC studies it was found that the higher the
titrant addition rate, the higher the storage stability of the complexes in the case of
random copolymers of sodium 2-acrylamido-2-methylpropanesulfonate with either
t-butyl acrylamide or methyl methacrylate complexed with poly(diallyldimethy-
lammonium chloride) or with an ionene-type polycation containing 95 mol% N,N-
dimethyl-2-hydroxypropyleneammonium chloride repeat units [63]. Moreover, by
addition of a polycation to DNA, the zeta potential increases from negative values
(DNA) to positive values (nanoparticles with excess of polycations).

The behavior of both DNA and polyplexes is also a function of the starting
concentration of DNA, which can be in the dilute (polymers act as individual units
without intermolecular interactions), intermediate, or semi-dilute regime (polymer
chains overlap each other and form a transient network). IPEC studies of the
complexation of poly(allylamine hydrochloride) and the two polyanions poly
(acrylic acid) and poly(methacrylic acid) have shown that the higher the concentra-
tion, the larger and denser are the complexes formed [64]. Unfortunately, this type
of study with complexes of DNA and polycations are still scarce.

Structural Models

Two structural models are discussed in the literature for polyelectrolyte complex
(PEC) formation, depending on the components (weak or strong polyelectrolyte,
stoichiometry, molecular weight) and the external conditions (presence of salts,
etc.): ladder-like (complex formation takes place on a molecular level via confor-
mational adaptation) or “scrambled egg” structure (large number of chains in a
particle) (Scheme 5) [65].

The ladder-like structure results from the mixing of polyelectrolytes having
weak ionic groups and large differences in molecular dimensions. It is the result
of the propagation of the complex reaction as a “zippering action,” since the ionic
sites next to the first reacted ones would be the most likely to react next. The
“scrambled egg” structure refers to complexes that are the product of the combina-
tion of polyelectrolytes having strong ionic groups and comparable molecular
dimensions. These models have been extensively discussed and most experimental
structures lie between these two models, though probably closer to the scrambled
egg than the ladder model [66], especially in the case of complexes of DNA with
polycations.
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Scheme 5 Representation of ladder and scrambled egg structures. Black lines represent large
polyions (negative), while gray lines with squares represent polyions of opposite charge (positive).
(a) Ladder representation, where insufficient ion pairing occurs under certain stoichiometric
conditions leading to macromolecular aggregates, insoluble, and soluble PECs. (b) Scrambled
egg model, where polymers of comparable size complex to yield insoluble PECs under certain
conditions. Reprinted with permission from [65]. Copyright 2007 Springer

Cooperative Versus Non-cooperative Binding

The binding itself can occur either via cooperative or non-cooperative binding
(Scheme 6). A macromolecule (DNA, protein, synthetic polymer) exhibits cooper-
ative binding if its affinity for its ligand changes with the amount of ligand already
bound. The cooperativity is positive if the binding of ligand at one site increases the
affinity for ligand at another site, whereas the cooperativity is negative if the
binding of ligand at one site lowers the affinity for ligand at another site.
A macromolecule exhibits non-cooperative binding if the ligand binds at each
site independently.

In complexation of DNA with polycations, both scenarios can be found. In the
case of cooperative binding, some of the DNA is totally complexed, while the rest
of DNA is left “naked.” In the case of non-cooperative binding, all individual DNA
chains are roughly equally complexed by polycations.

1.3.3 Structure of Polyplexes

Condensates of polycation with DNA (polyplexes) can adopt various shapes, the
most commonly observed being toroidal, rod-like, and globular (examples of some
of these structures are presented in Scheme 7) [68—71]. The different structures
that IPECs can adopt can be categorized into different subtypes: water-soluble,
colloidally stable, and insoluble. The type of complex formed is governed by all
the factors mentioned in the previous paragraphs. Moreover, it should be noted that
the polycation/DNA charge ratio influences the size, charge, and solubility of the
polyplexes. As a consequence, in some cases, the polyplexes can be consecutively
water soluble, then colloidally stable, and eventually precipitate.
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Scheme 6 (a) If a polycation binds to a cluster of DNA binding sites in a non-cooperative manner,
a gradual increase in polycation concentration generates a gradual increase in the average
occupancy of the cluster. (b) Conversely, if the polycation binding to adjacent sites is cooperative,
a gradual increase in polycation concentration generates a “digital” on/off response as the
concentration sweeps a threshold value (dashed line). The higher the binding cooperativity, the
steeper the transition between the “off” and the “on” states. Adapted and reprinted with permission
from [67]. Copyright 2010 Elsevier

Scheme 7 Tapping mode AFM height topographs of (A) uncomplexed pBR322, (C) linear DNA,
and (B, D) the respective complexes of these formed when mixed with chitosan. Cpna = 4
ng mL~". Reprinted with permission from [68]. Copyright 2004 American Chemical Society
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Scheme 8 Proposed model for water-soluble polyplexes with sequentially hydrophilic
(polyanion) and hydrophobic segments (complex of polyanion and polycation). The bending or
compaction of DNA are not taken into account in this scheme

In the schemes included hereafter DNA is represented as linear (but can have
other topologies and is compacted within the polyplexes), and the type of binding
(cooperative or not) is not taken into account, except if mentioned.

Water-Soluble Polyplexes

Soluble polyplexes are macroscopically homogeneous systems containing
small PEC aggregates. Due to the strong polyanionic nature of DNA, water-soluble
polyplexes are formed when the polycation is present in non-stoichiometric
proportions under certain concentration (dilute) and/or salt conditions and with
significantly different molecular weights [72, 73]. The complex adopts a conforma-
tion similar to that of the ladder model with hydrophilic (polyanion) and hydropho-
bic segments (complex of polyanion and polycation) (Scheme 8). This type of
polyplexes is the key to forming polyplexes monomolecular in one component.

Colloidally Stable Polyplexes

Colloidally stable polyplexes are PEC systems in the transition range to phase
separation, exhibiting an observable light scattering or Tyndall effect [65]. These
systems can be stable because of electrostatic stabilization, steric stabilization, or a
combination of both called electrosteric stabilization.

Without Steric Stabilization

IPEC formation between (strong) polyelectrolytes results in highly aggregated
and/or macroscopic flocculated systems. Nevertheless, the aggregation can be
stopped at a colloidal level in extremely dilute solutions, and a polydisperse
colloidally stable system of nearly spherical particles can usually be achieved [47].

Due to the entropy-driven charge neutralization rather than a strictly located
binding, charges can sometimes be “buried,” leading to a mismatching of the
charge densities even at 1:1 charge ratio. Furthermore, the stoichiometry depends
on the polymer flexibility because rigid polymers that are less able to change their
conformation are more likely to form non-stoichiometric IPECs. Polymers with
nonlinear architectures (graft, hyperbranched, etc.) are also prone to the formation
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of non-stoichiometric IPECs, since charges at sites in the inner parts of the
molecules can be inaccessible to the oppositely charged polyelectrolyte.
Mismatching charge densities leads to a higher degree of swelling of the colloidal
particles. It is proposed that these colloidally stable IPEC particles consist of
a charge-neutralized core, in which 1:1 stoichiometry and high entanglements
prevails, and an outer shell consisting of a few polyelectrolyte layers whose charges
are not completely compensated, giving the complex its net charge, stabilizing
the particles, and preventing them from further aggregation. The number of poly-
mer chains included in a single IPEC particle varies from hundreds of chains in
extremely dilute systems up to several thousands for more concentrated
component solutions [47].

With Steric Stabilization

In the previous situation, the particles were stabilized mainly by the charges in the
outer shell (electrostatic stabilization). Another type of stabilization for colloids is
steric stabilization, which can be introduced in the case of polyplexes by the
presence of a neutral hydrophilic block in the polycation. Micelle-like structures
are thus obtained consisting of a charge-neutralized core, in which 1:1 stoichiome-
try and high entanglements prevails, and an outer shell consisting of a neutral
hydrophilic block, stabilizing the particles via steric interactions. These IPEC
micelles are also called complex coacervate core micelles (CCCM or C3M)
[52]. This allows, even at charge neutralization and despite possible secondary
aggregation, the colloids to stay in solution stabilized by their polymeric hydro-
philic shell. Secondary aggregation occurs when the particles in solution try to
minimize contact with their surroundings (water) at charge neutralization; the
particles will adhere with each other and finally the entire dispersion may coalesce.
Usually, the higher the molecular weight of the polymer and the larger the thickness
of its hydration shell, the more stable are the colloids. In the most efficient cases of
steric stabilization, secondary aggregation can be avoided and single particles are
present in solution, even if neutral. If the stabilization is slightly less efficient, the
aggregates that are nevertheless stable can be redispersed by the addition of more
polycation. The additional polymer is included in the polyplexes leading to a
positive net charge, which introduces repulsion between the particles (Scheme 9).

Poly(ethylene glycol) (PEG) is the polymer that is most used for steric stabiliza-
tion due to its biocompatibility. It should be noted that random copolymers are
usually not as effective in steric stabilization as block or graft copolymers.

In most of the studies, unfortunately, physico-chemical characterization is not
conducted in enough detail that the size and surface charge of the various species
present in solution are determined; usually, only the properties of the colloidal
suspensions (sum of species) are determined. Indeed, when polycations are added in
high excess to polyplexes after charge neutralization, it seems that in most cases
polycations and neutral polyplexes coexist in solution because the polycations do
not adsorb at the surface of the polyplexes. A way of determining the real size and
surface charge of the polyplexes would be to separate the colloids from the
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Scheme 9 Proposed model for sterically stabilized polyplexes as function of the charge ratio
polycation:DNA. When an excess of DNA is present in solution, if the binding is cooperative then
neutral polyplexes (charge neutralized DNA/polymer complexes) and DNA molecules will coexist
in solution. If the binding is not cooperative, negatively charged polyplexes will be present in
solution (where the charges of DNA are not compensated by the polycations). In both cases
negative zeta potentials are obtained. At charge neutralization, if the steric stabilization is not
sufficient, aggregation of the neutral polyplexes will take place and they will precipitate (they can
eventually in some cases be redispersed following further addition of polymer).If the steric
stabilization is sufficient, polyplexes can stay as individual nanoparticles in solution. When an
excess of polymer is present in solution, two cases are possible: either the polycations and neutral
polyplexes coexist in solution because the polycations do not adsorb at the surface of the
polyplexes, or the polycations adsorb on the polyplexes surfaces (usually when the steric barrier
is sufficient) leading to positively charged polyplexes (until a certain point where the polycations
do not adsorb on the positively charged polyplexes due to electrostatic repulsion). In both cases
positive zeta potentials are obtained

individual polycations, for instance by means of dialysis (dilution could eventually
have an influence on the stability of the polyplexes by influencing the equilibrium
between polycation and PIC micelle). In both cases (excess polycation adsorbed or
not at the surface of the polyplex), this would explain the big discrepancies between
the physico-chemical characteristics of polyplexes and their performances in vitro.
Even if the mixture of polymer and polyplex shows a positive zeta potential, this
does not mean that the polyplex containing the therapeutic gene is positively
charged. As a consequence, if the polyplex itself is neutral, it will not interact
favorably with the cell membrane and thus will not lead to high transfection
because of the low cellular uptake. Also, even if the polyplex has a positive zeta
potential due to the polycations adsorbed on the surface of the neutral polyplexes,
the polycation would probably be easily displaced after intravenous injection,
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Scheme 10 Proposed model for non-sterically stabilized polyplexes as function of the charge
ratio strong polycation:DNA. When an excess of DNA is present in solution, if the binding is
cooperative neutral polyplexes (charge neutralized DNA/polymer complexes) and DNA
molecules will coexist in solution. If the binding is not cooperative, negatively charged polyplexes
will be present in solution (where the charges of DNA are not yet compensated by the polycations).
In both cases negative zeta potentials are obtained. At charge neutralization, aggregation of the
neutral polyplexes will take place and they will precipitate (macroscopically visible). These
aggregates of polyplexes cannot be redispersed and addition of more polymer will lead to positive
zeta potential because the polycation is the only specie present in solution

i.e., in vivo (dilution effect and competition with other polyanions or polycations
present in the blood stream).

Insoluble Polyplexes

Insoluble polyplexes are the result of a two-phase system of supernatant liquid
solution (containing either polycation as in Scheme 10, or DNA as in Scheme 11) or
colloidal suspension (in the particular case of polymeric micelles in solution as
shown in Scheme 11, case 1) from which the polyplexes precipitate. For
non-sterically stabilized polyplexes, when the molar mixing ratio approaches
unity or a low quantity of salt is added (screening of charges of the polyplex)
[74] and therefore the electrostatic stabilization is insufficient, secondary aggrega-
tion occurs and the aggregates precipitate (this is also a function of the density of
the polyplexes) (Scheme 10) [47].

Polyplexes Based on Amphiphilic Polycations

Polymeric micelles are colloidal particles formed by the self-assembly of amphi-
philic block polymers (at certain hydrophilic/hydrophobic ratio of the blocks
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Case 1: Addition of polymer to DNA
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Scheme 11 Proposed models for polyplexes based on amphiphilic polycations as a function of the
charge ratio. Case 1: When an excess of DNA is present in solution, if the binding is cooperative
neutral polyplexes with hydrophobic shell and DNA molecules will coexist in solution. As these
core—shell structures possess hydrophobic shells, their range of stability is reduced and they nearly
immediately aggregate and precipitate. If the binding is not cooperative, negatively charged
polyplexes with hydrophobic shell will be present in solution (where the charges of DNA are
not yet compensated by the polycations). At charge neutralization, aggregation of the neutral
polyplexes will take place and they will precipitate. With further addition of polymer, amphiphilic
polycations are present in solution as unimers until the CMC is reached, where polycationic
micelles are the only colloidal specie in solution. Case 2: When DNA is added to a polymer
micellar solution, if the binding is cooperative neutral polyplexes with a micellar core composed of
the cationic amphiphilic and a shell composed of DNA are formed. If the binding is not coopera-
tive, overall positively charged polyplexes with DNA as shell will be present in solution. At charge
neutralization, aggregation of the neutral polyplexes will take place and they will precipitate. With
further addition of DNA, the zeta potential of the solution will be negative because DNA is the
only specie present in solution

constituting the polymer) in an aqueous environment and have sizes ranging from
10 to 100 nm [75]. Micelles can form only above a given concentration, which is
known as the critical micelle concentration (CMC) [76]. If the concentration of
amphiphilic polymer in the sample is under its CMC, the observed behavior is
roughly that presented in previous cases, except that, due to the amphiphilic nature
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of the polycation, the stability of the polyplex will be more limited in an aqueous
environment.

If the concentration of the amphiphilic polymer in the sample is above its CMC,
there are two cases to consider: the micellar solution is added to the DNA solution
or the DNA solution is added to a micellar solution. In the first case, where the
micellar solution of polycation is added to DNA, the micelles are immediately
diluted in the DNA solution, which on one hand can mean that the polymer
concentration is under its CMC and therefore that the polymer is only present as
individual chains in solution (unimers), on the other hand, that there is concurrence
between self-assembly of micelles versus electrostatic interactions with a large
quantity of negatively charged material. In this case, the micelles are usually
destabilized as soon as they reach the DNA solution (Scheme 11, case 1).

In the case of DNA added to a micellar solution of polycation, the micelles can
stay stable in some cases: (it depends on the hydrophobicity of the micellar core and
strength of the electrostatic interactions). This can be proven if pyrene or other
hydrophobic molecules entrapped in the hydrophobic interior are not released even
after addition of DNA [77]. It has to be noted that micelles are in thermodynamic
equilibrium with unimers and that both species can form electrostatic interactions
with DNA. When the micelles do not undergo a structural change, no rearrange-
ment into a “scrambled eggs” structure takes place between the amphiphilic poly-
cation and DNA, and because DNA is in minority, it adds to the positive shell of the
structure until neutralization (Scheme 11, case 2).

Influence of Salts

After changes in ionic strength (due to the addition of salt), swelling or deswelling
of IPECs occurs immediately, whereas coagulation (i.e., destabilization of colloids
by neutralizing the electric charge of the dispersed nanoparticles, which results in
aggregation of the colloidal particles) is a much slower process and is dependent on
the concentration of the colloidal particles [74]. Two major effects on the formation
of IPEC:s in the presence of salt were found by Dautzenberg [77]. On the one hand,
the presence of a very small amount of salt during formation dramatically decreased
the level of aggregation, probably due to the less stiff and more coiled structure that
the polymers can adopt. On the other hand, a higher ionic strength resulted in
macroscopic flocculation, explained by the contribution of two factors: particle
swelling because of charge screening of the stabilizing outer shell and particle
aggregation due to colloidal instability. However, the internal structure of most
IPECs is marginally affected by salt [77]. With a further increase in ionic strength,
the point is reached where charges are screened at the level of the polymers, and
polycations and DNA are dissolved as individual polymers.

As already mentioned, counterions seem to be important for the interaction
between polyelectrolytes (uni- or multivalent) and the specific ions involved
(size, chaotropic/kosmotropic) [78, 79].
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Fig. 1 Interactions between nanoparticles. (a) Traditional forces for colloidal stabilization (e.g.,
electrostatic, van der Waals, steric) that occur when particles are dispersed in aqueous media.
(b) The van der Waals forces are attractive whereas the electrostatic forces are repulsive over a
typical length scale. The Derjaguin—Landau—Verwey—Overbeek theory in colloid science considers
the sum of these forces. Reprinted with permission from [80]. Copyright 2011 Elsevier

1.3.4 Characterization of Polyplexes

The final polyplexes either precipitate if they are water insoluble or form a colloidal
system (particles that have a diameter less than a micrometer evenly dispersed in
aqueous media in this case) if they are sufficiently stabilized even after complexation.
In both cases, these polymer—DNA complexes can be characterized using a variety of
analytical techniques, which will be presented in the next paragraph.

In the case that the polyplexes form a colloidal system, the Derjaguin, Landau,
Verwey and Overbeek theory (DLVO theory) can be used to describe their colloidal
stability and aggregation behavior. The DLVO theory describes the force between
charged surfaces interacting through a liquid. It takes into account the effects of the
van der Waals attraction and the electrostatic repulsion due to the double layer of
counterions, but additional forces have also been reported to play a major role in
determining colloid stability (Fig. 1) [80]. This topic is addressed in more detail by
Lebovka in another chapter of this volume [81].

Structural Characterization

Light scattering (LS) provides information related to the dimensions of the
polyplexes (hydrodynamic radius Ry), their shape (radius of gyration R, and
shape factor p = R,/R},), as well as weight-average molecular weight (M,,) of the
aggregates and polydispersity of the sample.
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Atomic force microscopy (AFM) and electron microscopy techniques allow
imaging the polyplexes. The electron microscopy techniques used, as for other
nanoparticles, are transmission electron microscopy (TEM) and cryo-TEM.

Charge Determination

In the case of strong polyelectrolytes, the number of ionized units corresponds to
the number of dissociable ionic units (see Manning condensation) and is indepen-
dent of the pH. For weak polyelectrolytes, the number of ionized units at a given pH
is dependent on the pK,. From acid/base titration, their pK, as well as buffering
capacity (illustrated by plotting the pH of a solution containing a polymer as a
function of the volume of acid added) can be determined. The following equation
reported by Patchornik et al. can be used to determine the number of ionized units,
i.e., the protonation state of a polycation, at a specific pH [82]:

1—
pH:pKa—s—log[%} —0.868 n x ax w,

where pK, is the intrinsic pK of the protonatable moiety, # is the average number of
protonatable moieties per polymer chain, « is the fraction of protonated moieties,
and w is an electrostatic interaction factor defined as:

e (1 K
Yookt \b 1+ Ka

assuming a spherical molecule with radius b and a distance of closest approach a;
D is the dielectric constant of water, k the Boltzmann constant, T the absolute
temperature, e the electronic charge and k has its usual significance in the Debye
theory. By solving it in an iterative fashion, one can determine the percentage of
groups on the polymer that are protonated at physiological pH and therefore are
potentially available to assist in the condensation of DNA.

Z or ¢ is the charge ratio at a given pH (also called +/—), meaning the ratio of
ionized units of the cationic polymers at the given pH by the number of negative
charges of the DNA. N:P ratio, which is the ratio of nitrogen atoms in the polycation
to phosphorus atoms in DNA, is usually employed in the case of polyplexes based
on weak polyelectrolytes when the number of ionized units is not determined.
Unfortunately, it does not best reflect the polyelectrolyte behavior. Also used are
the molar or weight ratios of polymer:DNA.

Zeta potential ({) analysis can be used to measure the relative surface charges of
nanoparticles such as polyplexes. It helps define a range of stability for colloids,
when steric stabilization does not take place (only electrostatic stabilization). Zeta
potential, as well as dynamic light scattering (DLS) are useful methods for deter-
mining if various fractions are present in solution (with different surface charge or
size, respectively).
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Fig. 2 (a) Groove binding of Hoechst 33258 to the minor groove of DNA. (b) Intercalation of
ellipticine into DNA. Adapted and reprinted with permission from [83]. Copyright 2007 Elsevier

Agarose gel electrophoresis separates macromolecules on the basis of both
charge and size, and the immobilization of DNA on a gel in the presence of cationic
polymer can be used to determine the conditions under which self-assembly and/or
charge neutralization occurs. It should be noted that retardation of polyplexes can
be due to neutralization of the positive charge or to an increase in mass.

Strength of the Complexation

Ethidium bromide (EtBr) is commonly used as a fluorescent nucleic acid stain in
techniques such as agarose gel electrophoresis. When excited by 530 nm light,
EtBr emits fluorescence at 610 nm, with an almost 20-fold increase in intensity
after intercalating into DNA base pairs due to n-stacking with the nucleobases
(see Fig. 2b for an example of a DNA intercalator) [84]. When polymers interact
tightly with DNA to form polyplexes and condense DNA, EtBr is released into
solution, where its fluorescence is far inferior to that when intercalated in DNA.
Thus, EtBr is a good indicator for evaluating the strength of condensation of DNA
by polycations. Some other dyes such as Hoechst stains are (minor) groove
binding agents (see Fig. 2a), and therefore give less information about the strength
of complexation.

The coil-globule transition of DNA (reflecting the compaction of DNA) can be
followed by thermal analysis or spectroscopic methods such as UV.

Competition binding can be used to test the stability of the polyplexes.
The release rate of DNA from a polyplex by competitive binding between
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the components of the gene delivery vector with charged components (for instance
polyanions such as heparin) is an indicator of the strength of the complexation
(necessary for the extracellular milieu) as well as the possibility of release (in
intracellular milieu, favorable for gene expression).

Testing the efficiency of a polymer in protecting DNA from enzymatic degrada-
tion (by nuclease, etc.) gives information about the efficiency of compaction of DNA
by the polycation and/or the steric protection of the polyplex. The protection of DNA
in the polyplex from its degradation by enzymes is essential for in vivo delivery.

1.4 Application in Gene Therapy

One of the many applications of polymers capable of complexing but also condens-
ing DNA is their use as transfection agents (introduce genetic material into cells).

1.4.1 Introduction to Gene Therapy

Gene therapy aims to cure inherited and acquired diseases by correcting the
overexpression or underexpression of defective genes, and its success depends
largely upon the development of vectors that deliver and efficiently express a
therapeutic gene in a specific cell population [85, 86]. Gene therapy protocols
were originally designed to correct inheritable disorders such as adenosine deami-
nase deficiency, cystic fibrosis, Gaucher’s disease, and Duchenne muscular dystro-
phy [87, 88]. However, gene therapy is not exclusively used in an attempt to supply
a missing gene product to a patient with a given inborn error of metabolism. Indeed,
gene therapy has been considered more recently as a promising tool for treating
acquired diseases such as cancer [89] and human immunodeficiency virus (HIV)
infections [90]. Clearly, different applications have distinct needs, and tailoring
gene delivery vectors to the specific requirements of a therapeutic application is
still a challenge. For example, the ideal gene vector for treating genetic disorders
should not only deliver intact pDNA efficiently to the nucleus of most of the target
cells, but also, once delivered, the transgene should be maintained in the nucleus
without disrupting host gene expression or signaling pathways. By contrast, anti-
cancer gene therapy trials are in progress in which the aim is high transgene
expression in as many tumor cells as possible, rather than sustained gene expression.

Two types of vectors are used in gene delivery: viral [91] and non-viral
[92, 93]. Viral-mediated DNA vehicles (infection) have played a major role in
gene therapeutics. Unfortunately, the initial enthusiasm associated with the high
infection yields has been tempered by growing concerns regarding safety issues
such as toxicity, immunogenicity, and oncogenicity. On the other hand, synthetic
gene vectors (transfection), with dimensions in the nanometer range, provide poten-
tial alternatives for gene therapy because these vectors (based on lipids, dendrimers,
peptides, or polymers) are more easily produced and at lower cost. Moreover, they
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work reasonably well in vitro and overcome some of the disadvantages of viral-based
gene delivery systems such as immunological response, fatal infections, etc.

The genetic material for treatment of a variety of genetic disorders can be of
three types: (1) pDNA, to express a gene of interest under the control of a suitable
promoter (has to reach the nucleus), which will result in the increased production of
a protein [94, 95]; (2) oligomeric genetic material such as antisense OligoDeoxy-
Nucleotides (ODN), short RNA molecules such as small interfering RNA (siRNA)
micro-RNA (miRNA) or short hairpin RNA (shRNA), or a DNAzyme in order to
silence a specific gene by reducing the target/protein activity. The short RNA
molecules as well as DNAzyme have to reach the cytoplasm and more precisely
the RNA-induced silencing complex (RISC) without being destroyed in the late
endosomes or lysosomes [96-98].

1.4.2 Requirements for Efficient Gene Therapy
Complexation and Compaction/Condensation

For most cell types, the size requirement for particle uptake via endocytosis is of the
order of 200 nm or less. As DNA has a R}, of a few hundred nanometers when its
molecular weight is a few thousand base pairs, the polymers should not only
complex DNA but also condense or compact it into smaller particles. The polymer
remains unable to condense DNA until the neutralization of a critical amount of
negative charges on the DNA. For instance, Wilson and Bloomfield have calculated
that in order to condense DNA, 90% of the phosphonate moieties have to be
neutralized when the condensing agent is spermine or spermidine [99].

For condensation, strong (quaternary ammonium, etc.) as well as weak polyelec-
trolytes (containing amino acids such as Arg, Lys, etc. or poly[(2-dimethylamino)
ethyl methacrylate], PDMAEMA [100]) can be used, which should possess a mini-
mum number of cationic charges at physiological pH. For instance, as a weak
polyelectrolyte, linear PEI (LPEI, 22 kDa) has 75% of its amino groups protonated
at physiological pH [101]. At pH 8, with a degree of polymerization (DP) of
32, PDMAEMA has approximately 24% of its amino groups protonated [102].

Extracellular Barriers and Physico-chemical Aspects

A major drawback of current transfection vectors is that they have poor in vivo
transfection efficiency and only confer transient gene expression. Indeed, poor
transfection efficiency is due, in part, to the lack of stability of the non-viral
vector—DNA complex under physiological conditions and its ability to interact
with blood plasma proteins after intravenous injection, the extracellular matrix,
and undesirable cells, and its possible degradation by enzymes, even before
reaching the intracellular compartment (Scheme 12). In order to overcome these
problems and to enable the carrier to translocate across cellular membranes (thus
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Scheme 12 Nucleic acid nanoparticle formation and delivery barriers. Adapted and reprinted
with permission from [95]. Copyright 2012 Elsevier

further influencing its biodistribution, cell internalization, and trafficking
properties), it is of prime importance to engineer the polyplex (polymer/DNA
complex) in terms of chemical structure, molecular weight, hydrophilicity/
hydrophobicity, size, surface groups, charge density, and concentration. This is
the main aspect that will be treated in this review, i.e., the chemical engineering
of polycations and the physico-chemical aspects of polyplexes. Various
publications address the topic of structure—property relationships by modification
of the polymer via processes such as acetylation [103, 104], introduction of an
hydrophilic block through PEGylation [105, 106], control of charge density
[102, 107], incorporation of hydrogen bonding [107, 108], or varying the topology
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of the polymer [109, 110]. It is important to note that internalization of positively
charged polyplexes is facilitated, given that the cell surface is negatively charged
(because of the presence of proteoglycans) so, in general, nanoparticles with
smaller size and higher zeta potential are most likely to be uptaken by cells.

Once in the blood stream, hydrophobic nanospheres are rapidly opsonized and
extensively cleared by the mononuclear phagocyte system (MPS). This problem
can be prevented by surface modification, such as coating with hydrophilic
polymers, or by formulating nanospheres with biodegradable copolymers with
hydrophilic characteristics [111]. Moreover, the introduction of hydrophilic
polymers, such as oligo(ethylene glycol) or poly(ethylene glycol) (PEG, probably
the most widely used), or others such as the zwiterrionic 2-methacryloxyethyl
phosphorylcholine (MPC) or poly(hydroxyethyl methacrylate) (PHEMA) can pro-
vide steric stabilization to otherwise unstable polyplexes in water. They can also
protect DNA against protein adsorption and degradation by enzymatic nucleases.

Active targeting to certain cells or organs can be attained by the recognition at
the molecular level between a ligand and receptors overexpressed on cell
membranes through specific interactions. Once the molecules bind to the receptors,
the complex is internalized via receptor-mediated endocytosis, facilitating the
cellular uptake of the carrier of this ligand. This will not be treated in this review
because, most of the time, active targeting with nanoparticles is achieved by
conjugating an antibody or protein to a polymer, thus influencing the physico-
chemical properties of the polymer and polyplex formed thereof. Nevertheless, this
is an extremely important aspect of gene delivery for in vivo applications [112].

Intracellular Processes

As previously mentioned, for most cell types, the size requirement for particle
uptake via endocytosis is in the order of 200 nm or less, and a net positive charge
on the surface of the conjugate has been shown to be important for triggering
uptake. Moreover, to be effective, these polyplexes must be optimized at all stages
of the delivery process, ranging from target-cell recognition (attachment of
targeting ligands in order to be recognized and taken up by specific cells)
[113—115] to their escape from the endosome-enclosed milieu, resistance to cyto-
plasmic degradative enzymes such as nucleases, and release of the genetic material
at the desired site of action [116]. Thus, polymers should bind efficiently and
protect the genetic material against nonspecific interactions with proteins and cell
membranes in blood, but efficiently release it in the cytosol in order to favor gene
expression (Scheme 13) [117]. Indeed, when the polycation binds too strongly, it
results in impaired gene expression.

Concerning the intracellular trafficking of polyplexes, it begins in early
endosomal vesicles. These early endosomes subsequently fuse with sorting
endosomes, which in turn transfer their contents to the late endosomes. Late
endosomal vesicles are acidified (pH 5-6) by membrane-bound proton-pump
ATPases. The normal process is that the endosomal content is then relocated to
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hundred nanometers (100-200 nm). Reprinted with permission from [100]. Copyright 2012
Elsevier

the lysosomes, which are further acidified (pH ~4.5) and contain various nucleases
that promote the degradation of the DNA. To avoid lysosomal degradation, the
genetic material (free or complexed with the carrier) must escape from the endo-
some into the cytosol (endosomal escape, Scheme 13) [118].

Release into the cytosol can be achieved by using bioresponsive polymers
for triggered release (responsive to conditions or components present in the intra-
cellular milieu) [118]. This type of polymer, such as those containing disulfide
bonds, will not be discussed here because they are of little relevance to polyelec-
trolyte interactions and DNA complexation. Another way to favor endosomal
escape is to use polymers that have a pH-buffering effect or “proton sponge effect.”
These polymers must contain amines that can act as a “proton sponge” in
endosomes, preventing acidification of endosomal vesicles and thereby increasing
the ATPase-mediated influx of protons and counter-ions (which enter the vesicles to
balance the proton flux), leading to osmotic swelling, endosomal membrane rup-
ture, and the eventual leakage of the polyplex into the cytosol (Scheme 14) [120].

Toxicity, Biocompatibility, and Biodegradability

The challenge is not limited to bringing the polyplex inside cells: even if the
polyplexes overcome the extracellular barriers, it is not useful if, due do its intrinsic
toxicity, the polyplex kills cells after uptake. This is in many cases the reason why
the overall transfection efficiency of a polyplex is rather low, despite a high value
for its cellular uptake. Thus, it is of prime importance to study the intracellular
uptake, for example with fluorescence imaging, as well as the toxicity of both the
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nuclear uptake of DNA. Reprinted with permission from [119]. Copyright 2011 Elsevier

polymer and polyplex and the transfection efficiency of the polyplex at relevant
concentrations and times of exposure. Almost as important is the comparison with
a relevant standard such as PEI, because usually more than one parameter is varied
(cell line, concentration, etc.) from one study to another and therefore the results
are difficult to compare. In toxicity tests, the half maximal inhibitory concentration
or ICs is the quantitative measure used (in some of the publications ICs, also
means the charge ratio causing 50% reduction of EtBr fluorescence). The cell
lines most commonly used are: COS cell lines (CV-1, simian in origin, and carrying
the SV40 genetic material), which resemble human fibroblast cells; human embry-
onic kidney 293 cell line (HEK 293), which is originally derived from human
embryonic kidney cells grown in tissue culture; and HepG2 cell line that is a human
liver hepatocellular carcinoma cell line.

It is to be mentioned that, as a general rule, strong polycations are highly toxic
[121]. It is nevertheless possible to limit immediate toxicity by “masking” the
non-biocompatible part to its environment via the introduction of hydrophilic
biocompatible segments (such as PEG) into the construct. Biocompatibility is the
ability of a polymer or material to perform with an appropriate host response (local
and systemic) in a specific application and by not producing a toxic, injurious, or
immunological response in living tissue. This is strongly determined by the primary
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chemical structure. Sugar-based polymers (chitosan, dextran, etc.) are a great
example of biocompatible materials. Increasing the biodegradability is of course
an alternative way to limit toxicity (for instance, by incorporation of acid
labile groups such as f-amino esters and ortho esters) because the byproducts of
degradation can be eliminated by the body via natural pathways.

It is important to keep following criteria in mind for efficient polymer-mediated
gene delivery: efficient compaction of genetic material (size <200 nm); stability
of the polyplexes under physiological conditions (i.e., presence of salts, pH 7.4)
because particles that precipitate under these conditions are not suitable for
in vivo applications; high uptake by cells and intracellular release; and efficient
transfection without inducing cytotoxicity. Moreover, biodegradability and
targeting of the polyplexes are important properties for in vivo applications.

2 Polycation/DNA Complexes

2.1 Water-Soluble Polycations

2.1.1 Strong Polyelectrolytes

Strong polyelectrolytes are salts of quaternary ammonium cations (alkyl),
pyridinium, or imidazolium with an anion. Charge neutralization is usually
achieved at or close to a 1:1 stoichiometry for strong polycations and DNA.

Containing Aromatics or Having a Charged Backbone

In the pioneering work of Izumrudov and Zhiryakova, the shorter the PEVP (Fig. 3a)
the less resistant was the polyplex to the addition of salts; this effect was much more
pronounced for chain lengths between 10 and 100 than above [122]. Interestingly,
the stability of the PEC was virtually independent of the length of the nucleic acid in
the studied region (500 bp, DNA from salmon testes; 10,000 bp, calf thymus DNA).
The longer the substituent (methyl, ethyl, and propyl), the longer was the distance
between charges of DNA and quaternized PVP because of the shielding, and the less
was the complexation efficiency. Also, a decrease in charge density (PEVP-p,
quaternization degree p = 23 or 46%) led to a decrease in PEC stability and a
decrease in the critical salt concentration (salt concentration at which half of the
EtBr molecules are intercalated in DN A-free sites).

Given that poly(1-vinylimidazole) (PVIm) has a pK, of around 5.5, this polymer
does not complex DNA at physiological pH. Thus, Allen et al. quaternized
the imidazole ring with various substituents such as bromoethanol in order to
obtain permanently charged imidazolium-containing copolymers [107]. As the
quaternization degree was increased, fewer sites were available for protonation,
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Fig. 3 Strong polycations containing aromatics or having a charged backbone: (a—c) Vinyl
polymers containing aromatics and other architectures such as (d) ionenes, and (e) poly
(N,N'-dimethyldiallylammonium chloride)

thus the buffering capacity of the polymer decreased. With an increase in the
quaternization percentage of PHEVIm-f, (Fig. 3b) the N:P ratio necessary for
complexation with DNA decreased as well as the polyplex size (accompanied
by a slight increase in zeta potential), suggesting a tighter binding between the
polymer and pDNA. These effects reached a plateau at around 50% quaternization.
At the same time, by increasing the quaternization percentage, the cytotoxicity
increased (typical case). The maximum gene expression was observed for 25%
quaternization for PHEVIm, which can be attributed to the right balance between
PEC stability and efficient DNA release. To study the effects of adjacent hydroxyl
number on transfection efficiency, two additional 25% quaternized copolymers,
PEVIm-25, which did not contain hydroxyl groups, and PDHVIm-25 containing
two hydroxyl groups for every four repeat units (n = 2) were compared to
PHEVIm-25, which contained on average one hydroxyl group for every four repeat
units (n = 1). As the number of hydroxyl groups increased, the initial N:P ratio
required for polyplex formation decreased, suggesting hydrogen bond formation
between the polycation and pDNA (Scheme 15). Indeed, previously, Reineke and
colleagues found that the incorporation of hydroxyl groups further enhanced the
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binding of polymer to pDNA through hydrogen bonding and concluded that
hydrogen bond formation between polymers and pDNA would serve as a less
toxic alternative to high charge density polyelectrolytes [108].

Regarding transfection efficiency, PEVIm-25 was two orders of magnitude less
efficient than SuperFect tranfection reagent, while PHEVIm-25 was less than one
order of magnitude less efficient and two orders more efficient than naked DNA in
COS-7 cells; however, PDHVIm-25 was slightly less efficient than PHEVIm-25.
Therefore, a balance has to be found between the hydrogen bonding properties
of the polycation (facilitating DNA binding but not its release) and the shielding
of the positive charge by the presence of hydroxyl groups, which reduces the
protein adsorption and cytotoxicity but also the transfection efficiency. For the
PVIm copolymers, one hydroxyl group in the form of PHEVIm seemed to be
the optimal choice. This approach using hydroxyl groups to benefit from the
hydrogen bonding capacity and decrease in toxicity has also been used with weak
polyelectrolytes based on polymethacrylates [123, 124].

Ammonium- and phosphonium-containing polyelectrolytes (PTEA, PTBA,
PTEP, and PTBP) differing in the nature of the quaternized group (ammonium
versus phosphonium) and the length of their substituents (triethyl versus tributyl)
were studied by the group of Long (Fig. 3¢c) [125]. According to gel electrophoresis,
the ammonium polyelectrolytes bound DNA at higher +/— ratio compared to the
phosphonium polyelectrolytes, which suggested improved DNA binding of phos-
phonium cations over ammonium cations. The authors proposed that a combination
of different charge densities and cation sizes (phosphonium is a larger cation
with less diffuse positive charge than ammonium) were responsible for the better
DNA binding affinity of the phosphonium polyelectrolytes compared to ammo-
nium. All polyelectrolytes condensed DNA into polyplexes of about 200 nm or less
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at +/— ratio of 4, except for PTBP, which condensed DNA into polyplexes of this
size at +/— ratio of 6, meaning that the binding is less tight. PTEA, PTBA, and
PTEP also exhibited a plateau in their zeta potential (positive) without significant
change from a +/— ratio of 2. PTBP polyplexes generated at +/— ratio of 2 had
zeta potentials near neutral, and then a positive plateau starting at +/— ratio of 4.
The presence of a plateau in the polyplex diameter and zeta potential suggests
that the additional polymer remained as free polymer in the solution, uncomplexed
to DNA. The zeta potentials of the triethyl-based polyplexes were more positive
than those of the tributyl-based polyplexes due to hydrophobic screening of the
cationic charge with longer alkyl chains. All polymers exhibited similar toxicities
due to their 100% charge densities, approximately like that of the transfection
reagent jetPEL. PTEA and PTEP displayed poor transfection efficiency compared
with SuperFect, whereas PTBA and PTBP exhibited excellent transfection, similar
to SuperFect. Given that the entry into the cell of all polyplexes was successful,
the higher transfection efficiency of tributyl-containing polyelectrolytes over
triethyl-based polyelectrolytes could be due to a higher endosomolytic activity.

Ionene are polycations with charged quaternized nitrogen atoms in the polymer
backbone (Fig. 3d). Izumrudov and colleagues synthesized ionenes via Menshutkin
polyaddition reaction between N,N,N',N'-tetramethylethylenediamine (TMED) and
dibromoalkanes such as 1,4-dibromobutane and 1,8-dibromooctane [126]. For
[ionene]/[DNA] < 1, the increase in ionene content was accompanied by a sub-
stantial decrease in PEC particle size (from 500 to 100 nm), up to a charge ratio
of unity, where the particles were neutral and formed aggregates. With excess
polycation, the positively charged PEC did not aggregate, and at charge ratios of
the polymers of 2:1 the particle size was again ~100 nm, regardless of the charge
density or chain length of the polycation. Nevertheless, a difference could be
observed in the protection of DNA against nuclease attack: the polymers with
the highest DP offered better protection and, at a given DP, the shortest spacer
(i.e., the highest charge density) was preferred. These results correlated with the
stability of the polyplexes, even if upon lengthening of the ionene chains
(DP > 20), the difference in PEC stability between ionenes with different spacers
became relatively small. The transfection efficiency in COS-7 cells followed the
same trend for the ionenes as the PEC stability.

By comparing the DNA/polycation complexes based on various architectures
such as PEVP (Fig. 3a), ionene (Fig. 3d) and PDMDAAC, which is a polycation of
pendant type (Fig. 3e), Galaev and colleagues suggested that phase separation in
solutions of DNA-containing PECs (with strong polycations without steric stabili-
zation) follows the general rules ascertained from PECs formed by flexible vinyl
polyanions. However, the high rigidity of the double helix of native DNA appears to
be responsible for significant extension of the region of insoluble PECs at the
expense of the region in which soluble PECs are formed [127].
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Fig. 4 (a—f) Strong polycations with side chains containing quaternary ammoniums: Methyl
methacrylate and amide backbones

With Side Chains Containing Quaternary Ammoniums

In regular DNA/polycation systems, at a charge ratio close to unity, macroscopic
phase separation occurs: the cationic units of the polymers will form ion pairs with
the anionic phosphate groups of DNA to yield charge-neutralized complexes. By
the introduction of a sufficient amount of steric stabilizer such as PEG in
the polycation (as block copolymer or grafts), this macroscopic phase separation
can be avoided due to the lyophilizing effect of the PEG segments and the
complexes will remain stable in solution. This was observed for P(TMAEMA-co-
OEMA), M,, = 2.8 x 10° g mol™", 15 mol% oligo(ethylene glycol) grafts (OE),
and 4-5 oligo(ethylene glycol)methyl ether units per graft (Fig. 4a) [128] compared
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to the non-PEGylated polymer at a ratio close to unity and for similar polymers,
P(MAPTAC-co-OEMA), with higher degree of OE substitution, 8 oligo(ethylene
glycol)methyl ether units per graft, M, = 1.8 x 10° g mol™" for 89 mol% OE, and
M, = 3.5 x 10° g mol~" for 94 mol% OE (Fig. 4b) [129]. Complete binding of
DNA by these polycations occurred at a ratio of more than 1 due to the presence of
PEG, which partially screens the charges of the polycation (the higher the PEG
content, the higher the ratio for complete binding). At a charge ratio of ~2 for these
P(MAPTAC-co-OEMA) copolymers, the zeta potential reached a plateau at a
neutral value and the hydrodynamic diameter stayed constant, meaning that the
excess polycation was not incorporated into the polyplex. On the contrary, for
the examples of the last paragraph that did not possess a steric component and for
which the same phenomenon had mainly an electrostatic explanation, the lack of
incorporation of the excess polycation into the polyplex occurred in this case
mainly because of the steric repulsion produced by the PEG corona. Moreover,
the DNA present in these polyplexes was inaccessible to DNAse I, which clearly
indicates that the PEG segments present in the outer part of the polyplexes protect
the DNA inside the polyplexes. Nevertheless, it is surprising that despite the high
content of PEG in the polycation, the DNA binding was still efficient. By contrast,
for PAMAPTAC-co-OEMA) the zeta potential was positive at a high charge ratio of
random copolymers, P(TMAEMA-co-HPMA) (Fig. 4c) [130]. Nevertheless, only
binding of DNA is not enough and a tight binding is desired. The copolymers P
(TMAEMA-co-HPMA) containing the lowest degree of ammonium (5 and 15%)
showed virtually no ability to displace EtBr and also did not protect DNA from
degradation by endonucleases, probably because their association with DNA was
too weak. The inverse tendency has been observed for PLL and PLS and their
trimethylated derivatives (PtmL and PtmLS, respectively; Fig. 4d) [131]: the
complexes with trimethylated peptides seemed to be looser (according to EtBr
complexation and exchange reaction with anions) but the compaction of DNA
occured at lower charge C/A ratio, due to their higher charge density.Interestingly,
the transfection efficiency of the trimethylated PtmLS into COS-1 cells was better
than that of PtmL and the non-quaternized derivatives, despite their similar intra-
cellular distribution. Thus, it seems that a loose structure for the release of DNA
from the complex (at best from endosome into the cytoplasm) is necessary, as well
as the presence of functional groups such as serine residues that impart hydrophi-
licity and hydrogen bonding capacity.

A similar construct to PLL, based on a slightly different amide backbone, a
polyaspartamide derivative containing a quaternary ammonium, o,B-poly{(/N-2-
hydroxyethyl)-N-carbazate[ N-(3-trimethylammonium chloride) propylhydrazide]-p,L-
aspartamide} (PHEA-HYD-CPTA) (Fig. 4e) [132], also revealed itself to efficiently
complex DNA and reduce its rate of degradation by DNAse. Similar polymers but
with a block structure were also efficient at protecting DNA against enzymatic
degradation. Indeed, partially methylated PEG-mPDMAEMA-f and completely
methylated PEG-mPDMAEMA or butylated PEG-bPDMAEMA with PEG blocks
of various lengths (Fig. 4f) [133] formed, as previously explained, micellar-type
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Fig. 5 (a—f) Weak polycations without steric stabilizer: Polyaspartamide and polyglutamide and
their derivatives

structures with a PEG protective shell that is more difficult to achieve for polymers
grafted with oligoethylene glycol segments.

2.1.2 Weak Polyelectrolytes
Without Steric Stabilizer

Polyaspartamide Derivatives

PAsp-DETA (Fig. 5a), a polyaspartamide derivative [134] that is degradable
and thus causes minimal toxicity, shows a higher transfection efficiency in
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HUVEC cells after repeated administration compared to linear PEI (22 kDa) and
PGIu-DETA (Fig. 5b) that are non-biodegradable. Among polyaspartamides
modified with oligoethyleneimine side chains of various lengths [ethylene diamine
(PAsp-EDA) in Fig. 5c, and triethylene pentamine (PAsp-TEPA), pentaethylene
hexamine (PAsp-PEHA), and polyethyleneimine (PAsp-PEI) in Fig. 5d] [135],
PAsp-PEHA showed the highest capacity of condensation, similar to PAsp-PEI
(diameter <300 nm), while PAsp-EDA showed the lowest DNA condensation
capacity. Full retardation of DNA migration occurred at N:P = 1:1 for PAsp-
TEPA, PAsp-PEHA, and PAsp-PEI, and only at 5:1 for PAsp-EDA. This trend
was also observed for the transfection efficiency in HEK293 cells, meaning that the
length of oligoethyleneimine side chains is an important factor and that a side chain
with four ethylene imine repeating units was enough for condensation. Similar
polyaspartamide derivatives (a,p-poly[(N-2-hydroxyethyl)-p,L-aspartamide]) but
with spermine side chains (and not oligoethylene imine) were studied by the
group of Cavallaro, i.e., o,p-poly[(N-2-hydroxyethyl)-p,L-aspartamide] modified
with spermine (PHEA-Spm) (Fig. 5e) and a,p-poly[(N-2-hydroxyethyl)-p,L-
aspartamide] modified with spermine-butyramide (PHEA-Spm-C,) (Fig. 5f)
[136]. In this case, full retardation of DNA migration was observed at C:
P = 0.75 for PHEA-Spm and 2 for Spm-C,. The zeta-potential values became
positive at a polycation:DNA weight ratio above 1.5 for PHEA-Spm, and 2.5 for
PHEA-Spm-C,4. These values are in agreement with the lower amount of free
primary amino groups present in PHEA-Spm-C; compared with PHEA-Spm.
A nearly total quenching of EtBr was reached at C:P = 8 for PHEA-Spm, and
at 10 for Spm-C,, but at the same time the condensing ability of PHEA-Spm-C,
was superior to that of PHEA-Spm; at C:P = 1 the polyplex diameter was 600 nm
for PHEA-Spm and 130 nm for PHEA-Spm-Cy. It seems that the introduction of
a short hydrophobic chain in the structure enabled an increased condensing
capacity, probably conferred by hydrophobic interactions with DNA, which in
turn led to a decrease in transfection efficiency, which could be due to the stability
of the polyplex (even if EtBr displacement shows equivalent performances).

Other Polyamide Backbones

Poly(amidoamine)s with pendant primary amines [amino ethane (PA-AE), amino
butane (PA-AB), and amino hexane (PA-AH)] (Fig. 6a) [137] all had a better
buffering capacity than branched PEI of 25 kDa. Those with the longest alkyl
chains had higher buffering capacity than PA-AE in the pH range 5-7, which is
important for endosomal release. Cytotoxicity in 293T and COS-7 cells was
concentration dependent and proportional to the length of the alkyl chain: the
longer the chain, the more toxic. As in the case of polyaspartamide modified with
oligoethyleneimine side chains of various lengths [135], the shortest chain showed
the lowest condensation capacity (even if no secondary amines were present in the
side chains of these poly(amidoamine)s with pendant primary amines). This
suggests that the condensation capacity (size of the polyplex) was mainly a function
of the accessibility and degree of protonation of the primary and tertiary amines.
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Fig. 6 (a—c) Weak polycations without steric stabilizer: Polyamide backbones

Polymers with longer chains showed better performances until a certain chain
length, given that when the flexibility of the chains was sufficient, no further
improvements were observed (zeta potentials had the same profile). These
results showed that these poly(amidoamine)s with pendant primary amines were a
bit less efficient than polyaspartamide derivatives of comparable length regarding
full retardation of DNA migration. Indeed, DNA was fully retarded at N:P = 5
for PA-AE, 3 for PA-AB, and 2 for PA-AH; this could be explained by the
absence of secondary amines in the side chains. Despite the better performances
of PA-AH, its transfection efficiency in 293T cells was lower than that of PA-AB,
probably due to its higher cytotoxicity or its slightly lower buffering capacity. It is
important to note that the transfection efficiency of these polymers was dependent
on the cell type (low transfection efficiency in COS-7 cells compared to 293T).
Comparable bioreducible [138] poly(amidoamine)s with oligoamine side chains
(ethyleneimine or spermine type) were studied by Engbersen and coworkers
[139]. The introduction of disulfide linkages in the backbone is a way to reduce
the cytotoxicity by promoting its biodegradability in the reducing intracellular
environment, in contrast to the last example [137]. Moreover, the cleavage of
the backbone is supposed to promote DNA release intracellularly, thus improving
the transfection. Indeed, poly(amidoamine)s with pendant ethylene diamine
(SS-PA-EDA), diethylene triamine (SS-PA-DETA), triethylene tetramine
(SS-PA-TETA), and tetracthylene pentamine (SS-PA-TEPA) (Fig. 6b) showed
extremely low cytotoxicity in COS-7 cells even at 50 pg/mL (more than 90% cell
viability reported, but duration of exposure was not clear) [139]. Nevertheless,
poly(amidoamine)s with pendant norspermidine (SS-PA-NSpm) or spermine
(SS-PA-Spm) (Fig. 6¢) showed much higher toxicities. The enlargement of the
alkyl spacer between the amino groups in the side chain from ethylene to propylene
seems to be responsible for the higher cytotoxicity. When one compares the
cytotoxicity of SS-PA-EDA, SS-PA-DETA, SS-PA-TETA, and SS-PA-TEPA in
COS-7 cells to PA-AE, PA-AB, and PA-AH [137], the two last polymers showed
much higher toxicities at the same concentration after 24 h exposure, which might
only be an effect of duration of exposure and a time-dependent cytotoxicity.
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If not the duration, this could be a positive effect of the disulfide bond or the lower M.
Except for SS-PA-EDA, these poly(amidoamine)s showed comparable or slightly
higher buffering capacities than branched PEI of 25 kDa. Similar results as for poly
(amidoamine)s with pendant primary amines concerning DNA retardation in gel
electrophoresis were obtained with the best polymer, SS-PA-TEPA (N:P = 2).
All these polycations condensed pDNA in a similar manner as regards the diameter
of the polyplexes (<150 nm). The polyplexes of the SS-PA bearing secondary
amines in their side chain (SS-PA-DETA, SS-PA-TETA, and SS-PA-TEPA)
induced relatively high transfections, but those of SS-PA-EDA with only a terminal
primary amino group in the side chain gave only low transfection efficiency,
reinforcing the idea that a minimum chain length is needed and/or the presence of
secondary amines and higher buffering capacities of the polymers, suggesting a
more facilitated endosomal escape of their polyplexes. Enlargement of the alkyl
spacer between the amino groups in the side chain from ethylene to propylene
(SS-PA-NSpm and SS-PA-Spm) had a negative effect on transfection efficiency.
The reason was unclear given that polyplex size, surface charge, and buffering
capacity did not deviate significantly from the other SS-PA. This could be due to
their inherent cytotoxicity.

PDMAEMA and Derivatives

Poly[2-(dimethylamino)ethyl methacrylate] (PDMAEMA) is usually used as
weak polyelectrolyte for gene delivery and has the additional property of being
temperature sensitive [140, 141]. The study by Stolnik and coworkers on
PDMAEMA (Fig. 7a) emphasized the condensation behavior of PDMAEMA as a
function of pH [102]. As can be intuitively understood, the ionization of
PDMAEMA increases from pH 8 (only 24% ionization) to pH 4 (polycation nearly
completely ionized), therefore the binding of PDMAEMA with DNA is tighter
(EtBr displacement assay) at lower pH, which is “counterproductive” when it
comes to release of the genetic material. But, this effect is balanced by its buffering
capacity via the tertiary amine groups, which is favorable for endosomal escape.

PDMAEMA of various molecular weights were tested by the group of
Hennink for their transfection efficiency [142]. In COS-7 and OVCAR-3 cells,
high molecular weight polymers (M,, < 300 kDa) were more efficient in transfec-
tion than the low molecular weight polymers (M,, < 60 kDa), which was related to
their property as condensing agents. Low molecular weight polymers led to
polyplexes with sizes bigger than 300 nm (up to 1 pm), while high molecular
weight polymers gave polyplexes with sizes in the range 150-200 nm, and these
smaller particles seemed to enter the cells more easily.

PDMAEMA and its derivatives PDMAPMAm, PDMAPMA, PDMAEMAm,
and PTMAEMA of higher molecular weight (M, > 25 kDa) than in the first
study or of comparable molecular weight in the case of PDMAEA and PDEAEMA
(M, < 10 kDa) (Fig. 7b—e) were studied by Hennink and colleagues [143]. The
methacrylate/methacrylamide derivatives of PDMAEMA of high molecular
weight were able to condense pDNA, yielding polyplexes with sizes of
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Fig. 7 (a-m) Weak polycations without steric stabilizer (except (g) and (j) for comparison):
PDMAEMA and derivatives
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100-300 nm and a slightly positive zeta potential, while PDMAEA and PDEAEMA
were not capable of condensing pDNA to small particles, possibly due to their
relatively low molecular weight (and low solubility of PDEAEMA at pH 7). The
transfection efficiency and the cytotoxicity of the polymers differed widely: the
highest transfection efficiency and cytotoxicity were observed for PDMAEMA.
As PDMAEMA is capable of condensing DNA to small particles and has the lowest
average pK, value (7.5) of all condensing derivatives, PDMAEMA has the highest
buffering capacity and probably behaves as the best candidate for endosomal
escape. Furthermore, molecular modeling showed that, of all studied polymers,
PDMAEMA has the lowest number of interactions with DNA. Therefore, the
authors hypothesized that the superior transfection efficiency of its polyplexes
can be ascribed to the intrinsic property of this polymer to destabilize endosomes
combined with an easy dissociation of the polyplex once present in the cytosol
and/or nucleus.

Hennink and colleagues also studied copolymers of DMAEMA with various
monomers such as the hydrophobic methyl methacrylate (MMA) in P(DMAEMA-
co-MMA) (Fig. 7f), or hydrophilic N-vinyl pyrrolidone (NVP) in P(DMAEMA-co-
NVP) (Fig. 7h), and OEGMA in P(DMAEMA-co-OEMA) (Fig. 7g) of M,, > 90kDa
[142]. A copolymer with 20 mol% of MMA showed reduced transfection efficiency
and a substantially increased cytotoxicity compared with PDMAEMA of the same
molecular weight. A copolymer with OEGMA (48 mol%) showed both a reduced
transfection efficiency and a reduced cytotoxicity (presence of OEMA), whereas a
copolymer with NVP (54 mol%) yielded smaller particles at a lower P:DNA ratio
than PDMAEMA or than the other copolymers with equivalent degree of modifica-
tion (as NVP interacts with DNA via hydrogen bonding) and showed an increased
transfection and decreased cytotoxicity.

Further derivatives of PDMAEMA were synthesized in order to improve its
condensation ability at physiological pH, such as a comb-type polycation consisting
of P(DMAEMA-co-PLL) (Fig. 7i) [144]. This copolymer possessed a
pH-dependent behavior due to the presence of PDMAEMA (pK, 7.5) and PLL
(pK, 10). The presence of the PLL segments prevented precipitation of the copoly-
mer at pH > 7.5, as is the case for PDMAEMA homopolymer, and this comb-type
polymer was capable of DNA condensation at pH 8 (as observed using circular
dichroism).

Poly(hydroxyethyl =~ methacrylate)  backbones,  onto  which  poly
[2-(dimethylamino)ethyl methacrylate] of various lengths were grafted via click
chemistry [P(HEMA-g-PDMAEMA), M,, > 75 kDa; Fig. 7j], were able to con-
dense DNA into small particles (90—190 nm, at a polymer to plasmid mass ratio of 6)
[145] and the sizes as well as the zeta potentials of the P(HEMA-g-PDMAEMA)-
based polyplexes were independent of the molecular weight of P(HEMA-g-
PDMAEMA) (for M, of 75 kDa and above). PHEMA-g-PDMAEMA) showed
more EtBr quenching than the starting PDMAEMA, indicating a weaker binding
of this low molecular weight polymer to the pDNA. However, it showed similar
quenching as high molecular weight PDMAEMA, but less toxicity.
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A study comparing PDMAEMA with PEGylated derivatives and different func-
tional groups such as tertiary amine, pyridine, imidazole, and acid groups was
conducted by Schacht and colleagues [146]. They found that the presence of
methacrylic acid in P(DMAEMA-co-MA) (Fig. 7k) increased the amount of poly-
mer needed for DNA condensation with increasing amount of acid groups, which
can be explained by the repulsive effect between anionic DNA and the negatively
charged carboxylate groups. A similar effect was observed for imidazole-
containing polymers, as the imidazole groups are not protonated under the experi-
mental conditions. These results also correlated with the zeta potential
measurements: the greater the amount of these groups (negatively charged or
neutral), the lower the zeta potential of the polyplexes. P(DMAEMA-co-MA),
P(DMAEMA-co-HYMIMMA) (Fig. 71), and P(DMAEMA-co-HENIMA)
(Fig. 7m) were able to condense DNA into nanoparticles with size <300 nm at a
charge ratio of 2:1 but with bimodal or trimodal distributions (not well-defined,
possibly due to aggregation).

PNIPAM Derivatives

Homopolymers of PNIPAM have a lower critical solution temperature
(LCST) around body temperature. The LCST of copolymers of PNIPAM such as
P(DMAEMA-co-NIPAM (Fig. 8a) gradually increased with increasing content of
DMAEMA (hydrophilic monomer) and was independent of the molecular weight
(38.3-45.7°C for a DMAEMA content of 15-30% and >80°C for a content of 80%)
[147]. All P(DMAEMA-co-NIPAM) copolymers (M, > 91 kDa), even with a low
DMAEMA content of 15 mol%, were able to bind to DNA. With increasing
NIPAM content, the charge density of the copolymer decreased and the P:DNA
ratio needed for condensation to occur increased. Concerning the polyplexes, with
increasing NIPAM content, the zeta potential of the polyplexes at the optimum
P:DNA ratio decreased, as did the cytotoxicity and transfection efficiency. The
authors postulated that these polyplexes interacted less with the negatively charged
membrane, thus leading to lower transfection efficiency. At 37°C, even if the LCST
was not passed, complexes made from low molecular weight polymers (indepen-
dent of the content) or of high molecular weight with low DMAEMA content (15%)
showed poor properties as transfection agents, which was linked to their poor
stability.

The condensation properties of PLL-g-PNIPAM (Fig. 8b) were governed, like in
the last case, by the PNIPAM content related to the condensing units such as lysine
(higher content of PNIPAM, less condensation efficiency) but the molecular weight
of the PNIPAM grafts did not have a significant effect [148]. As also observed in
the previous study [147], the size of the complexes increased with increasing
PNIPAM content at 25°C due to an internal swelling of the hydrated PNIPAM
chains. At 38°C (above the phase transition of PNIPAM), the size of the polyplexes
decreased as a consequence of the collapse of PNIPAM chains, accompanied by a
higher structural density and thus a more difficult release of DNA.
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Fig. 8 (a—c) Weak polycations without steric stabilizer: PNIPAM derivatives

Similar architectures based on polyarginine of shorter length than PLL,
P(LArg)-g-PNIPAM (Fig. 8c), showed comparable results concerning the
physico-chemical characteristics of the polyplexes and were influenced by the
LCST of PNIPAM (LCST of P(LArg)-g-PNIPAM was 35.2°C) [149]. The low
cytotoxicity of P(LArg)-g-PNIPAM was also attributed to the reduction in the
positive charge density of polyarginine upon incorporation of neutral PNIPAM
chains. Transfection studies in COS-1 cells showed that temporary cooling below
the LCST of P(LArg)-g-PNIPAM was favorable for gene expression and that via
this method, at an appropriate complexation ratio, the transfection efficiency of
P(LArg)-g-PNIPAM was equivalent to that of Lipofectamine 2000.

PLL Derivatives

Derivatives of PLL containing endosomal escape moieties such as imidazole or
histidine are presented in this section. Copolymers of PLL-g-Im (Fig. 9a) with
various content of imidazole (>73.5%) were all capable of condensing DNA but at
higher ratios and bigger size of polyplexes than PLL alone [150]. Nevertheless, they
all had a very low cytotoxicity in various cell lines (CRL1476 smooth muscle cells,
P388D1 macrophages, HepG2 hepatoblastoma) compared to PLL, which cannot be
explained by big discrepancies in the zeta potentials. At pH 7.2, approximately 5%
of the imidazole groups on the polymer are protonated and are potentially available
to assist the PLL moieties in the condensation of DNA. Interestingly, with a 9%
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Fig. 9 (a, b) Weak polycations without steric stabilizer: PLL derivatives

increase in imidazole content (from 73.5 to 82.5 mol%), the level of luciferase
expression approximately doubles at each DNA:polymer ratio. However, with a
further 4% increase in imidazole content (from 82.5 to 86.5 mol%), luciferase
expression levels approximately double again. These results suggest a nonlinear
relationship between polymer imidazole content and protein expression. Later
studies of PLL-g-Im with other M,, and percentage of grafting (Fig. 9a) gave
more insights into this phenomenon [151]. The studies showed that the polymer
cytotoxicity was reduced when the polymer was complexed with pDNA and
decreased with increasing imidazole content and decreasing molecular weight. As
in the previous study [150], the polymers with the highest ICs (i.e., lowest toxicity
and highest imidazole content) also mediated the highest level of protein expression
in NIH-3T3 cells, probably due to the endosomal escape capacity of imidazole
groups. But, increased protein expression in a culture population did not always
correlate with an increased number of transfected cells. As the imidazole content
increases, the polymer becomes less cationic and is therefore less able to electro-
statically interact with DNA and quench EtBr fluorescence (condensation); at the
same time, the relative binding affinity for DNA increases with increasing imidaz-
ole content for polymers of various molecular weights, which suggests that other
intermolecular forces play a role [152].

Similar results concerning the cytotoxicity were found for PLL-g-PHis (Fig. 9b)
[153], which are in line with the transfection efficiency. Once more, the decrease in
cationic charges due to the substitution of PLL backbone led to a lowering of the
cytotoxicity, and the introduction of histidine (imidazole ring) led to better trans-
fection efficiency due to its buffering capacity, i.e., endosomal escape properties.

Other Amino Acid-Based Polymers

Generally, polymers modified with histidine or other moieties containing an imid-
azole group have shown significant enhancement of gene expression without
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Fig. 10 (a—j) Weak polycations without steric stabilizer: other amino acid-based polymers such
as polyglutamic acid, polyornithine, polyhistidine, etc.

increased cytotoxicity, compared with non-modified polymers, but can present
solubility problems [154—160].

Schacht and colleagues. studied (co)polymers of dimethylaminoethyl-L-glutamine
(PDMAEG, Fig. 10a) and r-glutamic acid [P(DMAEG-co-Glu); Fig. 10c-R,],
partially grafted with various moieties such as pyridine in P(DMAEGggq,-co-
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PyEG;;4) (Fig. 10c-R;) [161], primary amine in P(DMAEGgsq,-co-AEGsq,
(Fig. 10e-R,), imidazole in P(DMAEG-co-HisG) (Fig. 10e-R5), and ethylguanidine
in P(DMAEGg;q,-co-AgmG7¢,,) (Fig. 10e-R3) [162] and compared them with
PDMAEG and P(DEAEGyg74,-co-LLys334,) (Fig. 10b) [161] as well as with PHisG
(Fig. 10d) and poly[(histamino-L-glutamine);3¢,-co-(agmatino-L-glutamine),7¢,]
(P(HisG-co-AgmG); Fig. 10f) [162]. The mass per charge for all the copolymers
was in the range 222-290 Da. The highest condensations (EtBr) were obtained
for PDMAEG and P(DEAEG-co-LLys) compared to P(DMAEG-co-PyEG) and
P(DMAEG-co-Glu) (but all gave <50% EtBr fluorescence), respectively, because
of the highest percentage of tertiary amines among the PDMAEG derivatives and the
presence of the primary amines of PLL [161]. All the copolymers were degradable
under biologically relevant conditions in a time frame varying from hours to days,
and formed polyplexes with DNA with a diameter <100 nm. The most potent
polymers in transfection studies in HEK293 cells were the polymers containing
pyridine and acid groups (by a factor of ten) and not PDMAEG or P(DEAEG-co-
LLys) [162]. The explanation for the better performances of the pyridine derivatives
was not clear, given that the pyridine moiety did not provide extra buffering capacity.
The potency of the polymers containing a carboxylic acid group could be because it
eventually destabilized the cell membranes in its carboxylate form.

Polymers containing more than 70% imidazole were not able to condense DNA
(>50% EtBr fluorescence), i.e., PHisG, P(HisG73¢,-co-Agm,7,), or the copolymers
from the P(DMAEG-co-HisG) series [162]. PDMAEG, P(DMAEGgsq,-co-AEG5¢,),
P(DMAEGg;¢,-co-HisG1gg,), and P(DMAEGg4¢9,-co-HisGzgq,) all possessed a sim-
ilar charge ratio, causing 50% reduction of EtBr fluorescence (+/— around 0.8), and
this value increased with increasing imidazole content; P(DMAEGgq,-co-
AgmGgq) showed a higher value than P(DMAEGgsq-co-AEGs4,). According
to the authors, this might be due to the longer distance between the charged
guanidine group and the main polymer chain in comparison with the polymers
containing tertiary and primary amines, resulting in a weaker electrostatic interac-
tion between the polymer and the DNA. On the same line, the smallest complexes
were formed with P(DMAEGgsq,-co-AEG549,), probably because of the primary
amines that allow a better interaction with the DNA in comparison with the tertiary
amines (less steric hindrance, higher protonation degree). PHisG and P(His;3¢,-co-
AgmG,7q,) formed the largest complexes. In the case of pHisG, the large size could
be due to the weak interaction between the polycation and the DNA (few imidazole
functions are protonated). The large complexes formed with P(His;3q,-co-
AgmG,74,) could be explained by the fact that the zeta potential of the complexes
was close to neutrality, leading to aggregation of the complexes. All the polyplexes,
except those based on P(HisG73¢,-co-AgmG,79,), had low transfection efficiency
in COS-1 cells, which could be due to their poor ability to interact with the
membrane of the cells and thus the polyplexes were not taken up by the cells
[163]. On the other hand, polyplexes based on PHisG73¢,-co-PAgmG,7¢, (more
cytotoxic) at a ratio of 8:1 were more efficient than PEI-DNA at a ratio of 2:1,
which may be due to the presence of the guanidine functions (more pronounced
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positive charge of the guanidine functions, pK, = 12.5, in comparison with tertiary
amines, pK, = 10).

Other imidazole derivatives based on poly(L-histidine) partially grafted with
gluconic acid (PHis-g-Glu, Fig. 10i) to impart solubility at physiological pH
(polyhistidine is insoluble in aqueous solutions at pH >6.0) were reported by
Pack et al. [164]. Approximately one carbohydrate—imidazole substitution out of
every 23 imidazole groups was enough to confer solubility of at least 100 mg mL ™"
at pH 7. Migration of DNA was completely retarded at a pHis-g-Glu:DNA weight
ratio of 3:1, which was consistent with the charge ratio causing 50% reduction of
EtBr fluorescence; the size of the polyplexes at this ratio was >500 nm. The DNA
seemed to be fully condensed at a pHis-g-Glu:DNA weight ratio of 5:1, given that
the size of the polyplexes was 240 nm at pH 7. Unfortunately, these polyplexes
were unable to transfect COS-7 cells, maybe because of their large size, despite
their negligible cytotoxicity.

Poly(L-ornithine) (PLO, Fig. 10g) has a structure similar to polylysine, except
that it possesses one CH, less in the side chain. In a publication by the group of
Gumbleton, polyplexes based on PLO, PLL and poly(p-lysine) (PDL) possessed
roughly similar physico-chemical characteristics; nevertheless, the polyplexes
based on PLO showed better transfection capacity in A459cells and COS-7 cells
[165]. It should be noted that condensation of pDNA occurred at the following
charge ratios (<10% EtBr fluorescence): 0.8:1 for PLO, 1.2:1 for PLL, and 1.5:1 for
PDL, and that PLO polyplexes also showed greater resistance to polyanion-induced
disruption. As explained by the authors, Blauer and Alfassi had previously suggested
that the additional CH, group contained within the lysine may make the a-helix
conformation in PLL more stable than in PLO [166]. Given the comparable pK,
values of the primary amine groups for lysine and ornithine (pK, = 10.5-10.7) [167],
it is probable that conformational differences rather than protonation per se provides a
basis for the differential behavior of PLO-mediated pDNA condensation. The least
effective condensing polycation was PDL. Given that the L-isomer is the natural
orientation of nuclear enzymes and proteins, it is possible that DNA interactions with
other macromolecules are biased towards L-isomer conformations [168].

In order to determine the size of the polyplexes, most of the studies use light
scattering, which gives the R}, as well as other information, but is not able to give the
exact structure of the polyplexes. Therefore, AFM is a complementary method to
light scattering and allows imaging matter at the nanoscale (possible interactions
with the surface of the wafers should nevertheless be taken into account). An AFM
study of the complexation of DNA by PLO was conducted by the group of Ganguli
and could provide insights into the mechanism of DNA condensation [169]. Based
on AFM images, the mechanism seemed to be different at low (<7 pg mL_l) and
high DNA concentrations (>13 pg mL '), i.e., monomolecular and multimolecular
condensations, respectively (Scheme 16). It should nevertheless be noted that in
contrast to most of the studies where the polycation is added to DNA solution, in
this study DNA was added to the polymer solution, which could influence the
mechanism pathway.
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A low molecular weight PAGA (Fig. 10h) has also been tested [170]. The
structure of PAGA is similar to PLL except for the backbone linkages, which are
ester bonds for PAGA and peptide bonds (amide) for PLL. PAGA strongly
condensed DNA at a charge ratio of less than 2 (<10% EtBr fluorescence), with a
charge ratio of around 1 causing 50% reduction in EtBr fluorescence (results in the
same order as PLL). The fast degradation of PAGA compared to PLL was
suggested to be a way to reduce toxicity and lead to a faster release of DNA from
the polyplexes after internalization by the cells, and was confirmed in 293 cells. The
transfection efficiency of PAGA was indeed three times higher than PLL under
optimized conditions (PLL, charge ratio 6; PAGA, charge ratio 60). According to
the authors, the tenfold charge ratio required for PAGA compared to that for PLL
was the result of the premature degradation of PAGA.

Poly(4-hydroxy-L-proline ester) (Fig. 10j) of low molecular weight, another
polyester based on amino acids, was also hypothesized as a good candidate due
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to its degradability, and indeed achieved low cytotoxicity in COS-7 cells
[171]. Complete DNA retardation occurred at weight ratio of 1:1 where the
polyplexes were neutral and therefore aggregated (size >1,300 nm) but efficient
condensation was observed at polymer:DNA ratio of 2:1 (size of the polyplex
<200 nm). Unfortunately the transfection efficiency of these polyplexes was not
reported.

Peptoids (poly-N-substituted glycines) are a class of peptidomimetics whose
side chains are appended to the nitrogen atom of the peptide backbone, rather than
to the a-carbons [172]. Despite their relatively tedious synthesis, there are prospec-
tive applications in the biomedical field, for instance in gene therapy [173,
174]. The most efficient peptoid from a vast series as DNA condensing agent was
based on the repetition of N-(2-aminoethyl)glycine (Nae) and N-(2-phenylethyl)
glycine (Npe), (NpeNpeNae),,, showing the importance of the presence of primary
amines and hydrophobic motifs [175]. The authors could show that the spacing of
charged residues on the peptoid chain as well as the degree of hydrophobicity of the
side chains had much influence on the ability to form homogeneous complexes with
DNA. Moreover, the authors found that the transfection efficiency was highly
dependent on the primary sequence of the peptoid and, to a lesser degree, on the
length of the peptoid. Zuckermann and colleagues studied another series of peptoids
based on the alternance of primary amine and hydrophobic groups, either phenyl or
isopropyl, and lipitoids (peptoid—phospholipid conjugates) starting from these
peptoids [176]. At charge ratios above unity, only (NpeNpeNae);, and
(NaeNpeNpe), and both lipitoids were efficient in inducing transfection, which
was correlated with significant cytotoxicity. Unfortunately, it was not possible in
this study to correlate the physical properties of peptoid/lipitoid:DNA complexes
with their transfection capabilities.

PMMA and Methacrylamide Derivatives

For a series of PAEM homopolymers (Fig. 11a) with various molecular weights
[177], the ability to condense DNA and resistance against heparin destabilization
increased with increasing molecular weight (retardation of DNA in gel electropho-
resis at a ratio N:P of 1:1 for PAEM;5 and PAEM, 50, and at a ratio 2:1 for PAEMys).
Regardless of PAEM chain length, the size of the polyplexes were <200 nm for a
wide range of N:P ratio, their zeta potentials at N:P ratio of 8:1 were roughly
similar, as was their cytotoxicity. On one hand, longer PAEM chains enhanced
cellular uptake and nuclear localization of the polyplexes (probably linked to the
greater stability of the polyplexes that might interact more strongly with
membranes, according to the authors), while on the other hand shorter PAEM
chains facilitated intracellular dissociation (more easily displaced from the
polyplex). Nevertheless, even if the ideal carrier should posses both properties,
the polymer with the longest chains also showed the highest transfection
efficiencies in dendritic cells.

PHisA (Fig. 11a) is a water-soluble polymer possessing buffering capacity in the
endosomal pH range [178]. All PHisA polymers with M, in the range of
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Fig. 11 (a—g) Weak polycations without steric stabilizer: PMMA and methacrylamide derivatives

9.2-28.7 kDa were able to completely inhibit DNA migration at a N:P ratio of 5:1
(higher ratios than for PAEM, containing primary amines [177]). At N:P ratios
<15:1, the size of PHisA polyplexes decreased with increasing molecular weights
from 9.2 to 17.5 kDa, whereas 17.5 and 28.7 kDa PHisA condensed DNA into
comparable particle sizes at the same N:P ratios, as well as with increasing N:P
ratio. For PAEM (M, = 9.8-33.7 kDa)-based polyplexes, the size was nearly
independent of chain length or charge ratio. At an N:P ratio of 15:1 and above,
all PHisA polymers were able to condense DNA into nanosized particles
(<220 nm), and the sizes as well as zeta potentials reached a plateau (moderate
positive surface charges of 13—-19 mV). Although less toxic than PEI25K, by
comparing the transfection efficiency of pHisAgg and pHisAzyo in COS-7 cells to
that of PEI25K at N:P ratio of 10, it was shown that their efficiency was slightly
higher than for PEI, which could be attributed to their higher buffering capacity.
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Preliminary results were reported on PHEMA substituted with amino acids such
as glycine [P(HEMA-Gly), Fig. 11c-R,], alanine [P(HEMA-Ala), Fig. 11c-R;],
valine [P(HEMA-Val), Fig. 11c-R3], phenylalanine [P(HEMA-Phe), Fig. 11c-Ry],
and lysine [P(HEMA-Lys, Fig. 11c-Rs] [179]. These polymers were able to con-
dense DNA, while having very little toxicity (up to 250 pg mL~" tested on COS-7
and SPCA-1 cell lines); unfortunately, only preliminary results were reported and
there was no comparison between these amino acid-substituted PHEMAs, despite
their interesting structures.

Several poly(methacrylate)- and poly(methacrylamide)-based homopolymers
with various side chains bearing primary, tertiary, and quaternary ammonio groups
were designed by the group of Seymour in order to study the influence of (1) length
of side chains bearing cationic residues; (2) the nature of the amine, i.e., primary,
secondary, or tertiary amines and quaternary ammonio groups; (3) charge spacing
along the polymer backbone; and (4) molecular weight or degree of polymerization
[180]. These polymers are presented Fig. 11d—g: PVA.HCI (Fig. 11d), PAA.HCI
(Fig. 1le), PMAEDA.HCl (Fig. 11f-R;), PMAGEDA.HCl (Fig. 11f-R,),
PMADGHDA HCI1 (Fig. 11f-R;), PDMAEMAm (Fig. 11f-R;), PTMAEM.CI
(Fig. 11f-Rs), P(HPMA-co-TMAEM.Cl (Fig. 11g), and PBTMAIPM.I,
(Fig. 11f-Rg). At an N:P ratio of 2, considering first the influence of side-chain
length, polymers with long side chains such as PMADGHDA.HCI were incapable
of efficient complex formation with DNA (considerable residual EtBr fluorescence)
but did show considerable transfection activity (positively charged complexes, thus
their uptake by cells may be facilitated), despite their poor gene expression via
direct intranuclear injection. At the other extreme, complexes formed using
polymers with very short side chains, such as PVA.HCl and PAA.HCI, were
efficient at complex formation (little residual EtBr fluorescence) and were remark-
ably stable to polyanion-mediated disruption. Efficient charge neutralization may
explain their lack of surface charge, which probably underlies their tendency to
aggregate. Their low transfection activity could be a consequence of their low
surface charge (not uptaken by cells to a great extent), but their ability to undergo
efficient intranuclear transcription was surprising in light of their stability to
polyanions, as mentioned by the authors. The influence of cationic charge strength,
using primary or tertiary amines or ammonio groups, on the properties of
complexes formed with DNA was investigated. Polymers containing ammonio
groups such as PTMAEM.CI complexed DNA relatively efficiently, reflecting a
stronger bond than with primary amino groups. The transfection activity of their
complexes was 10- to 100-fold less than complexes based on most other cationic
polymers. This poor transfection activity may be the result of poor access to the
cytoplasm/nucleus, due to either cytotoxicity or poor endosomal release due to the
absence of pH responsiveness (no proton sponge effect). By contrast, PDMAEMam
containing tertiary amines was less effective at DNA condensation but showed good
transfection activity in HEK 293 cells in vitro, probably because of the pK, of its
amines in the endosomal range. In the next step, the influence of the density
of positive charge along the cationic polymer on the properties of complexes formed
with DNA was investigated. Comparing PTMAEM.CI with IBTMAIPM.I,, which



154 A. Bertin

bears two ammonio groups per monomer instead of one, it was found that the
properties of the polyplexes were remarkably similar, suggesting that after reaching
a certain density of positive charges, the effects (DNA condensation, cytotoxicity,
etc.) might plateau. The effect of charge dilution was addressed using random
copolymers containing TMAEM.CI and HPMA as monomers. All these copolymers
(TMAEM.CI, 5-75%) were capable of binding DNA, although copolymers with
greater than 50% TMAEM.CI content were not capable of forming particulate
complexes (as shown by AFM). According to the authors, it seems likely that
these copolymers could not drive hydrophobic self-assembly of polymer/DNA
complexes (because of the presence of hydrophilic HPMA). Moreover, the
complexes based on these random copolymers showed low levels of transfection
similar to the parent PTMAEM.CI, but also poor ability to undergo transcription
following intranuclear injection, which may be due to the steric protection of the
DNA from polymerases by the presence of HPMA. Finally, the influence of cationic
polymer molecular weight on the properties of complexes formed with DNA was
examined and there were some indications of the effects of molecular weight on
transfection activity against HEK 293 cells for many of the polymers examined in
this study. PVA.HCl, PMAEDA.HCI, PMAGEDA.HCI, and PTMAEM.CI:DNA
complexes formed with higher molecular weight cationic polymer often showed
greater expression of reporter genes, which was usually also linked to an increased
cytotoxicity.

With Steric Stabilizer

Most of the publications on polycations for DNA condensation possessing a steric
stabilizer deal with the influence of the polymer architecture on the properties of
the polyplexes (physico-chemical characteristics and transfection efficiency). Two
types of architectures are mainly studied: linear copolymers with block and/or
graft (eventually brush) architectures (Scheme 17). The steric stabilizers most
commonly used are based on ethylene glycol or contain hydroxyl groups such as
hydroxyethyl methacrylate or sugars (only a few examples are presented here
because sugar-based polycations are out of the scope of this review).

PDMAEMA Derivatives

For PDMAEMA-b-PEG (Fig. 12a), PDMAEMA-H-POEGMA, and P(DMAEMA-
stat-PEGMA) (Fig. 12b) of relatively low M, (7.8-21 kDa), the introduction of
PEG did not significantly reduce the buffering capacity of PDMAEMA-based
copolymers (for equivalent contents of DMAEMA units), but logically the buffer-
ing capacity is dependent on the DMAEMA content [182]. Of these polymers,
the comb-type PDMAEMA-stat-PEGMA had the best complexing properties
because charge neutrality was reached at a lower monomer:nucleotide molar
ratio, which could be explained by its higher content of DMAEMA units compared
to the other polymers (66% versus 30-37%). The steric effect of PEG chains
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Scheme 17 Model cationic polymers containing different architectures of equivalent steric
stabilizer components (represented by blue line) and comparable cationic components
(represented by gray lines with positive charges). Reprinted with permission from [181]. Copyright
2011 Elsevier
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Fig. 12 (a—d) Weak polycations with steric stabilizer: PDMAEMA derivatives

prevented the addition of excess polymer to the polyplexes but did not seem to
hinder the complexation/condensation with DNA and even seemed to have a
beneficial effect. The performances of these PEG-containing copolymers were
better than for the PDMAEMA homopolymer at monomer:nucleotide ratio above
that needed for neutralization as regards complexation in the EtBr displacement
assay as well as the condensation properties (as illustrated by the nanoparticle size).
As pointed out by the authors, the presence of a highly hydrophilic and
non-condensing PEG block in the copolymer may be expected to decrease the
affinity for binding DNA due to an unfavorable entropy change [183]. However,
enhanced binding may be connected to a local crowding effect of the PEG chain
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[184], or a decrease in the polarity of the polyion environment due to the presence
of the PEG chains [185]. Moreover, the presence of PEG prevented the aggregation
of polyplexes (as found in PDMAEMA polymer) and colloidally stable stoichio-
metric polyplexes were obtained. The capacity of a polymer to condense DNA is
dependent on the DMAEMA content, but where the DMAEMA units are placed
in the copolymers and the length of the PEG chains seem to play a role. Increasing
DMAEMA content led to better condensing properties, i.e., smaller complexes.
Despite, the propensity of these PEG-based copolymers to form small sterically
stabilized complexes, their transfection ability in A549 cells at a monomer:nucleo-
tide ratio inferior or equal to 5 was inferior to that of PDMAEMA homopolymer,
maybe due to the presence of PEG, which provides a steric barrier around the
polyplexes that inhibits contact with cells. In a subsequent publication [186],
Stolnik and colleagues studied the cellular association and uptake and transfection
efficiency of these copolymers at a fixed monomer:nucleotide molar ratio on three
cell lines (A459, hepG2 and COS-7 cells) because transfection efficiency can be
cell type-dependent. The transfection efficiencies were similar in the three cell lines
for a given polymer but the rate of uptake of the complexes depended on the cell
line used. Comb polymer P(DMAEMA-stat-PEGMA) consistently showed lower
transfection efficiency than the linear PDMAEMA-H-PEG and bottle-brush
PDMAEMA-b-POEGMA,; the latter two giving similar transfection levels with
all three cell lines. Indeed, P(DMAEMA-stat-PEGMA) showed less interaction
with the cells (in flow cytometry studies) as well as less cell uptake (as shown by
confocal microscopy) than the two other polymers. The authors explained this
as being due to the different structures of the particles formed in the presence of
DNA. Indeed, linecar PDMAEMA-b-PEG and bottle-brush PDMAEMA-b-
POEGMA have both diblock architectures, with the main difference being the
spatial distribution of the EG units (linear PEG chain versus branched with
OEG chains) but both polymers can form a micelle-like polyion complex with
DNA. P(DMAEMA-stat-PEGMA) on the other hand, has several long pendant
PEG chains (45 units) randomly distributed along the DMAEMA-based backbone;
this statistical structure leads to rather soluble complexes (as shown by light
scattering).

Given that a fraction of EG units much more than 20% in polymers seemed to
hinder complexation in previous studies, Yang and colleagues conducted a system-
atic study [181] using a fixed fraction of EG units (~20%). This allowed comparison
of various structures of PDMAEMA-PEG copolymers of the same molecular
weight (M, ~ 11 kDa): block with linear PEG (PDMAEMA-b-PEG, Fig. 12a),
brush block copolymer (PDMAEMA-b-POEGMA, Fig. 12b), and statistical copol-
ymer P(DMAEMA-stat-OEGMA); for this last structure, the effect of molecular
weight was also tested. All these polymers were found to complex well with DNA
and completely retarded DNA migration at an N:P ratio of 2, showing that in this
case (low fraction of EG), the structure of the PEG block did not affect the gene
binding capacity of the polymers (nevertheless surprising for stat and brush
copolymers). Similar results were obtained for polyanion exchange, but the differ-
ence can be seen in the capacity of DNA compaction, where the hydrodynamic
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Fig. 13 TEM images of polymer/DNA complexes prepared in phosphate buffer (20 mM; pH = 6.5)
at N:P 20 for (a) diblock copolymer PDMAEMA-H-PEG (x = 49, m = 47), (b) statistical copolymer
P(DMAEMA-stat-OEGMA) (x = 46,y = 7), (c) statistical copolymer P(DMAEMA-stat-OEGMA)
(x =67, y=9), (d) statistical copolymer P(DMAEMA-stat-OEGMA) (x = 90, y = 12) and
(e) brush-block copolymer PDMAEMA-b-POEGMA (x = 53, y = 7, m = 8.5). Reprinted with
permission from [181]. Copyright 2011 Elsevier

diameter of the polyplexes was dependent both on molecular weight and structure
of the copolymers but in general decreased with increasing N:P ratio for all
polymers. Of the polymers with similar molecular weight but with different nature
of PEGylation, the statistical copolymer was not effective at compacting DNA
(micron-sized particles), whereas the two block-like polymers gave polyplexes of
100-200 nm in size (Fig. 13). The oligo-brush-like architecture led to smaller sized
complexes than the simple diblock sequence, which might be due to the more
compact structure of the shell (nevertheless not more resistant to heparin displace-
ment) but their zeta potentials were similar. For the statistical copolymer series, the
hydrodynamic sizes of the polyplexes dramatically decreased with increasing
molecular weight at N:P ratio in the range 2-20, while the zeta potential stayed
constant. The authors pointed out that molecular modeling studies on cationic
polymer with neutral polymer grafts predicted that polymers of higher molecular
weight were required to form smaller complexes [187]. Similar observations on the
influence of short PEG grafts were also reported with PEI [188]. For cationic
polymers with similar cationic charge but different nature of PEGylation, the
diblock copolymer generally showed better transfection activity in HEK293 and
HepG?2 cells than the brush block copolymer or statistical copolymer with OEG
chains.
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A study by Kataoka and colleagues of PDMAEMA-b-PEG (Fig. 12a), which had
around the same ratio of DMAEMA:PEG as in the previous study but was twice as
long [189], also showed the formation of micellar structures. There was a steep
decrease in the size of these micelles with increasing N:P ratio, with a leveling off
to approximately 95 nm in diameter at a N:P ratio of about 3, which was not only
ascribed to DNA condensation (according to EtBr quenching, a fully condensed
state occurred at N:P = 1.2) but also to a reduction in the association number to
form non-stoichiometric micellar structures similarly to polyplexes based on
PLL-b-PEG [190]. The presence of PEG in the polyplexes both increased the
stability of pDNA against DNAse I and the affinity of the PDMAEMA segment
for pDNA (exchange reaction with polyanions). Indeed, PEG provides a protecting
layer by decreasing the permittivity of the microenvironment. The authors studied
the transfection efficiency of this copolymer compared to PDMAEMA on HEK293
cells. In contrast to Stolnik and colleagues [182], they found a slightly better
transfection efficiency of PDMAEMA-b-PEG compared to PDMAEMA, even at
N:P ratio of 5 (and higher), possibly due to the longer chain length of the copolymer
(or to the cell line). The authors also reported an unusual association of excess block
copolymers on the micelles above the charge stoichiometric point, leading to an
increase in zeta potential that finally leveled off at N:P = 15 (zeta potential of
17 mV), which could also be an explanation for the better transfection efficiency.
Indeed, positively charged micellar polyplexes may benefit from a facilitated
association with the cellular surface but, unfortunately, the comparison is difficult
because the zeta potential was not reported in the studies of Stolnik and colleagues
[182, 186]. Unfortunately, this improved performance was also associated with an
increased toxicity compared to PDMAEMA.

For a similar PDMAEMA-b/-PEG (Fig. 12a), Tam et al. took into consideration
the critical micelle concentration (CMC; determined previously to be in the range
2 ug mL™") of the polymer to explain the changes in the size and shape of the
polyplexes (Fig. 14) [191]. The results corresponded to those of Kataoka, with a
maximum condensation at N:P = 1.2 (EtBr quenching and zeta potential). As the
polymer solution was added to the naked DNA (R, = 56 nm), at concentration
below its CMC (shifted to higher values due to the presence of DNA), the polymer
existed as a free cationic unimer that bound to the DNA to form complexes with a
worm-like Gaussian structure. With the addition of more polymer, the polyplexes
grew in size to around 90 nm (Ry,) probably due to secondary aggregation of the
neutral nanoparticles (zeta potential). Above a N:P ratio of 1, the size of the
polyplexes decreased and excess unbound polymeric unimers started to appear in
the solution (DNA + 0.02 mg mL~" polymer, i.e., N:P ratio of 2). At a polymer
concentration above 0.06 mg mL ™', the polyplexes underwent significant structural
rearrangements to form spherical aggregates of R;, ~ 35 nm, which was probably
due to polymer aggregation above its CMC, accompanied by a coil-globule transi-
tion of the DNA molecules. The difference in the CMC with and without DNA can
be attributed to two reasons. First, the DNA forms strong hydrogen bonds with
water, which can “break” the water structure and consequently increase the CMC.
Second, since binding between the polymer and DNA took place once the polymer
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Fig. 14 (a) Proposed microstructure and Ry, of the DNA/PEG-b-PDEAEMA complex at various
polymer concentrations in PBS solution. (b) TEM micrographs of DNA/PEG-b-PDEAEMA
copolymer complex in PBS solution: 0.02 mg mL™' polymer solution (upper part) and
0.2 mg mL™" polymer solution (lower part). Reprinted with permission from [191]. Copyright
2006 American Chemical Society

solution was added, there were insufficient unbound polymer chains in the solution
to induce micellization at 2 pg mL ™", shifting the CMC to a higher value [192].
A series of P(DMAEMA-co-OEGMA) (Fig. 12b) copolymers with constant
chain length of 120 units but with various lengths of the OEG side chains and
different comonomer compositions (variable DMAEMA/OEGMA composition,
M, = 22.7-54.6 kDa) were studied by Rudolph and colleagues [193]. Among
these polymers, DNA complexation by P(DMAEMA-co-OEGMA) copolymers
with low fopgma (<50%) increased with increasing N:P ratios and decreased
with increasing OEGMA molar ratio (fopgma) and molecular weight. At high
forgma (>50%), DNA complexation was abolished. Only at low foggma (~17%)
and low OEGMA molecular weight (about nine EG units) was pDNA migration
completely retarded (indicating complete DNA complexation), as observed for
PDMAEMA. Verbaan and colleagues had already observed that copolymers with
a high degree of PEG grafting (i.e., PEG < 22%) were not capable of binding to
pDNA [194]. In general, the efficiency of the polyplexes regarding complexation of
pDNA decreases with increasing fopgma and OEGMA chain length, due to the
reduction of the positive charge density of PDMAEMA and the introduction of
sterically bulky OEGMA. This is consistent with the increasing particle size of the
P(DMAEMA-co-OEGMA)-based polyplexes (condensation less efficient) and
decreasing zeta potential (shielding effect of PEG) in a direct proportion to increas-
ing forgma and OEG chain length. None of these copolymers were cytotoxic to
BEAS-2B cells, even at 500 pg mL~". Following the same trend as for complexa-
tion, the transfection efficiency was dependent on the N:P ratio and decreased with
increasing forgma, in BEAS-2B cells as well as in MLE 12 cells. The transfection
efficiency of the most efficient PIDMAEMA-co-OEGMA )-based polyplex was still
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Fig. 15 Dynamic light scattering results indicating the particle sizes (a) and zeta potentials (b) of
the complexes as a function of N:P ratios for PDMAEMA-b-POEGMA-b-PDMAEMA/pDNA
(triangles) and PDMAEMA-b-POEGMA/pDNA (dots). Data were obtained after the interaction
of polymers with pDNA at various N:P ratios in TE buffer at pH 8.0. (¢) Models for the formation
of the PDMAEMA-b-POEGMA/pDNA and PDMAEMA-H-POEGMA-b-PDMAEMA/pDNA
complexes. (d) Transfection efficiency determined by flow cytometry analysis of the GFP gene
expression of PDMAEMA-b-POEGMA/pDNA and PDMAEMA-b-POEGMA-b-PDMAEMA/
pDNA complexes in 293T cells as a function of N:P ratio [195]. Copyright 2011 Royal Society
of Chemistry

more than 10 times lower than that of branched PEI25K/DNA, which can be
explained by the inefficient pPDNA condensation but also by reduced cellular uptake
and endosomal escape.

PDMAEMA-b-POEGMA (Fig. 12b), PDMAEMA-b-POEGMA-b-PDMAEMA
(Fig. 12¢) with the same number of DMAEMA units (100), and POEGMA (66)
form different self-assembled structures in solution both in the absence and pres-
ence of DNA due to their different architectures (diblock A-B or triblock A-B-A,
Fig. 15c) [195]. The diblock completely retarded DNA migration at N:P ratio
of ~0.6:1, whereas the triblock retarded migration at ~1.2:1 (at these ratios, the
zeta potential was neutral and the polyplexes formed aggregates of ~1.8 pm,
Fig. 15a, b). A similar trend was observed for the EtBr displacement, reflecting
the better ability of the diblock to interact with pDNA. When the N:P ratio was
more than 1.75:1, the particle sizes of the two polyplexes were almost the same
(diameter of 200 nm) but the zeta potential of the triblock-based polyplexes was
slightly lower (12 versus 17 mV), which could be explained by the larger content of
POEGMA blocks at the surface (higher shielding effect) according to the structure
that the authors proposed for the polyplexes (Fig. 15c). The triblock copolymer
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itself seemed to be far less toxic than the diblock to HEK293T cells (at 0.5 mg mL ™"
there was nearly 100% cell viability versus 55% for the diblock). Following the
trends of DNA complexation, the diblock copolymer was more efficient for
transfection than the triblock at lower N:P ratio, with a bell-shaped dependence
of the transfection efficiency as a function of the N:P ratio (Fig. 15d). For the range
studied (N:P ratios of 1:1 to 15:), the maximum efficiency for PDMAEMA-b-
POEGMA was reached at N:P = 3, while for PDMAEMA-b-POEGMA-b-
PDMAEMA, the maximum seemed to be reached at N:P = 15, but it could also
be a bell-shaped dependence shifted to higher ratios.

PDMAEMA-b-PEG-b-PDMAEMA and PHEMA-b-PDMAEMA-b-PEG-b-
PDMAEMA-b-PHEMA with 113 EG units in the central block and on each side
33, 48, or 61 DMAEMA units (used to complex DNA) and eventually ~15 more
HEMA units on each side (Fig. 12d) were studied by Kang and colleagues
[196]. At a polymer:plasmid weight ratio above 5, all polymers condensed DNA
into particles of less than 200 nm in size and more than 25 mV in zeta potential. The
triblocks PDMAEMA-b-PEG-b-PDMAEMA showed increased DNA complexing
ability as well as transfection efficiency with increasing number of DMAEMA
units. Adding short PHEMA blocks to the triblocks (leading to the pentablocks
PHEMA-b-PDMAEMA-b-PEG-b-PDMAEMA-b-PHEMA) did not significantly
impede the complexation ability of the polymers compared to the triblock and led
to higher transfection than PDMAEMA. By comparison, a random block copoly-
mer of similar component composition could not condense DNA efficiently,
showing the importance of the architecture of the polycation.

Linear PEI Derivatives

PEGys-b-linear PElg (Fig. 16a) (M,, = 51 kDa) was obtained by complete hydro-
lysis of a block copolymer PEG-b-poly(ethyl oxazoline-co-methyl oxazoline)
[197]. PEGys-b-linear PElgq inhibited DNA migration at a polymer:DNA weight
ratio of 1 under physiological ionic strength, while linear PEI of 22 kDa achieved it
at a ratio of 0.75. The levels of reporter gene expression obtained with the diblock
copolymer were similar to those obtained for the linear PEI although at higher
weight ratio, while the cytotoxicity as well as solubility were comparable, which
was probably due to the relatively short length of the PEG block. Therefore,
perhaps a longer PEG block should be introduced in order to see the benefits.

PHEMA-g-(linear PEI-b-PEG) (Fig. 16b) (M,, = 509 kDa) adopted a cylindri-
cal brush topology at pH 5.0 [198] and completely retarded DNA migration at
N:P ratio of 2, whereas efficient condensation started at an N:P ratio of 10, leading
to small particles of 150 nm in diameter with a positive zeta potential of 20 mV.
PHEMA-g-(linear PEI-b-PEG) was well tolerated by HEK293 cells up to a dose
of 125 pg mL ™", whereas exposure of the cells to PEI25K (branched) led to 50%
viability at 16 pg mL~'. PHEMA-g-(linear PEI-b-PEG)/pDNA complexes
were internalized by BT474 cells to a greater extent than PEI25K/DNA
complexes at the same ratio (N:P = 10) and led to a higher transfection efficiency
in a variety of cell lines.
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Fig. 16 (a—c) Weak polycations with steric stabilizer: linear PEI derivatives

POEGMA-b-(PHEMA-g-linear PEI) (Fig. 16¢) is mainly composed of OEGMA
units (89), which are thermoresponsive, and HEMA units grafted with linear PEI
(3 or 8), which introduce more hydrophilicity and thus increase the LCST of the
copolymer to close to body temperature [199]. Below their LCST, the polymer with
most linear PEI grafts (8) retarded the movement of DNA at lower polymer:DNA
ratio than the polymer with 3 grafts (3 versus 5). At 37°C, both polymers retarded
DNA migration at a ratio of 3, given that the conformation of POEGMAgg-b-
(PHEMA-g-linear PEI)g was unchanged, while at 37°C, i.e., 5°C higher than the
LCST of POEGMAgy-b-(PHEMA-g-linear PEI);, the collapsed macromolecular
chains covered more DNA and charges in the condensates, as confirmed by the zeta
potential results. Moreover POEGMAgo-b-(PHEMA-g-linear PEI); compacted
DNA more tightly at 37°C than at 20°C (EtBr displacement assay). At a polymer:
DNA ratio of 15, the polyplexes based on this last polymer reached a size accept-
able for gene delivery (<200 nm) and the transfection efficiency was found to
increase with increasing charge ratio both in COS-7 and HEK?293 cells. At
charge ratios of 25:1, POEGMAgy-b-(PHEMA-g-linear PEI);-based polyplexes
achieved 100-fold higher transfection efficiency than PEI 1.2 kDa and levels
comparable to that of PEI25K, while being far less toxic. As the incubation with
DNA is usually done at 37°C, it is interesting to have non-viral gene delivery
vectors that are more efficient at this temperature.

PLL Derivatives

At mixing charge ratio N:P of 1 [190], the polydispersity of the complexes of
PEG,7,-b-PLL;, 19, 45 (Fig. 17a) with pDNA decreased dramatically before increas-
ing again, whereas nearly complete condensation seemed to occur at N:P of 2:1
(EtBr exclusion assay), where the diameter of all the polyplexes was inferior to
100 nm. Note that condensation of a linearized pDNA by the same polymer was
effective at lower N:P ratio. The explanation given by the authors is that native
pDNA is in a super-coiled circular form, which certainly has a higher molecular
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Fig. 17 (a—e) Weak polycations with steric stabilizer: PLL derivatives

restraint than the linear-formed DNA; thus, it is likely that the differences in
molecular topology may crucially affect the condensation process of the DNA
molecules in the sense that condensation may not be complete at a stoichiometric
charge ratio for pDNA due to steric reasons, requiring excess PLL strands to
promote further condensation. They also hypothesized that such a significant
decrease in the average diameter between ratios 1 and 2 (~120 nm to ~90 nm)
could be also due to a concomitant decrease in the association number of these
micelle-like polyplexes, which was confirmed in the case of PEG,,-b-PLL,g by
LS. They could also show that a higher PEG content in the polymer resulted in
micellar polyplexes with a decreased association number. The transfection
efficiency in HEK293 cells was improved by increasing the length of the PLL
segment and showed a bell-shaped dependency (as a function of the N:P ratio).
The performance of PEG,7,-b-PLL,4g was comparable to that of Lipofectamine™
and was partly attributed to a more favorable cellular association than that of the
derivatives with a shorter PLL segment.

PLL-g-PEG (Fig. 17b), PLL-g-PHPMA (Fig. 17c¢), and PLL-g-dextran
(Fig. 17d) were compared to PLL as transfection agents [185]. All these polymers
were slightly hampered in their ability to condense DNA as compared to PLL (as
shown by EtBr quenching), probably due to steric hindrance and charge screening
by the hydrophilic blocks. PLL-g-PHPMA was the most effective of these new
polymers despite its intermediate value for mass per charge (between that of PEG
and dextran derivatives), which was not further explained. All these grafted
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copolymers with hydrophilic groups were capable of producing complexes with
DNA that were more soluble than the PLL alone; as expected, the most efficient
was the PEG-b-PLL with the longest PEG segment (12 kDa) at the highest grafting
ratio (10%) and it was also the least toxic. PLL-b-dextran showed increased toxicity
compared to low molecular weight PLL.

Polyoxazolines are thought to be an alternative to PEG as biocompatible blocks.
In this frame, PLL-b-PMOx (Fig. 17e) and the polyplexes made thereof were
synthesized and studied by the group of Liihmann [200]. As for PEG or other
block copolymers comprising a cationic block and some hydrophilic modification,
the complexation of DNA by PLL-b-PMOx was compromised at high grafting rates
and/or long PMOx chains (as shown by gel electrophoresis). Condensates made of
polymers with less than 7% grafting density showed aggregate formation at ratios
supposedly above the neutral point (zeta potential not reported) and were over
500 nm in diameter. Above 7% grafting density, independent of the length of
PMOx, the diameters of the polyplexes were less than 200 nm. These polymers
were able to protect DNA from DNAse I digestion, but only PLL-g-PMOx with low
molecular weight PMOx and low grafting densities of 7-14% showed significant
gene expression in COS-7 cells (good transfection efficiency for this polymer was
found at N:P ratio of 3.125), which correlated with their good cellular uptake.

Other Amino Acid-Based Polymers

PEG-co-(PLL-g-His) (Fig. 18a), a copolymer of PEG (1.45 kDa) and PLL modified
with histidine at various grafting rates (5, 9, 16, and 22%) showed relatively poor
EtBr displacement capacity [201]. EtBr displacement was only achieved at N:P
ratio of 5 for the polymers with the two lowest grafting rates, and at ratios of 10 for
the two others, which can be explained by a looser complexation due to the
presence of PEG or the bulky imidazole groups or by the copolymer nature or by
less cationic residues due to the grafting. Consistent with these high N:P ratios were
the diameters of most of the complexes that remained between 150 and 200 nm for
N:P ratios of 10 and above, whereas the complexes based on PLL were much
smaller. The complexes of DNA based on PEG-co-(PLL-g-His;¢¢,) showed the
highest transfection efficiency in the A7r5 cell line compared to the other polymers
and the efficiency increased with the N:P ratio. Compared to polymers with lower
degree of modification, this could be explained by the presence of more histidine
residues, which are known to have endosomal buffering capacity (the buffering
capacities increased with increasing His content), facilitating the escape of the
polyplex into the cytoplasm. In addition, the decreased efficiency of PEG-co-
(PLL-g-Hisj,q,) indicated the importance of having enough complexing units in
the polymer. Probably because of the ester bonds, the polymer was totally degraded
into its constituent PEG and PLL blocks after 24 h, which is an interesting approach
to obtaining biodegradable polyplexes.

PEG has also been coupled to polyamino acids other than PLL in order to
increase solubility (critical in the case of polyhistidine for instance) and design a
polymer with great DNA complexation and transfection properties.
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Fig. 18 (a—e) Weak polycations with steric stabilizer: other amino acid-based polymers

PEG-b-PHis (Fig. 18b) and PHis-g-PEG (Fig. 18c) [202], would be presumably
less able to complex and condense the genetic material into small polyplexes due to
the relatively few protonated groups at pH 7 compared to the previous polymers,
which had some free primary amine groups from the PLL segment [201]. In order to
overcome this problem, the authors chose an approach where the complexation
between the polymers and DNA was done at pH 5, at which the imidazole groups
are protonated; then, the polyplexes were transferred into a neutral buffer, leading
to partial deprotonation. The authors expected that DNA would remain in the
partially protonated polyhistidine interior via hydrogen bonding and electrostatic
interaction, while the partial deprotonation of polyhistidine would increase the
hydrophobicity of the PHis segment, thus favoring the formation of micelles
consisting of a DNA/PHis core surrounded by a PEG shell. The comb-shape
polymer with 1 mol% ratio PEG complexed the DNA at a polymer:DNA weight
ratio of 2, similarly to the block copolymer (PEG-b-PHis) and totally retained
the DNA at a ratio of 3, while the other conjugates complexed DNA at a higher
ratio and did not succeed in completely retaining DNA. This similarity between
the comb-shape polymer and the block copolymer could eventually be explained
by the low grafting rate, thus the effective structure of the polymers was rather
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similar. But, the polymer with the block structure, despite the low content of PEG
compared to some of the comb-shape polymers, protected DNA from enzymatic
degradation to the greatest extent, giving an indication that the structure in solution
might be different. Nevertheless, it should be mentioned that even at high polymer:
DNA ratio (4 and above), the charge of the polyplexes remained negative for all the
polymers, probably reflecting the low protonation degree of histidine at pH 7. At pH
5, the polyplexes had diameters between 100 and 300 nm and, most importantly,
were stable for over a week at room temperature. It could be observed that
increasing the PEG content also increased the diameter of the polyplexes. Once
transferred to pH 7, their stability was limited and aggregation occurred after 24 h,
showing a certain limitation of this approach. Moreover, the transfection efficiency
of all these polymers was poor in COS-7 cells (comparable to the tested PLL, but
three orders of magnitude lower than PEI).

In contrast to PLL, polyaspartamide modified with chosen oligoethyleneimine
side chains of various lengths had the advantage of possessing both primary and
secondary amines. PEG-b-PAsp derivatives modified with various amines
(Fig. 18d) were synthesized by the group of Kataoka [203]: the PAsp segment
was modified with ethylene diamine [PEG-b-P(Asp-EDA), Fig. 18d-R,], diethylene
triamine [PEG-b-P(Asp-DETA), Fig. 18d-R,], 4-methyldiethylene triamine
[PEG-b-P(Asp-MDETA), Fig. 18d-R3], and N,N-diethyldiethylene triamine
[PEG-b-P(Asp-DEDETA), Fig. 18d-Ry4]. The focus was on PEG-b-P(Asp-DETA),
which showed a two-step protonation process (pK, 6.0 and 9.5) due to the presence
of the ethylene diamine moiety, as illustrated in Fig. 19. At pH 7.4, this group is
in the mono-protonated state (gauche form) and is capable of exerting a substantial
buffering effect in the pH range down to 5. At pH 5, where 95% of the ethylene
diamine unit is protonated (~diprotonated) the fluorescence in the EtBr dye-
exclusion assay leveled off at N:P ratio of 1, while at pH 7.4 where the mono-
protonated form is present, a N:P ratio of 2 is necessary to obtain substantial
quenching.

It is interesting to note that the diameter of the polyplex micelles stayed
constant at around 70-90 nm throughout the range of N:P ratios (1-20), even at
neutral zeta potential, showing the efficiency of the hydrophilic shell to prevent
aggregation. The transfection efficiency of this polymer was compared to the other
PAsp derivatives [PEG-b-P(Asp-EDA), PEG-b-P(Asp-MDETA), PEG-b-P(Asp-
DEDETA)], which all showed comparable sizes and zeta potential to PEG-b-
P(Asp-DETA). The polyplex based on the polymer modified with the 2-aminoethyl
group (pK, 9.4), PEG-b-P(Asp-EDA), was far less efficient than PEG-b-P
(Asp-DETA) (factor 10® at N:P ratio of 20), presumably because of the impaired
buffering capacity of the polymer but also because of its marginal internalization
by cells [203]. Concerning PEG-b-P(Asp-MDETA), which possesses a tertiary
amine instead the secondary amine of PEG-b-P(Asp-DETA) (primary amine un-
changed), and PEG-b-P(Asp-DEDETA), which possesses a tertiary amine instead
of the primary amine of PEG-b-P(Asp-DETA) (secondary amine unchanged), they
both showed lower transfection efficiency compared to PEG-b-P(Asp-DETA),
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Fig. 19 Two-step protonation of the ethylene diamine unit with a distinctive gauche-anti confor-
mational transition

especially at high N:P ratios, showing the importance of the presence of both
primary and secondary amines in the polymers used for polyplex formation.
Nevertheless, at comparable N:P ratio (10), this construct was less efficient by a
factor of 5 than ExGen500™, but was also less cytotoxic. In order to improve the
results of PEG-b-P(Asp-DETA) [203], Kataoka and colleagues introduced some
lysine moieties, obtaining PEG-b-P[LLys-co-(Asp-DETA)] with various percent-
age of lysine units, i.e., 24, 47, 71, and 100% (Fig. 18e) [204]. As expected, the
extent of fluorescence quenching in the EtBr dye-exclusion assay (i.e., tight com-
plexation) was proportional to the amount of lysine units present in the polymer.
Interestingly, the fluorescence, which was leveled off at a N:P ratio of 2 for PEG-b-
P(Asp-DETA), showed a leveling off at N:P ratio of 1 for these PEG-b-P[LLys-co-
(Asp-DETA)] (from ~25 to 100% lysine units), indicating the beneficial effect of
the lysine units for complexation. This corresponded also to the zeta potential
results, which were nearly neutral for all polymers at this N:P ratio. In view of
the trend in the zeta potential, the authors suggested that at high concentration of
polymer, the lysine units may preferentially bind to the pDNA, replacing the
Asp-DETA units and resulting in the continuous binding of the block catiomers
until the lysine units saturate the available binding sites. By replacing half or
more of the Asp-DETA units by lysine units, the internalization of the polyplexes
was increased tenfold and the transfection efficiency was 100 times that of PEG-b-
P(Asp-DETA).

2.2  Amphiphilic Polycations

The cationic charges, which are needed for efficient DNA condensation, and
hydrophobic domains, which promote membrane interaction, have been combined
in hydrophobically modified polymers such as PEI, PLL, PAMAM, and poly(/V-
ethyl-4-vinylpyridinium) salts [205-208]. Moreover, the hydrophobic part
contributes to the hydrophobically driven interaction of DNA with polycation
[209]. This increases the hydrophobic component and therefore there is need of
increased steric stabilization in order to obtain colloidally stable polyplexes. Some
examples are presented in the next sections.
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Fig. 20 (a—g) Amphiphilic polycations: strong polyelectrolytes with alkyl chains
2.2.1 Strong Polyelectrolytes with Alkyl Chains

A pioneering work of Kabanov et al. dealt with poly(N-ethyl-4-vinylpyridinium)
bromide (PEVP) and its copolymer with N-4-vinylpyridinium modified with a
longer alkyl chain, PEVP-C (Fig. 20a) [207]. For mole ratio [PEVP]/[DNA]
between 0 and 0.5, where the polycation was in excess, soluble non-stoichiometric
polyelectrolyte complexes were formed and the polycations were uniformly
distributed along the DNA molecules. Further addition of PEVP led to the forma-
tion of an insoluble component composed of PEC with higher PEVP content
(disproportionation). The addition even at 3% of a cetyl chain to the polymer
(DPy, = 400) narrowed the mole ratio range where soluble PEC were formed to
[PEVP-C]/[DNA] = 0-0.25, which did not go in the direction wanted for efficient
polyplexes and gene delivery. Moreover, the cell membrane penetration properties
of PEVP-C were less efficient than those of PEVP, thus showing that either these
properties are not a simple function of hydrophobicity or, as suggested, the hydro-
phobic component was buried in the core of the polyplex.

Quaternized or partially quaternized derivatives of poly(4-vinylpyridine)
(DP = 1,600, M,, = 168 kDa) were synthesized by the group of Izumrudov [210].
Among them, four different series were synthesized: quarternized poly(4-vinylpyridine)
with N-alkyl ester substituents (Cn-PVP, Fig. 20b), polycarboxybetaine with alkyl
spacer (Cn-PCB, Fig. 20c), poly[(4-vinylpyridine)-co-(N-alkyl-4-vinylpyridinium)]
and poly[(N-methyl-4-vinylpyridine)-co-(N-alkyl-4-vinylpyridinium)] both with var-
ious alkylation degree P (respectively Cn-PVP-B, Fig. 20d and Me-Cn-PVP-f,
Fig. 20e). Unfortunately, relatively few comparisons between these polymers were
presented in this publication regarding the physico-chemical characteristics of their
polyplexes. At a charge ratio of 5, Cn-PVP-based polyplexes with short N-alkyl
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substituents (n = 1-3) remained relatively inefficient regarding transfection, whereas
more efficiency was noticeable for n = 4 and 5 (which could be due to the more
pronounced destabilizing properties of cell membranes), then decreased again for
n = 6, which might be due to a certain hindrance of its interaction with DNA itself by
the presence of the long hydrophobic chain. The substitution of the ester moiety in the
side chain of Cn-PVP (n = 4 and 5) by a carboxylic group gave the corresponding
polycarboxybetaines (Cn-PCB). After complexation with DNA at a charge ratio of
5, they showed far less transfection activity compared to the parent polycations. The
presence of the carboxylic group certainly weakened the interaction with DNA and
possibly required a higher charge ratio for complexation. For the Cn-PVP-f series
with various quaternization degrees, at a charge ratio of 5 there was a bell-shaped
dependency of the transfection efficiency as a function of the alkylation degree, with
the maximum at f = 65% for n = 5 (1000% increase in efficiency compared to
pDNA alone) (f = 40% for n = 6), despite the similar sizes and zeta potentials of
the polyplexes over all the f range. The explanation of the authors regarding this
increased transfection efficiency of the partially alkylated PVP, Cn-PVP-f, was the
presence of the pyridine groups, which could eventually be protonated in acidic
media and thus could play a role in the proton sponge effect. Interestingly, the further
methylation of these Cn-PVP-f derivatives led to negligible transfection efficiencies.

More recently, amphiphilic dimethylaminopyridinium-containing polymetha-
crylates with tail-end geometries with octyl, dodecyl, and hexadecyl spacers
(n = 8, 12, 16) neutralized by bromide (Br) and octylsulfonate (S8) counterions
were studied (PnDMAP-X, Fig. 20f) [211]. This study allowed the comparison of
pyridinium-based derivatives according to the length of the spacer, counterion, and
geometry. These polymers possess two kinds of amino moieties: a tertiary amine
tail linked directly to the heterocycle (not protonated under physiological
conditions) and an ammonio group that forms part of the pyridinium heterocycle,
which is involved in the electrostatic binding with DNA. The amphiphiles
PnDMAP-X formed a mixture of worm-like and spherical micelles in water for
concentrations above 0.5 mg mL~' with PgDMAP-X forming the loosest
structures. The weight ratios of PuDMAP-X:DNA needed to retard DNA in gel
electrophoresis were about 1.5 for n =8, 3-5 for n = 12, and 2.5-5 for
P;cDMAP-X for X = Br and 5-7.5 for X = S8. Thus, the decrease in charge
density for these derivatives with increasing spacer length could not only be
accounted for by this trend in the minimum charge ratio needed. The counterion
effect appeared for n = 16, where a higher weight ratio for S8 than for Br is needed
to complex DNA, probably due to the reduced accessibility of the pyridinium group
for DNA with this alkyl counterion (due to its size and/or hydrophobicity). More-
over, the transfection efficiency as a function of the spacer length followed the same
trend in both series (X = Br and S8), with the highest transfection efficiency being
obtained for n = 12, followed by n = 8 and finally n = 16. Also, a bell-shaped
dependency of the transfection efficiency was observed as function of the length of
the spacer. As in the previous example, it seems that a compromise between
membrane destabilization (also reflected by increased cytotoxicity) and efficient
DNA complexation has to be found for this type of derivative.
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Poly(1-vinylimidazole)s alkylated with various chain lengths (R) and
quaternization degree B (PVIm-R-B, Fig. 20g) were studied by the group of
Asayama [212]. Due to the fact that imidazole groups are negligibly charged at
physiological pH, quaternary nitrogen atoms as strong electrolytes were introduced
in the structure. In order to still benefit from the pH buffering capacity of imidazole
groups at endosomal pH, the quaternization was only partial. Taking PVIm-Bu as
an example, complete DNA retardation occurred at a ratio of [butylated imidazole]/
[phosphate] of around 1. Given that the pK, of the unmodified imidazole groups is
around 6, the efficiency of DNA complexation at pH 6 (retardation of DNA
migration occurred at a ratio of [butylated imidazole]/[phosphate] of 0.5) was
greater than at pH 7.4, benefiting from the protonation of these imidazole groups.
Moreover, the polyplexes based on PVIm-Bu caused negligible hemolysis at pH 7.4
but had a membrane disruptive activity at endosomal pH, and their stability (against
polyanion exchange) was between that of PVIm-NH, and PVIm-Oct. Concerning
the cytotoxicity, PVIm-R with short alkyl chains (methyl, ethyl, butyl) were
relatively non-cytotoxic, while PVIm-Oct caused significant cytotoxicity. Gene
transfection of the luciferase gene to Hep2 cells was dependent on the length and
density of the alkyl chains: for PVIm-Bu; the higher the density of butylated
imidazole groups, the better was the transfection efficiency at low charge ratios
(+/— < 12). For a middle density of alkylated imidazole groups (~20%), PVIm-Me
and PVIm-Et mediated a higher gene expression than PVIm-Bu even at lower
+/— charge ratio. This could be explained, as in the last case, by too much screening
of the charges with the butyl chains.

2.2.2 Amphiphilic Polymers and Lipopolymers

Lipopolymers are polymers containing lipid moieties such as a fatty acid or a
steroid such as cholesterol. At least some of the polymers presented in this section
could eventually form micelles due to their amphiphilic structure, but either the
concentration of their solution is under the CMC or the micelles are diluted and/or
destabilized during their addition to the DNA solution.

Hydrophobicity can be introduced onto the side chains with hydrophobic moieties
such as cholesterol and 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE) as
will be presented in the next two examples. P(QuatDMAEMA-co-Chol) (Fig. 21a) is
a copolymer containing quaternary ammonium units and cholesterol but no tertiary
amines [213]. As previously seen, the range where the polyplexes are stable is
diminished if the content of hydrophobic groups is too high. By slow addition of
polycation to DNA, at N:P ratio close to 1, flocculation was observed for polyplexes
based on the polymers with the highest cholesterol content (6.3 and 8.7 mol%) and
only negatively charged polyplexes could be prepared. By fast addition of the
polycation with highest cholesterol content to DNA, the M,, of the aggregates showed
the inverse tendency and decreased with increasing N:P ratios, even close to unity as
already observed in the studies by Kabanov and Kabanov [214] and Oupicky et al.
[215], while staying relatively constant above N:P = 1 for the polyplexes based on
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Fig. 21 (a—f) Amphiphilic polycations: amphiphilic polymers and lipopolymers not forming
micelles after addition to DNA

the two other polycations (1.4 and 6.3 mol% cholesterol). Moreover, by fast addition
of polycations to DNA, {-potential increased with increasing content of cholesterol,
i.e., with the hydrophobicity of the polycations. This effect was explained by the
authors as such: DNA and polycations were intermixed in the initially formed
complex (electrostatic interactions) giving rise to hydrophobic particles. The particles
started to attract hydrophobic polycations by hydrophobic interaction, forming
core—shell structures with the strongly hydrophobic cholesterol moieties of
polycations attached to the particle surface and the remaining positively charged
parts of polycations forming the shell, increasing the {-potential of the particle
surface. The particle growth was then stopped by repulsive interactions of positively
charged PECs and polycations, and the colloid stability of PECs increased with
increasing content of side chains bearing cholesterol moieties, which is related to
the level of surface charge and hydrophobicity of polycations.

In the case of PEG-b-PLL-g-DOPE (Fig. 21b), the lengths of the PEG and PLL
blocks were not given and the PEG-b-PLL precursor was relatively polydisperse
[216]. The authors supposed that PEG-b-PLL-g-DOPE assembled into micelles,
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Scheme 18 Formation of (a) polyion complex micelles (PIC) for PEG-b-PLL and (b) lipid-
modified polyion complex micelles (LPCM) for PEG-b-PLL-g-DOPE. Reprinted with permission
from [216]. Copyright 2012 Elsevier

whose structure was then destroyed by addition of DNA (concentration before
mixing not given). Unfortunately, the formation of micelles has not been proven
(no TEM pictures of PEG-b-PLL-g-DOPE before complexation with DNA and no
determination of CMC), but is extremely plausible given the concentration of
DOPE in the copolymer. By addition of DNA, a structure composed of a PLL/
DNA core with DOPE on the core surface and a hydrophilic PEG shell was
proposed as model (Scheme 18b). With increasing the degree of modification
with DOPE, the mass ratio of polycation to DNA needed to completely retard
DNA migration increased: for the PEG-b-PLL precursor, the mass ratio was 6, and
for PEG-b-PLL-g-DOPE polycations with degree of DOPE modification of 16, 30,
and 56% it was 14, 20, and 25, respectively. The polyplexes based on these
polymers showed improved transfection efficiency in HepG2 and HeLa cells
compared to naked DNA and PEG-b-PLL/DNA and comparable results to PEL
The polymer with 30% modification with DOPE showed the best results, probably
due to a good compromise between a lower degree of DOPE, which did not allow
the complex to penetrate the membrane, and a too-high degree of DOPE, which
reduced the ability of the polymer to complex DNA.

In the last examples of this section, interesting chemical structures will be
presented but unfortunately relatively little information regarding their physico-
chemical characteristics and/or transfection efficiency is available. Poly
[(2-aminoethyl vinyl ether)-co-(alkyl vinyl ether)], with various alkyl chain lengths
such as methyl, ethyl, propyl, and butyl [P(Am-co-Me), Fig. 21c-R; P(Am-co-Et),
Fig. 21c-R;; P(Am-co-Prop), Fig. 21¢c-R3; and P(Am-co-But), Fig. 21c-Ry, respec-
tively) is a good example [217]. The membrane lytic activity of these polymers was
dependent on the length of the alkyl chains: the longer the better. Optimal
transfections activities were obtained at an N:P ratio of 4, with P(Am-co-But)
being the most efficient (ten times more efficient than PEI under these conditions),
which correlated with the membrane lytic activity.

Hydrophobicity can also be introduced via a degradable hydrophobic block in a
copolymer such as polylactide. For instance, folate-P(EI-co-EtOz)-b-PLLA (Fig. 21d)
was synthesized via the partial hydrolysis of poly(2-ethyl-2-oxazoline) block at 66%
and more, and the folic acid moiety also contributed to the hydrophobicity of the
construct [218]. Folate-P(EI-co-EtOz)-b-PLLA began to form complexes with DNA
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at a polymer:DNA ratio of 10, while linear PEI completely retarded DNA at a ratio of
6. Polymers containing a large amount of PLLA reduced toxicity on HeLa cells
compared to linear PEI, but also mediated gene transfer less efficiently.

A non-degradable hydrophobic block in a copolymer can be used to introduce
hydrophobicity. A good example is Pluronics and its hydrophobic segment poly
(propylene glycol) (PPG), such as in PEG-PPG-PEG-b-PDMAEMA (Fig. 21le)
[219]. The pK, value of PEG-PPG-PEG-b-PDMAEMA was 7.1, lower than
PEG-b-PDMAEMA and PDMAEMA, due to the effect of Pluronic™ lowering the
dielectric constant of the amino groups. The polymer possessed a CMC of 5 g L',
which is relatively high. The polymer condensed DNA into polyplexes of 200 nm in
diameter at polymer:DNA ratios of 6 and more and a slightly positive zeta potential.
Compared to PEG-b-PDMAEMA, the condensation was less efficient but the trans-
fection efficiency was much higher and at lower polymer:DNA ratio [220].

LPEI-b-PPG-b-LPEI (Fig. 21f) with various LPEI and PPG block lengths were
studied [221]. Note that these polymers, at least the ones with the highest hydro-
philic:hydrophobic ratio, may self-assemble into flower-like micelles. LPEI5o-b-
PPG36-b-LPElsg and LPEI,9-b-PPG34-b-LPEI, ¢ were able to retard DNA migration
at a polymer:DNA weight ratio of 3:4 and 1:1, respectively, while LPEI,4-b-PPGgg-
b-LPEI,4 was not able to retard DNA even at a ratio of 15:1. These data, in
correlation with AFM studies, suggest that LPEIs(-b-PPG;6-b-LPEls, forms micel-
lar structures where the positive charges are still available for interactions with
DNA, whereas in the case of LPEI,¢-b-PPG34-b-LPEI, 9, the positive charges must
be buried in the structure, hindering efficient electrostatic interactions with DNA.

2.2.3 Micelles of Amphiphilic Polymers and Lipopolymers

The polymers presented in this section can form micelles due to their amphiphilic
structure. Moreover, there is the possibility to use these micelles as multicarriers,
with hydrophobic drug loaded in the hydrophobic interior of the micelles and the
genetic material complexed on the positively charged shell, if the micelles can
structurally resist the addition of DNA.

P(MDS-co-CES) (Fig. 22a) is a biodegradable copolymer with a polyester main
chain and containing potentially hydrolytically labile urethano groups to link the
cholesterol moieties [222]. Moreover, this polymer contains both quaternary
ammonium groups (DNA binding) and tertiary amine groups (endosomal buffer-
ing). This polymer formed micelles (CMC = 1.9 mg mL "), which were positively
charged (72 mV) and had a diameter of 96 nm in sodium acetate buffer and these
pre-formed micelles were used for complexation of pDNA. This approach is
different from the approach previously seen, where the polymer was added to
DNA and, consequently, micelle formation was hindered due to the stronger
electrostatic interactions between DNA and the positively charged block of the
copolymer. The obtained polyplexes exhibited decreased mobility in gel electro-
phoresis and complete retardation at N:P ratio of 2. By studying the changes in the
microenvironment of pyrene entrapped in the micelles, the authors verified the
integrity of the core—shell nanoparticles during the DNA binding process and that
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Fig. 22 (a—c) Amphiphilic polycations: amphiphilic polymers and lipopolymers forming micelles
even in the presence of DNA
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Scheme 19 Preparation of PCL-g-PDMAEMA NPs with payloads of hydrophobic drugs and
plasmid DNA [223]. Copyright 2011 Royal Society of Chemistry

the DNA binding further increased the hydrophobicity of the pyrene’s microenvi-
ronment. The transfection efficiency of this nanocarrier was tested on HEK293,
HepG2, and 4T1 mouse breast cancer cell lines and depended strongly on the cell
type and the N:P ratio. In HepG2 cells, the uptake of nanoparticle/DNA-based
complexes was higher than for PEI/DNA, possibly due to their higher positive
charge, which at the same time probably hindered the release of DNA intracellu-
larly, leading to slightly lower overall gene expression. Importantly the amount of
nanoparticles needed for optimal gene transfection was much lower than their
ICs values (around 150 pg mL ™" depending on the cell line).

The hydrophobic part in amphiphiles can be the backbone, for instance poly
(e-caprolactone) (PCL). Indeed, PCL-g-PDMAEMA (Fig. 22b) formed nanoparticles
(CAC = 0.81 mg mL ") in water with diameters of several hundreds of nanometers
(probably vesicles) and zeta potential of more than 40 mV (Scheme 19) [223]. These
nanoparticles were pH- and thermoresponsive due to the presence of the
PDMAEMA; the NPs were in a swollen state at an acidic pH range 6.0-6.9 at
37°C or higher but retracted at pH 7.4 and became even smaller when the temperature
was above 37°C. Complete retardation was observed for N:P ratio of 2. In this case,
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the environment of the pyrene did not become more hydrophobic during DNA
binding. The polyplexes showed a bell-shaped dependency of the transfection effi-
ciency as a function of N:P ratio in 293T cells, and comparable values to
Lipofectamine™2000 at a N:P ratio of 10 and 15. The internalization of these
polyplexes was relatively slow; adherence to the cell membrane arose after 6 h,
and after 24 h internalization and release into the cytoplasm had taken place.

Hydrophobicity can be introduced via hydrophobic amino acids such as phenyl-
alanine, as in PEG-b-PLL-b-PLPhe (Fig. 22c), which formed micelles (25-45 nm in
diameter). The CMC of PEG-b-PLL-b-PLPhe decreased with increasing hydropho-
bic content (i.e., phenylalanine units) [224]. These CMC values (>100 mg mL™1)
are quite high compared to those of other polymers. The copolymers did not exhibit
apparent toxicity until a concentration of 500 pg mL ™. Due to the presence of PLL,
the micelles self-assembled from PEG-b-PLL-b-PLPhe possessed pH-sensitive
properties: from pH 4 to 10 their hydrodynamic diameter decreased from 60 nm
to 15 nm (Scheme 20). The weight ratios at which the polymers can condense DNA
were 2 and 15 for the PEG-b-PLL-b-PLP containing 16 and 37% phenylalanine,
respectively, due to the higher density of amino groups of the first polymer.
Moreover, at a ratio of 20, the size of the polyplexes were respectively 250 nm
and 650 nm, while the zeta potentials were 25 and —10 mV, showing the incom-
plete condensation of DNA with the polymer containing the most phenylalanine
units. Their transfection efficiency at a ratio of 20 and more was less efficient than
PEI at a ratio of 10, despite their capacity to be internalized by cells. It was
nevertheless not clear in this study if PEG-b-PLL-b-PLPhe were still self-
assembled as micelles for DNA delivery.
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3 Polyampholyte/DNA Complexes

Ampholytes are amphoteric molecules that contain both acidic and basic groups
and exist mostly as zwitterions in a certain pH range. The pH at which the average
charge is zero is known as the molecule’s isoelectric point.

3.1 Polyzwitterions

A zwitterion is a neutral molecule with a positive charge introduced via a cationic
functional group such as quaternary ammonium or phosphonium, which bears no
hydrogen atom, and with a negative electrical charge introduced via a functional
group such as carboxylate, which may not be adjacent to the cationic site. The
overall neutrality of the molecule arises via a kind of intramolecular acid—base
reaction between, for instance, an ammonium and a carboxylate group. Good
examples of zwitterions are phosphorylcholine and betaines.

3.1.1 Polycarboxybetaines

The complexation of DNA with poly(pyridinio carboxylate)s with various lengths
of additional alkyl chain at the a carbon and a carboxylate always in  position
(Fig. 23a), also called polycarboxybetaines (PCB), was studied by Izumrudov et al.
[225]. Given that these PCB possess quaternary ammoniums that are charged at
any pH, these polymers indeed proved to be soluble in the pH range 2—11. For the
pH range where DNA remains in the native state (4.0-10.0) these PCB were not
able to bind DNA strongly enough to squeeze out EtBr (~15% reduction in
fluorescence at N:P ratio of 2), which was explained by the authors by the amino
group and the carboxylate group in P position forming a rather stable ionic pair.
The influence of the length of additional alkyl chain at the o carbon was negligible.

More interesting are poly(pyridinio carboxylate)s with various lengths of alkyl
chain (m) between charges (PCB,,,, Fig. 23b) [226]. Even with increasing the length
of the spacer between the quaternary ammonium and the carboxylate group
(m = 1-8), a stable ion pair was formed in neutral and weakly acidic media,
reflected by the hindered protonation of the carboxylate group (as shown by
potentiometric titration), and could lead to a potential inhibition of their electro-
static interactions with DNA. Despite the similar potentiometric behavior of the
PCB,, series, the length of the spacer in these polybetaines had an influence on their
complexation with DNA. At N:P ratio of 5, PCB5 showed a good propensity to
exclude EtBr at pH 9 (reduction of 75% of fluorescence), followed by PCB,
(reduction of 15% in fluorescence), while PCB, and PCBg showed similar
behaviors (less than 5% reduction in fluorescence). The polyplexes followed the
same trend in the dissociation of the complex in presence of salt (NaCl). The
authors suggested that the propensity of PCB,, (for m = 3 and 4) to form betaine
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Fig. 23 (a—e) Polyampholytes based on betaines

rings spontaneously in aqueous solutions may be responsible for the first minimum,
whereas the second minimum could be attributed to the ability of the relatively long
spacer in PCBg for cross-binding intramolecular electrostatic interactions of the
charges within neighboring repeat units.

From these results, it is clear that zwitterions can be used as steric stabilizer
but that in order to complex DNA, positively charged moieties and a certain
distance between the zwitterionic groups are needed. Other polybetaines with
PDMAEMA or primary amines are presented in the next sections and constitute
a further improvement of these systems.

3.1.2 Polyphosphobetaines

The zwitterionic 2-methacryloyloxyethyl phosphorylcholine (MPC) block is a
highly hydrated structure, where each monomer associates with 12 water molecules
[227,228]. In a block copolymer, this block is thought to introduce steric stabiliza-
tion for the polyplex after complexation of the polycationic block with DNA.

A series of PDMAEMA-b-PMPC (Fig. 23c) with various length of PMPC block
starting from PDMAEMA 4 or various lengths of PDMAEMA blocks starting from
PMPC;, were studied by the group of Stolnik [229]. PDMAEMA,4-based
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copolymers with shorter PMPC blocks (10 or 20) had DNA binding affinities
comparable to PDMAEMA homopolymer and higher DNA binding affinities than
copolymers with longer PMPC blocks. When the percentage of PMPC was 65%
and higher, the copolymers exhibited decreased affinity for DNA, suggesting that
the presence of a long PMPC block was deleterious to DNA complexation; more-
over, above a 1:1 ratio, the presence of this steric stabilizer reduced the association
of the excess polymer with the polyplexes formed, as already observed for
PDMAEMA-b-PEG [182], and prevented aggregation, which was not the case for
copolymers with shorter PMPC blocks (10 or 20). PDMAEMA 4o-b-PMPC;, and
PDMAEMA ,y-b-PMPC,, formed well-defined polyplexes with hydrodynamic
diameters of approximately 150 nm, while PDMAEMA 4(-b-PMPC5(, formed larger
polyplexes with DNA with higher polydispersity. In the PMPC5(-based copolymers
series, increasing the size of the PDMAEMA block resulted in higher condensation
ability as well as in smaller polyplexes in the sub-200 nm size range (except for
PDMAEMA (-b-PMPC3;), but also decreased the solubility of the polyplexes. As
expected, the presence of PMPC block reduced the cellular association of these
polyplexes, which correlated with their low transfection efficiencies (in the range of
free DNA). A content ratio of the MPC unit to tertiary amine higher than 2 was
required to produce spherical, well-condensed particles; MPC unit to amine ratios
lower than 2 produced irregular structures ranging from toroids to rods [230].

Narain and coworkers studied copolymers of N-(2-aminoethyl) methacrylamide
and 2-methacryloxyethyl phosphorylcholine as block or statistical copolymers
[PAEMA-b-PMPC, P(AEMA-stat-MPC)] and (3-aminopropyl) methacrylamide
and 2-methacryloxyethyl phosphorylcholine as block or statistical copolymers
[PAPMA-b-PMPC, P(APMA-stat-MPC)] (see Fig. 23d) [231] in the same range
of molecular weights as in the previous study [229] and around 50% modification in
MPC. Unfortunately, little information is given about the physico-chemical
characteristics of the polyplexes. Moreover, it was not clear which polymer:DNA
ratios were used in order to obtain polyplexes with diameters ranging from
50 to 200 nm, but in general statistical polymers yielded polyplexes with larger
diameters and irregular shapes compared to the corresponding diblock copolymers
(which yielded spherical nanoparticles). Hence, not only the composition of
MPC-based copolymers had an influence on the size and shape of the polyplexes
but, as already seen for other systems, the architecture also played an important
role. Copolymers with low molecular weights (67 kDa) showed lower gene
expression as compared to polymers with higher molecular weights (10-12 kDa).
A further increase in molecular weight led to a decrease in gene expression,
probably due to their higher cytotoxicity. Moreover, the block copolymer architec-
ture resulted in better transfection efficiency than the statistical copolymer,
which was not due to an enhanced cellular uptake.
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3.1.3 Polysulfobetaines

Polymers based on a sulfobetaine and the triblock thereof, PSB-b-POEMA-H-PSB
(Fig. 23e) were found to be able to complex DNA [232]. The approach relied on
OEMA as steric stabilizer, while the zwitterionic sulfobetaine itself was supposed
to complex DNA, despite the presence at a short distance of the quaternary
ammonium in the middle of the chain and the sulfonate as chain end (electrostatic
repulsion with DNA). Nevertheless, its potential interest relied in the schizophrenic
behavior of the polymer: the poly{N-[3-(methacryloylamino)propyl]-N,N-
dimethyl-N-(3-sulfopropyl) ammonium hydroxide }block possessing an UCST (as
heat energy is required to dissociate the crosslinking points stemming from ion
pairings between ammonium cation and sulfo anion), whereas the poly
[2-(2-methoxyethoxy)ethyl methacrylate] possessed an LCST. In the series
obtained at 1 wt%, the polymers possessed an UCST in the range 14-18°C,
followed by an LCST in the range 22-24°C (both transitions are dependent on
the length of the blocks and concentration of the polymers in solution, in the range
of DP considered for the PSB block and for the POEMA block with DP of 160 and
less). The homopolymer PSB,oy quenched 75% of EtBr fluorescence at polymer:
DNA ratio of 5 and completely quenched it at N:P ratio of 20. The polymer
condensed DNA into nanoparticles of less than 80 nm in diameter. PSBsy-b-
POEMA]oo-b-PSBSO and PSBgo-b-POEMA40-b-PSB80 both quenched 40-45%
of the fluorescence at ratio of 5, and reached a plateau of 55-60% at a ratio of 20.
At a ratio of 10, they formed NPs with average size of 120 nm that were less
compact and with irregular shape. This superior quenching of EtBr fluorescence
cannot only be explained by the distance between opposite charges if we refer to the
case of polycarboxybetaine. The capacity of the copolymers to bind DNA
decreased with a decrease in the relative proportion of the PSB block (decrease in
charge density) as well as an increase in the proportion of POEMA (steric
hindrance).

3.2 Polyamphoters

An amphoteric species is a molecule or ion that can react as an acid as well as a
base. One type of amphoteric species are amphiprotic molecules, which can either
donate or accept a proton; examples are amino acids and proteins, which have
amine and carboxylic groups. The competition between the acid—base equilibria of
these groups leads to additional “complications” in their physical behavior but can
also present some advantages due to the variation of their charge as a function
of pH.

Poly(1,2-propylene H-phosphonate) modified with spermidine (PPA-g-SP,
Fig. 24a with m = 1) had a LDs, of 85 pg mL~"' in HEK293 and COS-7 cells
[233]. Efficient complexation with DNA was achieved for N:P ratios of 1.5 and
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Fig. 24 (a—c) Polyamphoters

higher (as shown by gel electrophoresis). According to zeta potential
measurements, the polyplexes reached neutrality at N:P ratio of ~3, where aggre-
gation took place (>1 pm); at N:P ratio of 5, the polyplexes had a size of 250 nm
and zeta potential of 10 mV, which reached a plateau of 25 mV at N:P ratio of 25.
The transfection efficiency increased with the N:P ratio, reaching maximal trans-
fection efficiency at N:P ratio between 15 and 20, where the transfection was
30 times higher than PLL-mediated transfection, but still 40 times lower than
TransFast™-DNA complexes. Interestingly, the transfection efficiency of the
PPA-g-SP/DNA complexes was a function (but not linear) of DNA dose and
transfection time, as previously seen in other examples. The conditions of prepara-
tion (ionic strength) were also important: a fourfold increase in the DNA dose
resulted in a 50-fold increase in transfection efficiency, while extension of the
incubation time from 30 min to 2 h resulted in a two orders of magnitude increase in
the transfection efficiency, but further incubation time did not show further
improvement. Preparation of the complexes in 1 M NaCl resulted in substantially
larger particles (>1.3 pm), which showed a threefold increase in luciferase expres-
sion compared to complexes prepared in water (no explanation). With a similar
polymer, poly(1,2-propylene H-phosphonate) modified with dipropyltriamine
(PPA-g-DPA, Fig. 24a with m = 0) with either a similar grafting degree of 50%
and different molecular weights or a similar backbone length but with different
grafting degrees, the authors could study the influence of the molecular weight as
well as grafting degree [234]. In the results presented by Ren et al., the ratio needed
to complex DNA was not given but the studies started at N:P ratio of 10; which
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makes it quite difficult to compare these results with those previously reported. For
a grafting density of 50%, an increase in molecular weight of the polycation led to
an increase in DNA compaction ability of the polymer and slight increase in the
polyplex size (60-80 nm). An increase in the net positive charge density for a given
chain length also led to an increase in compaction ability (EtBr quenching) and,
correspondingly, in a decrease in size of the polyplex (from 67 to 32 nm for 0.49
and 0.94 net positive charge density, respectively). At similar N:P ratio (10 for
instance), it was remarkable that these polyplexes were much smaller than poly
(1,2-propylene H-phosphonate) modified with spermidine (which could be due to
other conditions of preparation, as these are not mentioned). These polyplexes were
relatively stable under physiological conditions as well as with time, except those
based on the shortest polymer (10 kDa) with a net positive charge density of 0.49.
The cellular uptake of these polyplexes was cell line-dependent. In HeLa cells, the
polyplexes with the second highest zeta potential but by far the smallest size were
preferentially taken up; in HEK293 cells, the difference in uptake was not signifi-
cant when the M, of the polymers was higher than 25 kDa; in HepG2 cells, there
was no significant difference, showing that the zeta potential and size were not
determining factors in these last two cell lines. Nevertheless, the transfection
efficiency dramatically increased in all three cell lines with increasing molecular
weight and grafting rate. As in the previous case, the influence of the partially
negatively charged polymer backbone was not shown.

Poly(isobutylene-alt-maleic acid-g-oligoethyleneamine) grafted with diethylene
triamine P(Mal-g-DET), tetraethylenepentamine P(Mal-g-TEP), and pentaethyle-
nehexamine P(Mal-g-PEH) (Fig. 24b) were studied by Yang and coworkers
[235]. Complete retardation was only observed for the polymers with the longest
oligoethylene amine chains at N:P ratio of 10. The polyplexes based on P(Mal-g-
TEP) and P(Mal-g-PEH) had a neutral zeta potential at N:P ratio of about 12 and
were positively charged for higher N:P ratio, but their size stayed in the micrometer
range until an N:P ratio of 16 for P(Mal-g-TEP) and 22 for P(Mal-g-PEH). This size
was not adequate for gene delivery and could be explained by the difficulty in
condensing the negatively charged DNA with the partially negatively charged
backbone. Above these critical ratios, the nanoparticles obtained were in the
range of 400-800 nm, P(Mal-g-TEP) being less efficient than P(Mal-g-PEH) for
condensing DNA, which could be explained by a greater number of protonated
amine groups in P(Mal-g-PEH). Due to the larger particle size and lower zeta
potential of P(Mal-g-TEP) compared to P(Mal-g-PEH), the polyplexes based on
the latter polymer were most efficient in transfecting cells, comparable to the
performance of PEI in some cases. The transfection efficiency was dependent
upon N:P ratio and also on the cell line but, most importantly, polyplexes based
on P(Mal-g-PEH) were localized to a large extent in the nucleus after 8 h.

At pH 7.4, prevailing negatively charged amphoteric PAAs were found to
be relatively cytotoxic [236], while positively charged PAAs were far less
cytotoxic [237]. Among them, PAgma (Fig. 24c) possesses three ionizable groups:
a strong acid (pK, = 2.3), a medium-strength base (pK, = 7.4) and a strong base
(pK, > 12.1) [238, 239]. At pH 7.4, PAgma has an excess average positive charge
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of 0.55 per unit (not influenced by the molecular weight) and had negligible
cytotoxicity and hemolytic properties (synonymous of membrane damage) up to
concentrations of 7 and 15 mg mL ™", respectively. But, as argued by the authors,
the lack of membrane damaging properties did not necessarily imply lack of
interactions with membranes, which is of importance for intracellular trafficking
properties. At pH 7.4, complete retardation of DNA was achieved at N:P ratio of
15 for intermediate molecular weights (M,, = 4.8 kDa). The size of the polyplexes
decreased with increasing molecular weight until M, = 10 kDa, being less than
200 nm for this M,, and around 270 nm for a polymer with M, = 20 kDa. At
pH 5, compared to the values at pH 7.4, the size of the polyplexes decreased
markedly and the zeta potential values became slightly more positive, which was
due to an increase in average excess positive charge per polymer unit at this
pH. The same rule as before seemed to apply: the smallest size and comparatively
highest zeta potential helped the polyplexes based on polymers with molecular
weight of 7-10 kDa to transfect cells more efficiently than polyplexes based on
polymers with higher or lower molecular weights.

4 Conclusion

This review has shown that the design of polycations for gene delivery must take
into account a balance between protection of DNA versus loss of efficiency for
DNA condensation and efficient condensation versus hindering of DNA release,
and that parameters leading to transfection efficiency in vivo still need to be
optimized. Indeed, if the IPEC are not stable enough, premature dissociation will
occur before delivery of the genetic material at the desired place, resulting in low
transfection efficiency; on the other hand, a complex that is too stable will not
release the DNA, also resulting in low gene expression. To determine these
properties, gel electrophoresis to test the DNA/polymer complexation, EtBr or
polyanion displacement to test the affinity of a polymer for DNA, and DLS to
determine the extent of DNA condensation, are well-adapted techniques.

Polymers without steric stabilizer components were abandoned relatively early
due to the inherent cytotoxicity of the permanent charges (even if these facilitate
cellular entry of the polyplexes) and the propensity to be easily destabilized and
precipitate. Strong complexation can also mean difficulty of release of the genetic
material and, consequently, low transfection efficiency. The presence of steric
stabilizers in the polyplexes results in an increased solubility under physiological
conditions, but the problem of finding the right balance between steric stabilization
and shielding of charges (that lowers the affinity of the polymer for DNA) is
nevertheless present. On the other hand, this steric barrier and the shielding of the
charges help the polymer to protect DNA from nuclease attacks, i.e., limit protein
adsorption.

Unfortunately, until now, most of the polyplexes (if not all) presented in the
studies reviewed here need to be prepared at high N:P ratio (higher than 10 and
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often even much higher) in order to be comparable to the commercial polymeric
gene delivery agents (usually prepared at N:P ratios of less than 10).

Unfortunately, in all these cases, there are nevertheless problems in defining
clear structure—activity relationships and explaining the apparent discrepancies
between the behavior of the polyplexes in vitro and their poor performance
in vivo. It is highly probable that the actual morphology of the polyplexes deviates
from the expected structure (core—shell, etc.).

Moreover, it should not be forgotten that, since gene therapy using
oligonucleotides such as antisense oligodeoxynucleotides (ODN); short RNA
molecules such as small interfering RNA (siRNA), micro-RNA (miRNA), and short
hairpin RNA (shRNA); or a DNAzyme that leads to a reduction in target/protein
activity [240] takes more and more importance, the study of the complexes of these
oligomeric materials with polycations is of increasing interest. Moreover, the applica-
tion of DNA—polymer complexes is not limited to gene therapy and they also find use
as DNA vaccines and biosensors.

Some challenges remain concerning the synthesis and structure of these
polymers; for instance, finding new biocompatible polymers other than PEG.
Moreover, in order to define clear structure—function relationships, it is necessary
to use new polymerization techniques to obtain well-defined materials rather than
randomized polymers [241]. Similarly, more architecturally controlled
macromolecules such as dendronized polymers appear to be promising prospects
in the field of polycations for gene delivery [242].
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Sizing, Shaping and Pharmaceutical
Applications of Polyelectrolyte Complex
Nanoparticles

M. Muller

Abstract This contribution reviews polyelectrolyte (PEL) complex (PEC)
nanoparticles prepared by mixing solutions of oppositely charged PELs, with
special focus on the regulation of their size and shape by PEL structural and
media parameters and on their pharmaceutical applications. Experimental and
simulation evidence indicates that salt and PEL concentration, pH, mixing ratio
and order, PEL molecular weight and topology are useful parameters for regulation
of the size and internal structure of spherical PEC nanoparticles. Experimental and
theoretical data are presented to show that PEL flexibility and stiffness are able to
influence and even control PEC nanoparticle shape. Finally, the options,
advantages, and challenges of dispersed PEC particles for pharmaceutical
applications are outlined, emphasizing the uptake and release properties towards
proteins and drugs and the interaction of these nanoparticles with cells.
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1 Introduction

Polymer-based nanoparticles are increasingly used for the immobilization, storage,
carriage, and release of drugs and proteins. In this context, the nanodimension
offers a high surface-to-volume ratio and allows interaction with biological systems
at their structural size level. Examples of widely known polymeric nanoparticular
systems for biomedical and pharmaceutical applications are polymer liposomes
[1, 2], block copolymer micelles [3, 4], solid polymer nanoparticles [5, 6], polymer
capsules [7, 8], and spherical PEL brushes [9]. Related to both systems and
applications, the aim of our work is to prepare nanoparticles on the basis of PEL
complexes (PEC) in aqueous media. Generally, PEC are the product of the volume
reaction between a polycation (PC*) and its counter anions (CA™) and a polyanion
(PA™) and its counter cations (CC™) according to:

PC*CA~ + PA~'CC* — PC—PA + CA~ + CC*

Three different product types resulting from PEL complexation in the volume
phase are shown in Fig. 1.

Molecular complexes containing few PEL (N < 10) are formed (clear
solutions) by mixing highly dilute polycation and polyanion solutions. Colloidal
aggregated structures (coacervate phase) containing nanoparticles of many PEL
(N > 100) are obtained (turbid dispersions) at increased PEL concentrations.
Microscopic to macroscopic precipitate structures are formed by mixing highly
concentrated polycation and polyanion solutions.

Our work is mainly focused on colloidal PEC particles, which are prepared by
mixing polycation and polyanion solutions in nonstoichiometric ratios [10—15], and
on exploring their potential to interact in a useful manner with pharmaceutically
and biomedically relevant compounds. The main issues of our research are repro-
ducibility in the preparation protocol, uniformity of size and shape, conservation of
colloidal stability after binding of compounds and the interaction with surfaces. In
typical PEC systems, standard cationic and anionic PELs and PELs of natural origin
(e.g., polypeptides, polysaccharides, and their modified analogues) are combined.
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Fig. 1 Structural product types resulting from PEL complexation

As well as PEL structural parameters, important parameters were found to be the
molar mixing ratio of charged units (n~/n"), concentration, pH, and ionic strength.
These parameters can regulate particle size [16], distribution, and shape [17] and
the interaction with surfaces [18-21]. Dynamic light scattering (DLS) and colloid
titration were applied to study the dispersions as well as scanning force microscopy
(SFM) and attenuated total reflection (ATR) Fourier transform infrared (FTIR)
spectroscopy for particle layers. Recently, the monomodality of PEC dispersions
was significantly improved by applying consecutive centrifugation, separation, and
redispersion steps of the coacervate phase. The improvement was explained by
“accelerated ripening” due to Ostwald ripening of the raw dispersion [16]. This
experimental finding was confirmed by recent simulation studies [22], which will
be commented on in Sect. 3.2.3 and in an article by Lebovka in this volume [23].

This contribution reviews the sizing and shaping of PEC particles and showcases
applications for pharmacy and biomedicine. Additional topics emerging at several
places in this contribution are the hierarchical aspect of PECs as aggregates of
primary particles (particles of particles), aspects related to the stoichiometric core
and nonstoichiometric shell, the softness and rather emulsive appearance, and the
compartmentation and porosity of the PEC internal structure (which opens
applications for loading and release of functional life science cargo such as proteins
or drugs). Although individually these single aspects seem to be understood,
together they are not completely consistent and even contradictory. Hence, this
review, phenomenologically rather than theoretically oriented, illustrating some
principles of manageable preparation and controllable properties and outlining
some usable life science applications of PEC nanoparticles, might be of value for
those sharing an interest in this field.

2 PEC Characterization and Preparation: Critical
Experimental Aspects

Mixing two oppositely charged PELs usually results in the separation of a milky
polymer-rich phase from a clear polymer-depleted phase. Given the task of prepar-
ing a PEL complex from standard PELs like poly(diallyldimethylammonium chlo-
ride) (PDADMAC) and poly(styrenesulfonate) (PSS), one would expect a similar
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outcome from three different laboratories. However, the three laboratories will
probably prepare the PEC sample by three different protocols and, of course, will
measure three different particle radii and distributions, probably using different
analytical methods and expertise. Hence, this section will not describe or propose
unified protocols for the reproducible analytical characterization and preparation of
PEC dispersions, but will give some experimental hints from selected experimen-
tally oriented reports for consideration and critical discussion.

2.1 Characterization

Dynamic and static light scattering (DLS, SLS), scanning force microscopy (SFM),
scanning electron microscopy (SEM), and transmission electron microscopy
(TEM) are still the main methods for determining the size and shape of PEC
particles in solution or turbid dispersions. Therefore, a short summary on the history
of size and shape analysis of PEC nanoparticles, with a focus on light scattering and
microscopy, will be given.

2.1.1 Static Light Scattering

General experimental and theoretical principles and modalities on the SLS charac-
terization of polydisperse particle systems can be found in the literature [24, 25]. To
the best of our knowledge, the group of Philipp and Dautzenberg were the first to
perform SLS studies on PEC dispersions. Comprehensive reviews on the approach
and modalities of applying SLS to PEC dispersions have been published [26, 27]. In
arelated early article [28], Dautzenberg et al. reported SLS and viscosimetry results
on the influence of charge density and mixing ratio of PEC dispersions containing a
cationic copolymer of acrylamide and N-methyl-N,N-diethyl-N-ethylacrylate and
an anionic copolymer of acrylamide and acrylate (see Fig. 2).

2.1.2 Dynamic Light Scattering

General experimental and theoretical principles and modalities of DLS applied to
polydisperse particle systems can be found in the literature [24, 29]. The first DLS
work on PEC particles came to our knowledge from Dubin and Davis [30]
and Kabanov and Zezin [11]. Dubin and Murrell reported early DLS studies on
PEL/micelle complexes, including characterization of protein/PEL complexes
such as the BSA/PDADMAC system and its pH dependence by DLS [3] (see Fig. 3).
Kabanov and Zezin reported DLS studies on the complexation between synthetic
poly(N-dimethylaminoethylmethacrylate  hydrochloride) (PDMAEMA) and
sodium polyphosphate and its dependence on the mixing ratio [11].

Recently, Lindhoud reported DLS titration studies on the reversibility and
relaxation behavior of PEC micelles composed of PDMAEMA, poly(acrylic
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Fig. 2 First SLS data (Zimm
plot) on PEC particle
dispersions consisting of
cationic and anionic

copolymers of acrylamide.
(From [28] with kind
permission of Wiley-VCH)
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Fig. 3 First DLS data on PEC particle dispersions prepared by mixing PDADMAC (1 mg/mL)
and BSA (6.7 mg/mL) solutions. The distributions of hydrodynamic diameters at various pH

values are shown. (From [31] with kind permission of ACS)

acid-block-acrylamide) and lysozyme, in which the light scattering intensity is
measured as a function of the composition [32] (see Sect. 3.2.1). Principles of
this novel DLS approach addressing kinetic structural equilibration processes on
PEC systems were reported earlier by van der Burgh [33] and will be also reviewed
in a dedicated article by Lindhoud and Cohen Stuart [34].
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Fig. 4 Cryo-TEM images of
PDADMAC (0.2 mg/mL)/
PSS (0.4 mg/mL) particles
(magnification: 90,000 x).
(From [36] with kind
permission of Deutsche
Bunsen-Gesellschaft)

2.1.3 Transmission Electron Microscopy

The first low resolution TEM images of PEC phases can be found in the review
article of Philipp et al. [12] and a research article of Tiersch et al. [35]. Therein, TEM
images of cast pure carboxymethylcellulose (CMC) featuring fibrillar network
structures are compared with those of a CMC/PDADMAC PEC sample featuring
domain-like structures. Later, Dautzenberg et al. [36] showed the first cryo-TEM
images of PEC particles of PDADMAC/PSS, which are given in Fig. 4. Therein,
singularized PEC particles featuring spherical shapes and a considerable amount of
polydispersity, which was supported by light scattering data, can be observed.

2.1.4 Scanning Electron Microscopy

Early SEM images on the PEC system consisting of an integral type polycation and
poly(methacrylic acid) (PMAA) were reported by Tsuchida and colleagues [37,
38]. The PEL solutions in the 0.01 M concentration range were mixed at a ratio of
n~/n* = 0.5. At first, no turbidity was registered, but after several hours the
solution became hazy. From this state on, SEM was performed on PEC samples
cast on a thin carbon layer and shadowed by gold, as shown in Fig. 5. Fibrous
extended and network structures with diameters below 1,000 nm were obtained in
this case, which were explained by a growth process along the rather stiff main
chains of the PELs due to hydrophobic interactions between neutralized PEC
regions.

In contrast to such morphologies, SEM images on adsorbed spherical PEC
particles were shown by Reihs et al. [20, 21], one of which is given in the Fig. 6.
PEC particles of PDADMAC/poly(maleic acid-alt-o-methylstyrene) (PMA-MS)
were adsorbed from 0.002 M PEC solutions onto silicon substrates, which had
been pretreated with a thin precursor multilayer of poly(ethyleneimine)/poly(acrylic
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Fig. 5 SEM images of the
PEC system consisting of an
integral type polycation and
polymethycrylic acid. (From
[38] with kind permission of
ACS)

Fig. 6 SEM images of
adsorbed PEC particles at a
silicon support modified by
PEM-6 of PEI/PAC. (From
[21] with kind permission of
Elsevier)
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acid) (PEI/PAC). Half-sphere morphologies were obtained due to flattening of
the soft PEC particles. The PEC particles appeared to form more of an emulsion
than a suspension.

2.1.5 Scanning Force Microscopy

One of the first SFM studies on PEC particles was reported by Wolfert and Seymour
[39], whereby complexes of poly(L-lysine) (PLL) and DNA were deposited and
their size determined. Early SFM studies on spherical PEC particles consisting of
synthetic PEI and poly(maleic acid-co-propylene) adsorbed onto mica came also
from Kramer et al. [40]. Singularized particles were obtained, whose size could
be related to that measured with DLS (166 nm). Similar adsorbed singularized
spherical particles of PDADMAC/PMA-MS were reported [16, 17], showing an
improvement with respect to monomodal size distribution.
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2.2 Preparation

2.2.1 Determination of True Charge

Before mixing oppositely charged PEL in defined stoichiometric ratios, the molar
concentration related to the charged monomer groups of polycation and polyanion
must be determined because the molar concentration of all repeating units is
definitely not identical to the molar concentration of the charges. This mismatch
is predominantly the case for weak PEL because their charge density (fraction
charged/all repeating units) is pH-dependent. This step is mandatory, even for
strong PEL, because highly charged PEL show counterion binding.

Colloid titration [41] is a powerful analytical technique for determining the
number or molar concentration of charges in a sample. Commonly, this can be
realized by a particle charge detector (Mutek, Herrsching, Germany) and involves
titrating a given PEL solution by a titrator solution of an oppositely charged low
molecular weight PEL (PDADMAC or poly(vinylsulfate) (PVS)) until a zeta-
potential of zero is reached. Zeta-potential is related to the voltage [mV] needed
to compensate the sheared ion cloud when a PTFE piston is periodically moved
within a PTFE tube filled with the sample PEL solution. Usually, a volume of 1 mL
of a 0.001 M sample PEL solution is further diluted to 10 mL and the titrator
solution is dosed in. From the volume of the consumed titrator solution, the factor
of the PEL solution is determined using F = consumed volume/probe volume.
Repeating units bearing one potential charged group (e.g., monobasic acid) can
ideally have a factor of F' = 1; those bearing two to three charges can ideally have
values of F = 2-3. To control the stoichiometry of the complexation of polyanion/
polycation mixtures, which is an often-used parameter for PEC dispersions, the
mixing ratio n~/n" has to be directly related to these obtained factors of the used
PEL solutions. Unfortunately, in the literature the reported n~/n* values are based
on different concentration expressions so that no consistent picture prevails when
parameters like turbidity, size or polydispersity are plotted versus n~ /n*.

In this review, we use the abbreviation e.g. “PEC-0.66" for PEC systems with a
mixing ratio n~/n* = 0.66, (i.e., a cationic PEC system) and e.g. “PEC-1.50" for
those with n~/n* = 1.50 (i.e., an anionic PEC system).

Different modes of realizing nonstoichiometric mixing ratios are possible. Some
authors always use equally concentrated solutions with respect to charge or monomer
concentration and control the mixing ratio by the volumes of the PC and PA solutions
(e.g., PEC-0.66 indicates 0.66 mL PA in 1 mL PC) [21, 42]. Others use differently
concentrated PC and PA solutions and use equal volumes or even different volumes.

2.2.2 Mixing Procedure

Mixing polycation and polyanion solutions to form PEL complexes is expected to
be dependent on the mixing type, protocol, and device because the irreversible
process is said to be kinetically controlled and local effects may play a role [12].
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However, the mixing protocol for polycation and polyanion solutions is not exten-
sively described in the reports on PEL complexation. Often, PEL solutions are
mixed (for the order of addition see Sect. 2.2.3) using magnetic stirrers at a fixed
velocity. Only a few systematic studies can be found describing this important
aspect.

Recently, Wagberg and coworkers reported the influence of mixing procedure
on the complexation of poly(allylamine) (PAH) and poly(acrylic acid) (PAC) by
comparing jet mixing [43] with the frequently used mode termed “colloid titration”
[44], which should not be confused with the analytical technique mentioned above.
They obtained small PECs for both low molecular weight PELs at short mixing
times, whereas for high molecular weight PELs PEC size first decreased with
decreasing mixing time until a minimum and then increased again. This behavior
was explained by diffusion-controlled formation of “precomplexes” occurring
sufficiently quickly so that stable complexes were formed. However, for larger
PELs non-equilibrium precomplexes prone to aggregation were formed. Compar-
ing the two mixing procedures, jet mixing gave smaller PECs, allowing mixing time
to control PEC size, whereas PEL titration gave larger PECs. Furthermore, higher
PEL concentration gave larger jet-mixed PECs.

Qualitatively similar results were obtained by Saether et al., who reported the
influence of mixing speed on the particle size of chitosan/alginate (CHT/ALG) PEC
particles [45] using an Ultraturrax procedure. With increasing mixing speed,
smaller CHT/ALG particles were obtained.

Schatz and coworkers reported another mixing procedure dependence, compar-
ing ordinary dropwise mixing with one-shot mixing [46] for the chitosan/dextran
sulfate (CHT/DS) system. They found that the rapid one-shot mixing process gave
PEC colloids with higher stability and lower diameters compared with the dropwise
mixing process.

2.2.3 Order of Addition

A very sensitive experimental parameter was found by several authors to be the
order of PEL addition when the PEL solutions are mixed slowly with one another
[47, 48]. In principle, nonstoichiometric mixing ratios n /n* < 1orn~/n™ > 1can
be experimentally achieved by dosing the minority component into the majority
component or vice versa. For example, a PEC-0.66 can be prepared by dosing the
minority PA solution into the majority PC solution (“‘minor-to-major”) or by dosing
the majority PC into the minority PA solution (“major-to-minor”). For the PEC
system of PEI/PAC we found smaller particle sizes for minor-to-major dosing and
larger ones for major-to-minor (see Fig. 7) [48]. Obviously, there is a dramatic
difference between minor-to-major dosing, which is related to the interval
n~/n* = 0.1-0.7 for addition of PEI to PAC (1. PEI 2. PAC) or n /n* = 1.0-1.6
for addition of PAC to PEI (1. PAC 2. PEI), and major-to-minor dosing, which is
related to the interval n~/n" = 0.9-1.6 for 1. PEI 2. PAC or n~/n* = 0.1-0.8 for
1. PAC 2. PEIL For the former case (minor-to-major), we suggest a more
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Fig. 7 Size of PEI/PAC —@— 1.PEI 2. PAC

particles versus n~/n”, at
cpeL = 0.001 M, pH = 10/4 —@— 1.PAC 2. PEI

for the order of addition PEI-
to-PAC (/. PEI 2. PAC) and
PAC-to-PEI (/. PAC 2. PEI).
(From [48] with kind 800
permission of MDPI)
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equilibrated consumption of the “dosed-in PEL” because the point of 1:1 stoichi-
ometry (not necessarily exactly at n/n* = 1) must not be exceeded. For the
latter case (major-to-minor), consumption of the dosed-in PEL is in a nonequilib-
rium state because the 1:1 point must be exceeded. Similar trends have also been
found by Schatz et al. [46, 49] and by Delair and coworkers [50] for the CHT/DS
system. Interestingly, rapid mixing (“one-shot,” see above) was reported to give
the same results [47]. This step-like behavior of the particle size in dependence on
n~/n*, which is diametrically different for 1. PEI 2. PAC compared with 1. PAC
2. PEI, was also obtained for the count rate.

Dosing the minority component into the majority component solution causes the
count rate to increase continuously up to 250-300 kHz at the more or less defined
range of 1:1 stoichiometry (n~/n* = 0.8-1.0), which holds for both 1. PEI 2. PAC
and 1. PAC 2. PEI scenarios. Exceeding this point (range) of 1:1 stoichiometry, i.e.,
starting to dose major-to-minor, the count rate falls stepwise to around 50-100 kHz
and maintains this level. Obviously, the stepwise increase in particle size is
paralleled by a corresponding drop in the count rate. This could be explained by
either a decreasing concentration or structural density of the particles. This lower
density of the particles obviously correlates with larger particle sizes.

On the basis of these findings, we suggest a more compact structure for PEI/PAC
particles mixed in the minor-to-major scenario than in the major-to-minor scenario.
An explanation is still speculative. However, based on the PEC formation scheme
given in Sect. 3.2.3, according to which the observed secondary PEC particles are
aggregates of primary particles, one could rationalize the two scenarios. For the
minor-to-major scenario, either cationic (1. PEI 2. PAC) or anionic (1. PAC 2. PEI)
secondary PEC particles are “electrosterically” stabilized by the excess like-charged



Sizing, Shaping and Pharmaceutical Applications of Polyelectrolyte Complex. . . 207

1.0 4 (L PEC0662x |
—e— PEC-066-1x |
—a— PEC-066-0x |-

0.8+

0.6 oo

o
L. 04-
0.2
0.0
1'0 | S '100
R, [nm]

Fig. 8 Size (hydrodynamic radius Ryy) distributions of PEC dispersions of PDADMAC/PMA-MS
(300 kg/mol/23 kg/mol, n~/n* = 0.66) with different numbers of centrifugation steps: PEC-0x no
centrifugation, PEC-1x one centrifugation, and PEC-2x two centrifugations. (From [16] with kind
permission of ACS)

PEI or PAC component. This is not the case for the major-to-minor scenario, where
immediately after exceeding the critical 1:1 stoichiometry the excess oppositely
charged PAC or PEI component can “crosslink™ the secondary particles to form
colloidal networks with lower structural density. We emphasize that for both scenarios
the suggested PEC structures are not in equilibrium and that local and kinetic factors
play a substantial role. The minor-to-major scenario might result in more “equilibrated”
PEC structures because the charge sign is never reversed, whereas the major-to-minor
scenario might result in “unequilibrated” and looser PEC structures.

2.2.4 Refinement

Another influence on PEC parameters can be achieved by post treatment of the PEC
dispersion. Among other treatments, freshly prepared raw dispersions can be refined
by consecutive centrifugation steps [16]. Thereby, the initial raw dispersion was
centrifuged, the supernatant discarded and the formed coacervate phase of the serum
dissolved again to the original volume. Figure 8 shows the effect of consecutive
centrifugation on PEC dispersions prepared by mixing 0.002 M PMA-MS into
0.002 M PDADMAC at a mixing ratio n~ /n" = 0.66. The black curve represents
the initial raw dispersion (PEC-0x), while dark gray and light gray curves represent the
dispersion after one (PEC-1x) or two (PEC-2x) centrifugations (11,000 revolutions/
min for 20 min), discarding the supernatant and redispersion of the coacervate phase
with an equal volume. While the polydispersity index (PDI) could be significantly
lowered from PEC-0x to PEC-1x to PEC-2x, the intensity maximum of the size
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distribution measured by DLS kept approximately constant at around 100 nm. How-
ever, the solid content was reduced to a certain extent because there was considerable
precipitation during the two centrifugation steps during the two centrifugation steps.
Furthermore, in PEC-0x and PEC-1x dispersions DLS signals at <20 nm were present,
while in PEC-2x ones they were absent, which can be explained by the removal of
primary PEC particles upon centrifugation in the sense of an accelerated Ostwald
ripening (see Sects. 3.2.3 and 3.3.2).

Other authors, e.g., Dautzenberg and Jaeger [51] and Pergushov et al. [52],
filtered the raw dispersions before SLS or DLS, respectively. Membrane syringe
filters with cutoff pores up to 450 nm were used, allowing removal of larger
aggregate particles and collection of smaller particles at a lower PDI.

3 Sizing of PEC Particles

PEC particle size can be influenced by various parameters related to preparation,
PEL structure, and the medium (pH and concentration of PEL and salt). Preparative
parameters have already been mentioned in Sect. 2.2. In this section, PEL structural
parameters (Sect. 3.1) and then media parameters (Sect. 3.2) influencing PEC
particle size will be discussed. Finally, sizing the internal structural density of
PEC systems by structural and media parameters will be outlined (Sect. 3.3). In
that frame, the pore size and the degree of compartmentation are important
observables. This is of high relevance for PEC-based pharmaceutical carrier
systems because pore size and compartmentation control the retention potential
of PEC systems towards low and high molecular weight drugs.

3.1 PEL Structural Parameters

The influence of PEL structural parameters such as weakness/strength, charge
density, molecular weight, linear or branched topology, and monomer properties
of charged copolymers on PEC particle size are reviewed.

3.1.1 Charge Density

The influence of charge density was addressed in early work of Dautzenberg and
colleagues [28] using a system of cationic and anionic copolymers of acrylamide.
They showed that for equal charge density of the PEL components, the “symplex”
particles adopt a compact structure, whereas in systems with strongly deviating
charge density of the PEL components a loose “fluctuating” structure prevails. This
finding was in line with later work of Dautzenberg and Jaeger [51] on cationic
copolymers of DADMAC and N-methylvinyl acetamide (NMVA) and anionic PSS.
The work of Mende et al. [53] on PDADMAC and degraded anionic copolymers of
acrylamide and acrylate (PAMAC) with varying charge density confirmed this
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finding, showing that the smallest and most stable PEC particles were found for the
PAMAC with charge density closest to that of PDADMAC, while the PAMAC with
low charge density had an opposite effect.

However, seemingly in contrast to the latter findings are recent studies of
Claesson and coworkers [54] based on a cationic copolymer of methacryloxyethyl
trimethylammonium (METAC) with varying portions of the nonionic poly(ethyl-
ene oxide) ether methacrylate (PEO45MEMA) and anionic PSS. They showed that
with decreasing charge density it was possible to obtain soluble PEC particles with
decreasing hydrodynamic radii to around 20 nm and increasing stability, even for
1:1 stoichiometry. This finding was explained by steric stabilization via the hydro-
philic PEO-decorated shell, which prevented secondary aggregation.

3.1.2 Molecular Weight

In a classical paper by Dautzenberg [26] on the standard PDADMAC(250 kg/mol)/
PSS system, no systematic change in the size and structural density with change in
Myw (8-1,000 kg/mol) of PSS was found. This finding was interpreted as a large
kinetic effect in the complexation process that suppressed the influence of molecu-
lar weight, but conflicts with the findings of several other authors.

The size of spherical PLL/DNA complexes deposited and dried on mica substrates
was studied by Wolfert and Seymour [39] by SFM using PLL M,, ranging from 4 to
225 kg/mol. From the height and radius of the flattened particles, the volumes were
determined and showed an increase with increasing PLL M,,. Figure 9 shows a plot of
the PLL/DNA particle dimension versus PLL M,. SFM images for DNA complexed
with PLL of M,, 4,000 or 225,000 g/mol are given in the insets of Fig. 9.

Recently, Hu and coworkers [55] reported on the influence of CHT Myy on the
particle size of carboxymethylpachyman (CMP)/CHT nanoparticles. Increasing
CHT My from 12,000 to 46,000 g/mol resulted in an increase of PEC particle
size from 135 to 279 nm. As an explanation, they emphasized that longer chains of
positively charged CHT molecules can complex with a larger number of negatively
charged CMP molecules.

Figure 10 shows our own results on the influence of molecular weight of PEI and
PAC on the size of PEC-0.6 and PEC-1.5 particles mixed at pH = 7/7 (i.e., PEC
solution at pH 7 and PAC solution at pH 7) [48]. In the case of PEC-0.6 particles,
only the M, of PEI was varied and for PEC-1.5 particles only the M,, of PAC was
varied, because we assume that the excess PEL dominates the shell region and
therefore is more effective for particle size changes. Only for the pH combination of
pH = 7/7 and only in the case of PEI was there a significant particle size enlarge-
ment of Dy = 120 nm to Dy = 380 nm upon increasing the My, of PEI from
1,300 to 750,000 g/mol (Fig. 10) for PEC-0.6 particles. For pH = 10/4 PEC-0.6
particles showed no significant dependence on the My, of PEI, for which we have no
straightforward explanation. Presumably, in the more compact state of PEI at
pH = 10/4 the formed PEI/PAC particles are not so sensitive to M,, variation.
Furthermore, neither for pH = 10/4 nor for pH = 7/7 was there a significant
enlargement of particle size with increasing M,, of PAC. Even for pH = 10/4
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Fig.9 Influence of poly(L-lysine) (PLL) molecular weight on the dimensions of PLL/DNA particles
obtained by SFM (see insets). (From [39] with kind permission of Nature Publishing Group)

there was a decrease of particle size with increasing My of PAC. Furthermore, it
should be noted that in our studies on PEI/PAC particle size parameters, the
smallest particle size of Dy = 80 nm was obtained for PEC-1.5, mixed at
pH = 7/7 at PAC M,, of 2,000 g/mol, which is evident from Fig. 10 (first open
square data point in bottom series).

3.1.3 PEL Topology: Linear Versus Branched

Imae and Miura reported complexation between fourth generation PAMAM
dendrimers (DEN) and poly(L-glutamic acid) (PLG) in 0.25 M NaCl [56]. They
observed a constant course for molecular DEN/PLG ratios X < 300 but a steep
increases of the PEC particles from around Rg = 100 nm up to Rg > 300 nm for
X > 300 (DEN and PLG concentration was 0.1% w/w) (see Fig. 11). This means
that DEN spheres bind to PLG chains like a loading process up to a certain
threshold value, but thereupon may act as crosslinkers for PLG chains, resulting
in larger aggregate-like PEC particles.

In principle, a similar behavior was found for cationic aromatic dendrimers
(excess component) complexed with DNA in studies by Shifrina and coworkers
aiming at positively charged DNA vectors [57].
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Fig. 12 Dendrimer/linear PEL/counterions conformations at the reduced temperatures © = 0.05
(a, d), t =02 (b, e), and 7 = 0.4 (c, f) for chain lengths of 10 (a—c) and 80 (d-f) beads,
respectively. The lines represent the dendrimer or linear polyelectrolyte; spheres represent the
counterions. (From [58] with kind permission of AIP)

Simulations on such charged dendrimer/linear PEL systems were made by Klos
and Sommer [58] based on one dendrimer binding at one charged chain, including
counterions, with temperature as the main simulation parameter. The results are
shown in Fig. 12. They found that the distribution of tail lengths of the adsorbed
chain depends on both temperature and length of the chain. Although for short
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Table 1 Combination matrix of linear and branched polycations and polyanions with respect to
count rate (scattering intensity) from DLS measurements

Polyanion/polycation-0.9 count rate [kHz]

Linear polyanion
(PSS, CS, ALG, HEP) Branched polyanion (DS)

Linear polycation (PDADMAC, PLL) 149 + 32 249 + 34
Branched polycation (PEI, DEAE) 250 + 47 108 + 6

Errors relate to the standard deviation among all measured polycation/polyanion combinations

chains, the tails are of nearly the same length, different scenarios were observed for
long chains. At very low temperatures two tails of equal length are preferred,
whereas at intermediate temperatures a long and a short tail are formed, and at
higher temperatures random fluctuations of tail length prevail. Tails of longer
chains in the complex are stretched at certain temperatures due to repulsion
between their beads and shrink further as temperature decreases due to multipole
attraction between the tails caused by chain counterion condensation.

Recently, we studied the effect of polycation and polyanion topology on the size
and count rate of PEC particles. Various combinations of branched and linear
polycations and polyanions were considered. The polycation/polyanion combinations
and preliminary results on the averaged count rates of the various PEC-0.9 particles
mixed at 0.002 M are given in Table 1 (unpublished data).

Interestingly, all PEC-0.9 samples showed roughly the same size of Ryy = 82 +
9 nm within the error range of the DLS measurements, while significant differences
were seen in the count rate, although partly the error values were quite high. The linear/
branched combinations like e.g. PEI/CS and e.g. PDADMAC/DS showed very high
count rates (250 £ 47 kHz), whereas the linear/linear (149 £+ 32 kHz) and especially
the branched/branched combinations (108 + 6 kHz) showed significantly lower count
rates. For equal particle sizes and distributions, and under the assumption of equal
particle concentrations and neglectance of particle chemistry variations, the count rate
(scattering intensity) roughly scales with the internal particle density. Hence, qualita-
tively it can be concluded that for branched/linear combinations higher internal struc-
tural densities prevail compared to the other combinations. One reasonable argument
for these results might be the higher interpenetration between branched and linear PELs
in contrast to the lower interpenetration between two branched PELs.

3.1.4 Selected Copolymers of Charged and Uncharged Functional
Comonomers

Ethylene Oxide Comonomers
Kabanov et al. [59] reported nonstoichiometric complexes between cationic poly

(N-ethyl-4-vinylpyridinium) and anionic block copolymer poly(ethyleneoxide-co-
methacrylate). This system revealed highly soluble stoichiometric PEC particles,
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which were stable in a much broader pH range than PEC particles containing the
anionic homopolymer. These PEC particles were claimed to feature a neutral core
of complexed PELs decorated by a PEO shell, which can be denoted as block
copolymer micelles.

N-Isopropylacrylamide Comonomers

It is well known that poly(N-isopropylacrylamide) (PNIPAAM) systems undergo
thermotropic phase transitions, resulting in polymer segment density increases at
temperatures higher than the lower critical solution temperature (LCST) [60]. This
phase transition is associated with a loss of external hydrogen bonds of the amide
units to water and a gain of internal hydrogen bonds between amide units expelling
water from the aggregated phase. Copolymers of NIPAAM with charged monomer
units can result in a loss of this thermotropic behavior. Dautzenberg and coworkers
checked whether the complexation of a cationic copolymer of NIPAAM [poly
(methacryloyl-oxyethyldimethyl benzylammonium chloride)] with an anionic
copolymer of NIPAAM [poly(2-acrylamido-2-methylpropanesulfonate)] can
regain the known thermotropic properties of the homo PNIPAAM [61]. Indeed,
they could show significant decreases of the particle size of a PEC-0.6 at a NaCl
concentration of 0.01 M from Ry = 200-240 nm at temperatures below LCST to
around Ry = 100-140 nm at temperatures above the LCST. Furthermore, this
process was reversible and accompanied by a respective increase and decrease in
structural density of the PEC system. Such a thermoswitchable change in structural
density may have interesting consequences for applications like the controlled
uptake and release of drugs or enzymes.

Kleinen and Richtering [62] complexed microgels of weakly crosslinked
P(NIPAAM-co-methacrylic acid) PINIPAAM-co-MAA) with PDADMAC and the
resulting submicron particles showed thermosensitive behavior (see Fig. 13). A signif-
icant drop in the hydrodynamic radius of PEC from around Ry = 300-350 nm
(X = 1:0.2-1:1.25) at 20°C to around Ry = 120-170 nm at 45°C took place. The
lower the PDADMAC content in the PEC, the higher was the particle size in the
swollen state and the higher was the size difference between swollen and compact state.

Nolan, Serpe, and coworkers showed that thermoresponsive PEL complex films
containing poly(N-isopropylacrylamide-co-acrylic acid) and PAH fabricated by the
layer-by-layer (LbL) technique could load and release doxorubicin [63] or insulin
[64] under temperature control. No such behavior was shown to our knowledge for
PEC particle systems of equivalent oppositely charged PNIPAAM-derived PEL
components.

Amphoteric Terpolymers of Oppositely Charged and Neutral Blocks
Recently, water-soluble micellar PEC particles formed by the self-complexation of

polyampholytic amphiphilic polybutadiene-block-quaternized poly(2-vinylpyridine)-
block-poly(methacrylic acid) (PB-b-P2VPQ-b-PMAA) triblock terpolymers were
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Fig. 13 Hydrodynamic radii of complexes of PINIPAAM-co-MAA)/PDADMAC. Squares show
complexes of low My PDADMAC with ratios of 0.2 and triangles those with ratios of 1.25.
Circles show a complex consisting of microgel and an excess of 1.18 of high My PDADMAC.
Filled symbols represent heating curves and open symbols cooling curves. (From [62] with kind
permission of ACS)

reported by the groups of Schacher and Pergushov [65, 66]. These PEC systems self-
assemble to multicompartment micelles in aqueous media featuring a hydrophobic
PB core and complexed PMAA(—)/P2VPQ(+) domains on the PB core formed by
electrostatic interaction. In the corona of these micelles, excess portions of the
respective PEL block (PMAA or P2VPQ) with the higher polymerization degree
are located and provide their solubility and colloidal stability in water. Formation of
the multicompartment structure of these PEC micelles is highly dynamic, so that the
authors claim applications as temporal carriers for various compounds. More details
on these dynamic micellar PEC systems can be found in a dedicated article by
Pergushov [67].

3.2 Media Parameters

The influence of mixing ratio X = n~/n*, PEL concentration (cpgr), and salt
concentration (cs) on PEC particle size will be reviewed in this section.

3.2.1 Mixing Ratio

Mixing ratio is the parameter that is by far the most used and varied in experimental
studies on PEC particles, wherein the most frequent observable is turbidity. Mixing
ratio is also used to influence PEC particle size.

In a classical report by Kabanov and Zezin [11], the radius of gyration (Rg) as
well as the average number of polymers of PEC particles of PDMAEMA/
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polyphosphate was determined by SLS. A drastic drop of Rg from 49 nm at
X = 0.067 down to 27 nm at X = 0.5 and a respective rise of average polymer
number from 1.4 up to 10 was found (Fig. 14). They interpreted these effects by the
original coil dimension of PDMAEMA at X = 0.067 and the existence of a ladder-
like structure at X = 0.5.

In a further classical report by Dautzenberg [68], the molecular weight and size
of PDADMAC/PSS particles were studied in dependence of the mixing ratio.
A slight decrease in molecular weight and a strong decrease in the size from around
400 nm (X = 0.1) to 200 nm (X = 1.0) was found with increasing mixing ratio in
the saltless system, which was qualitatively interpreted as an increase in structural
density when X approaches 1:1 stoichiometry because mutual charge-compensated
chains might be more compactly coiled. However, it is argued that polydispersity
effects might overestimate this structural density effect. In the presence of ionic
strength (cg = 0.01 M), the particle size and molecular weight were generally much
smaller and the size increased slightly with X from around 50 nm (X = 0.1) to about
120 nm (X = 1.0). This was interpreted by a lower aggregation number of the salted
system (N =~ 30 chains per PEC particle) compared to the salt-free system
(N = 1,000 chains per PEC particle). Possibly, these already compact smaller
PEC particles increase size by additional aggregation upon loosing excess charge.

Although in these studies the mixing ratio did not exceed X = 1, Buchhammer
et al. [69] reported the influence of the mixing ratio on the PEC particle size for
PDADMAC and a copolymer of acrylamide and acrylic acid (Praestol). When the
minority component was dosed to the majority component (see Sect. 2.2.3),
the PEC size decreased very slightly from X = 1.6 to X = 1.0, which might support
the classical findings above. However, exceeding this quasi-stoichiometric (1:1)
point by dosing the majority to the minority component, a significant abrupt size
increase from 130 nm to around 330 nm at X = 0.8 was obtained. This was
paralleled by a significant drop in the PDI. The authors explain this effect by the
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early formation of (loose) larger PEC particles, which are stabilized by the further
addition of excess PEL so that no secondary aggregates are formed (low PDI). By
contrast, when the minority component is added to the majority component an early
formation of small compact particles takes place, which can readily aggregate to
different aggregate sizes (high PDI).

Schatz and coworkers [49] reported similar trends for CHT/DS particles, where
CHT had a low charge density. Under these conditions, PEC size also dropped from
about 1,000 nm at values of X = 20 down to about 400 nm at X = 1; however, PDI
values were 0.2 and higher, with no significant X dependence.

Also related to mixing ratio variations van der Burgh [33] at first reported and
discussed DLS titration experiments on complexes between homopolyelectrolytes
(HP, e.g. PDMAEMA) and oppositely charged diblock copolymers (CP, e.g. poly
(acrylic acid-block-acrylamide)) under variation of the cationic fraction F* = HP/
(HP + CP) related to the chargeable monomer units, which were later reviewed and
extended by Lindhoud [32]. Based on plots of light scattering intensity as function
of the composition I(F*) these authors claimed a symmetrical pattern consisting of
four regions (I-1V). Starting at F'=0, I(F") increases slightly upon titrant (HP)
addition, which has been argued to be due to the formation of small soluble
complexes having a negative charge (I). Thereupon at a certain F" value the slope
(dI/dF") becomes steeper and PEC micelles start to form (II) until at F* ~ 0.5 the
system is neutral and maximum intensity (micelle number) is found. Further
increase of F* results in the disintegration of PEC micelles, leading to a decrease
of I(F") similar to the formation of micelles (II[) but with negative slope. Finally,
the slope becomes less pronounced, and the solution contains again soluble
complexes (disintegrated micelles) but with positive charge (IV).

3.2.2 PEL Concentration

At first glance, PEL concentration seems to be an easily and frequently applied
parameter that can influence PEC particle size. However, only a few related reports
are available in the open literature.

Among them, Dautzenberg et al. reported early work on the influence of PEL
concentration on the mass (M,,, not to be confused with the molecular weight of the
PEL components) and size (herein: Rg = a,,) of PEC particles, based on SLS
measurements of the PDADMAC/PSS system [27] (see Fig. 15). The plot of
R versus cpgp could be fitted by a simple power law of the type Rg ~ cPELO'SS
and that of My versus cpgp, by My ~ CPEL1'70. Moreover, the direct dependence
between Rg and My, reads Rg ~ My %170 = My, %34, from which an exponent
close to 1/3 could be obtained, which is in line with the expected classical relation
for homogeneous spheres or polymer globules (Rg ~ My’>%). In this work, the
structural density of PEC particles was found to be invariant of concentration and
was p = 0.43 g/mL.

Furthermore, Schatz et al. [49] reported the influence of cpg on the size of
biopolyelectrolyte complex particles of CHT/DS. Increasing particle sizes were
obtained with increasing DS concentration, but only at high mixing ratios n*/n".
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Fig. 15 Dependence of PEL concentration on the My, of PDADMAC/PSS PEC particles. (From
[27] with kind permission of ACS)

Reihs and coworkers [17] reported nanoparticular complexes between
PDADMAC or PLL and copolymers of maleic acid at n /n" = 0.6, which
increased in size from around 60 to 120 nm by increasing cpg; .. This was explained
by subsequent exceeding of the overlap concentration of either of the PEL
components, which increased the complexation and aggregation probability.

Recently, the dependence of PEC particle size on PEL concentration (cpgr ) was
reported by our group [48]. PEC-0.6 particles of PEI/PAC were prepared in
dependence of cpgp, whereby PEI with My, = 750,000 g/mol and PAC with
M,, = 50,000 g/mol were used in these series. The plot of particle size and count
rate versus cpgr is given in Fig. 16. Generally, by varying cpgy it is possible to
generate PEC-0.6 particles of PEI/PAC with defined diameters Dy of 200—1,000 nm.
Generally, the PEC particle size increased with cpg. However, for cpgr, > 0.01 M,
the PEC dispersions tend to instability, as can be seen from the drop in count rate. As
an explanation for the increasing PEC particle size with increasing cpg; we assume an
influence of the Debye length, which is a measure of electrostatic reach. As pointed
out by Wandrey [70], not only increasing salt but also PEL concentration decreases
the Debye length of a PEL system. Hence, based on the model of aggregation of
primary PEC to secondary PEC particles due to short range dispersive interactions,
we suggest that increasing cpgr results in reduced electrostatic repulsion between
like-charged primary PEC particles and thus in their elevated dispersive attraction.
Furthermore, an increase in cpgr, might also result in a larger number of primary PEC
particles per volume. Both could lead to larger secondary PEC particle sizes, but
exceeding certain cpgp. values can also lead to precipitation.
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3.2.3 Salt Concentration

The influence of salt on colloidal PEC parameters like size (and structural density)
can be divided into two scenarios: (1) salt addition during complexation, being
already present in the PEL solutions, and (2) salt addition after complexation to
already-formed PEC dispersions.

Salt Addition During Complexation

A classical paper on the effect of salt on PEL complexation has been given by
Dautzenberg [68]. PEC particles of the standard PDADMAC/PSS system were
prepared at a PEL concentration of cpg, = 0.00025 M (PSS) and cpg;, = 0.0005 M
(PDADMAC) in the presence of no, 0.01 M and 0.1 M NaCl.

For no salt, the PEC particle size (Rg) dropped from around 300 nm at mixing
ratio X = 0.1 to about 130 nm at X = 0.95. For 0.01 M NaCl, Rg kept constant at
about 40 nm at X = 0.1-0.9. For 0.1 M NaCl, at X = 0.1 Rg = 50 nm, which was
slightly higher than for 0.01 M, and increased to about 120 nm at X = 0.95. For
X = 0.5, the PDADMAC/PSS system was studied at a higher resolution of NaCl
concentration, resulting in a pronounced minimum at around 0.005 M, which is
shown in Fig. 17. This was explained by a double influence of ionic strength and
thus the charge screening on PEC particles, which is based on the hypothetical PEL
complexation scenario of rapidly formed primary molecular complexes prone to
secondary aggregation. In this picture, on the one hand increasing salt concentration
favors coagulation of PEC (primary) particles to larger (secondary) particles, while
on the other hand the PEL shells of the finally formed PEC aggregates shrink.
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Fig. 17 Dependence of size parameters (Mw and Rg) of PEC particles of PDADMAC/PSS at
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Fig. 18 Scheme of the PEC formation process, as supported by experiment and simulation [22].
(From [48] with kind permission of MDPI)

In comparable experiments using PDADMAC/poly(maleic acid-co-propylene) at
cper. = 0.001-0.004 M, Pergushov and Buchhammer found an increase in the hydro-
dynamic radius Ry from100 nm with no NaCl to 300 nm at 0.23 M NaCl [71]. In these
experiments, the resolution of the salt concentrations was lower. Presumably, at
cNac1 = 0.005 M a minimum of Ry for PDADMAC/PSS would also have been found.

The influence of salt on biopolyelectrolyte complexes was also shown by Schatz
and coauthors [46]. These authors observed a decrease of particle size from around
450 nm to 250 nm by increasing salt concentration from 0.005 to 0.1 M. However,
they used rather high mixing ratios of n*/n~ = 5.

These experimental findings were confirmed by recent simulation studies of
Starchenko et al. [22], supporting the idea that the PEC formation process can be
subdivided into an initial rapid formation of molecular or primary complex particles
(Ry = 5-20 nm) and a subsequent aggregation of these primary particles to sec-
ondary particles. This proposed scenario is shown in Fig. 18. Primary particles are
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suggested to consist ideally of only one or a few polycation/polyanion pairs held
together by long range electrostatic interactions. Since the whole PEC formation
process is claimed to be athermal [10, 72], the driving force of the evidently
occurring polycation/polyanion pairing is claimed to be the gain of entropy when
the respective counterions are released (“escaping tendency of the counterions”
[10]) from their parent PEL backbone. By contrast, secondary particles, the final
particles found in a freshly prepared raw PEC dispersion, consist of some 100
primary PEC particles held together by short range dispersive interactions. It might
be speculated that this second process is slightly enthalpic (i.e. exothermic) because
no entropy gain is expected during this process. We see this aggregation process of
primary to secondary PEC particles in the line of the classical concept of Ostwald
ripening [73]. According to Voorhees [74], Ostwald ripening denotes “a first-order
transformation process resulting in a two-phase mixture composed of a dispersed
second phase in a matrix. However, as a result of the large surface area present, the
mixture is not initially in thermodynamic equilibrium. The total energy of the two-
phase system can be decreased via an increase in the size scale of the second phase
and thus a decrease in total interfacial area. Such a process is termed Ostwald
ripening or coarsening” . Transferred to colloidal systems, this means that a dispersion
of small primary colloid particles below a critical size tends to become unstable and
thus aggregates to larger secondary particles until theoretically reaching one final
macroparticle to decrease surface area. Since Ostwald assigned the final aggregated
product state to a lower energy than the initial unaggregated educt state, it might be
questioned whether the process should be of enthalpic nature. However, this
dynamic (see Sect. 3.1.4) and occasionally long-term irreversible process is
influenced by the two classic types of colloid interaction forces: the short range
(<5 nm) dispersive attractive force and the long range (5 nm) electrostatic
repulsive force, which was summarized in classical DLVO theory [75, 76].

Salt Addition After Complexation

Examining the salt effect on already-formed PEC particles is a completely different
task. The response or stability of the PEC system can be studied on the colloidal
level as well as on the (molecular) ionic binding level. Generally, the salt tolerance
of the PEC system concerning ionic binding is quite large. Dautzenberg [68]
claimed such ionic binding stability up to cs = 4 M. The salt tolerance concerning
colloidal stability is lower because flocculation and aggregation sets in with
increasing cg, beginning at cg ~ 0.6 M. This can be illustrated by the observation
that the structural density remains constant, even for cg > 0.6 M. However, the
latter salt-mediated colloidal stability is also crucially dependent on the mixing
ratio because the more nonstoichiometric the mixing ratio (i.e., the greater the
deviation from neutrality: n~/n* > 1 orn~/n* < 1), the thicker is the surrounding
excess PEL shell. In other words, PEC particles with thicker PEL shells have higher
salt tolerance. The influence of ionic strength on size parameters of already-formed
PEC particles was also shown in a narrower cg range with higher resolution by
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Fig. 19 Salt dependence of radius (ay,), and structural density (p) of PEC Cop47/NaPMA at
X = 0.6 for different monovalent salts: black circles NaCl, black triangles LiCl, and open
triangles KCl. (From [77] with kind permission of ACS)

Dautzenberg and Kriz [77] for a copolymer of PDADMAC and acrylamide
complexed by polymethacrylate. A constant mixing ratio of X = 0.6 was used
and LiCl, NaCl, and KCI were used as the salts. As shown in Fig. 19, using this
salt addition mode, there was an increase from around 70 nm at cyac; = O up to a
sharp peak of 370 nm at around cn,c | = 0.5 M and a decrease to again around
80 nm at cnacr > 0.5 M.

The other salts showed a similar trend, which was interpreted in terms of salt-
induced aggregation of small soluble complexes to larger aggregates at salt
concentrations of 0-0.5 M, which was also supported by the decrease in PDI to a
value suggesting monodisperse, large aggregate particles. To explain the sharp
particle size drop for cg > 0.5 M, dissolution of PEC aggregates to small soluble
complexes or partly to the PEL components was proposed. The change in structural
density p with cg is in line with this finding because at low c¢g PEC particles have a
typical value of p ~ 0.4 g/mL, which drops down to 0.001 g/mL due to formation
of loose larger aggregates (370 nm for NaCl) at cg ~ 0.5 M. It is surprising that p
stays approximately constant for cg > 0.5 M, since the radii were again about the
same as the initial p values at low cs.

324 pH

In Fig. 20, the influence of pH combination on PEC particle size is shown for
the PEC system consisting of the weak PELs PEI (M,, 750,000 g/mol) and PAC
(M,, 50,000 g/mol) at the molar mixing ratio n~/n* = 1.50. Significantly, a
decrease in particle size from Dy ~ 400 to ~ 160 nm was obtained with decreas-
ing values of pH (10, 8.5, 7, and 4) of the PEI solution at a constant pH = 4 of the PAC
solution. This trend can be explained at the intramolecular level by the graded charging
up of the PEI, resulting in a rather stretched conformation. Moreover, for pH = 4/10 a
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Fig. 20 Influence of pH combination (pHpgi/pHpac) on the diameter Dy of PEC-1.5 particles of
PEI/PAC (n~/n" = 1.5, cpgr. = 0.005 M). (From [48] with kind permission of MDPI)

further size drop was seen, since both PEI and PAC were fully charged. At the colloidal
level, the accepted model of aggregation of small primary PEC particles to larger
secondary particles [22, 71] could be an explanation. For that model and that system,
the lower charge screening at lower ionic strength led to the repulsion of primary PEC
particles and therefore to lower coagulation tendency and lower particle size. Analo-
gously, the highly charged primary particles of PEI/PAC at pH = 4/10 may have a
lower coagulation tendency due to mutual electrostatic repulsion, compared to the
lower charged primary particles formed at pH = 10/4 due to electrostatic attraction.

3.3 Sizing the Internal Structural Density of PECs

Sizing or tailoring the internal structure of PEC systems in terms of density, mesh
size, porosity, hydration or even charge compensation types (PEL/PEL vs. PEL/
ion) is of great relevance for PEC applications such as membranes [177, 178], ion-
conductive materials [179, 180] and drug delivery (see Sect. 5.2). However, like
many other materials, PEC material features various structural levels, which are
partly given in Fig. 1. Herein, we focus on PEC nanoparticles, which can be
singularized (Sect. 3.3.1) or secondarily aggregated (Sect. 3.3.2).

3.3.1 Internal Structure of Singularized Nanoparticles

Dautzenberg studied the influence of the mixing ratio on the structural density p of
PEC-PDADMAC/PSS [26]. A slight linear increase from around 0.4 g/cm3 at
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X < 0.5 up to around 0.5 g/cm® at X = 1 was found, which was interpreted to
mean that the formation of new particles rather than further growth dominates the
density/mixing ratio profile. Furthermore, PDADMAC concentration had no sig-
nificant influence on p, which stayed constant for cppapmac Of 1075 to 1073 M,
and neither did ionic strength show any influence on p. The results implied that
individual PEC particles may aggregate, but in principle their internal structure
remains unaltered. However, based on the P(DADMAC-co-acrylamide)/PSS sys-
tem [36] with decreasing DADMAC content, and thus charge density, PEC
particles were found to decrease in p due to increasing charge mismatch. There-
fore, charge density was claimed to be an important parameter for the swelling
degree of PEC particles. Of course, in PEC systems of oppositely charged
copolymers of PNIPAAM dramatic temperature-dependent increases from p ~ 0.1
g/em® at 25°C to p =~ 0.7 g/em® at 50°C can be found. Therefore, such thermo-
tropic PEC systems are most interesting for applications such as triggerable drug
delivery.

Related to this, Wagberg and colleagues [78] studied subtle molecular effects on
the internal structure of PECs. These authors found that replacing PAC by poly
(methacrylic acid) (PMAA) in PECs containing PAH revealed a significant increase
in the water content and particle size.

3.3.2 Internal Structure of PEC Aggregates

In the previous section, considerations on the internal structure of PEC systems
were raised on the singular particle level. This section discusses aggregated
systems. Secondary PEC aggregation, where primary PEC particles aggregate to
larger clusters [16, 22] in some analogy to Ostwald ripening, is of relevance. Such
aggregate particles may adopt ‘“raspberry” structures, where large spherical
particles form the envelope of many smaller particles. However, only few experi-
mental proofs (such as microscopy) for such structures have been reported up to
now. This could be explained by the soft and water-rich nature of such raspberry-
like PEC particles, where the soft primary particles might show no sufficient
distinction due to fusing (PEC dispersions might be better described as emulsions).
Nevertheless, raspberry structures were obtained in some selected examples, where
hydrophobic PELs were used for complexation (unpublished results).

Recent contributions on the internal structure of macroscopic PEC systems
circle around the term “saloplasticity” raised by Schlenoff and coworkers
[79-81]. Saloplasticity denotes and makes use of the phenomenon that upon
addition of salt the PEC material becomes more fluid-like and hence formable.
This property is seen as analogous to thermoplasticity, which denotes changes in
polymer material properties with increasing temperature. Earlier results on PEC-
related PEL multilayer (PEM) saloplasticity (denoted therein as “salt softening”)
were reported by Fery and coworkers [82], who studied the effect of salt
concentration on the mechanical elasticity and compressibility of hollow PEM
capsules.
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4 Shaping of PEC Particles

Shaping aspects of PEC particles, especially on the nanolevel, is a relatively new
field, although early interesting experimental work addressing other aspects has
been carried out. For example, the groups of Gelman [83] and Shinoda [84]
performed early experiments on a molecular level, focusing on what one would
nowadays call the template effects of the semiflexible host PEL molecules on the
conformation of the oppositely charged guest PEL molecules (see Sect. 4.2.2).
These authors used combinations of charged homopolypeptides and oppositely
charged polysaccharides in low concentration ranges, but to our knowledge did
not observe or study colloidal aspects such as phase separation and nanoparticle
formation. Hence, neither particle size nor shape aspects were addressed. However,
due to the potential applications, these early original experiments together with
more recent results (including colloidal aspects) will be discussed further.

4.1 Spherical PEC Particles

PEC particles with a spherical shape are the most prominent and the possibility to
influence their overall particle size has been extensively described in Sect. 3.
Additional internal shaping aspects within spherical PECs can be seen in the ratio
between the more flexible hydrophilic nonstoichiometric shell and the more com-
pact hydrophobic stoichiometric core part of PEC particles, according to a widely
claimed PEC model [85]. Such internal shaping presumably could also be
influenced by structural and media parameters. However, analytical access to the
internal structure of water-rich and therefore emulsion-like rather than suspension-
like PEC particles is limited with the present analytical techniques. More informa-
tion can be obtained on the overall external shape of PEC particles.

4.2 Rod-like PECs

4.2.1 PECs of Synthetic Polyelectrolytes

In contrast to spherical PECs, studies on rod-like PECs are less known and to date
there are few reports on the influence of the PEL conformation (globular, flexible,
or stiff) on the shape (spheres, rods, disks) of the final PEC particles, which could be
used for structuring or scaffolding purposes on the nano- or microlevel of e.g.
biomaterials. An initial nice example on templating elongated nanoscopic
structures of PEC by inherently stiff PEL was given by Rabe and coworkers [86].
Complexes between stiff dendronized poly(styrene) bearing protonated
peripherical amine groups (PG4) and DNA are reported. In Fig. 21, high resolution
SFM images of PG4/DNA complexes deposited onto mica are shown.
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Fig. 21 High-resolution
SFM image of DNA/PG4
complexes of charge ratio
1:0.7 precipitated onto poly-
L-ornithine-coated mica. The
scale bars represent 250 nm.
(From [86] with kind
permission of ACS)

Fig. 22 AFM height image
(z range: 10 nm) of spin-
coated IPECs of CPB/PSS
(13,000 kDa)

(CPEC =0.02 mg/mL,
n~/n* = 0.1) on mica.
(From [87] with kind
permission of ACS)

Stiff chain structures are visible. At even higher resolution, evidence was found
that the DNA wraps periodically around the dendronized polymer core of PG4, so
that a defined regular pitch of 2 nm could be determined.

Recently, Ballauff and coworkers [87] reported complexes consisting of cationic
cylindrical PEL brushes (CPB) and anionic PSS. The CPB consisted of a long
polyvinyl-based backbone (1,500 repeating units) to which poly[2-(methacryloyloxy)
ethyl]tri-methylammonium iodide (PMETAI) with 84 repeating units were grafted.
An AFM image of spin-coated dilute solutions of complexes of CPB and a short chain
PSS (13 kDa) is shown in Fig. 22 for a low ratio n~ /n* = 0.1. Wormlike structures
were obtained, which changed to pearl-necklace and finally to spherical structures
(n~/n* = 1.0) upon increasing the n~/n" ratio. Using long chain PSS (22,000 kDa),
only a transition from worm-like extended to spherical structures was observed.

Moreover, Maskos and coworkers [88] reported topologically controlled
interpolyelectrolyte complexes involving high- and low-charged cationic
cylindrical CPB based on PEI macromonomers (PMMPEI) and anionic PSS
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macromonomer (PMMPSS) precomplexed with dodecyltrimethylammonium bro-
mide (C;,) in DMF. Applying SLS, DLS, and AFM, elongated shapes were
observed only for the PEC of the low-charged PMMPEI and PMMPSS-C,,,
whereas the PEC consisting of highly charged PMMPEI resulted in spherical
particle shapes. The authors claim that the first type (low charge) corresponds to
thermodynamically controlled PEC particle structures allowing topological control,
while the second type (high charge) corresponds to kinetically controlled structures
with no topological control. No dependence on the order of addition was only
observed for the first type, which supports the assumed equilibrium state of this
PEC type.

In the line of these studies, we investigated rod-like PEC particles using stiff
cationic o-helical PLL as the templating PEL component to be complexed by a
flexible polyanion [16]. On the one hand, the a-helix of PLL might be induced by
media parameters like pH or certain salt ions, as used for the fabrication of
anisotropic related PEM. On the other hand, early work by Shinoda et al. [89]
based on circular dichroism (CD) spectroscopy reported induction of the a-helical
conformation of PLL by certain polyanions. PAC was used, which was claimed to
form a stoichiometric left-handed superhelix around the right-handed o-helix of
PLL. However, this polyanion/PLL templating effect on the intermacromolecular
order was not studied further on the supramolecular, nanoscopic, or even colloid
level.

4.2.2 Biorelated PEC of Charged Homopolypeptides
Influence of the Complexing PEL

We started this area of research with systems based predominantly on PLL and
copolyanions of maleic acid (PMA-X) and olefins (X) [17]. Using CD spectros-
copy, we could show that the copolyanion of maleic acid with a-methylstyrene
(PMA-MS) induced the random coil conformation, whereas the same copolyanion
with propylene (PMA-P) resulted in the a-helical conformation, respectively [17]
(see Fig. 23).

In both cases, the PLL and copolyanion solutions were kept at pH = 6, at which
it is known that PLL adopts exclusively the random coil conformation. Hence, the
induction of the a-helical conformation by PMA-P, which does not occur for PMA-
MS, is assumed to be a macromolecular templating effect. As an explanation, we
suggest that preaggregated globular structures of PMA-MS in accordance with
Garnier et al. [90] prevent a-helix formation of PLL within PLL/PMA-MS complex
particles. The unaggregated and more extended structures of PMA-P in solution
before complexation with PLL are assumed to favor the a-helical conformation of
PLL within PLL/PMA-P complex particles. The influence of other complexing
polyanions on the PLL conformation were also studied at pH = 6/6 (PLL/polyanion)
[19]. Analogously to PMA-P and PMA-MS, polyanionic o-helix formers and o-helix
breakers could be identified. This macromolecular templating effect also showed
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Fig. 23 CD spectra of dispersions of the PECs PLL/PMA-MS (solid line) and PLL/PMA-P
(dashed line) in the range between 180 and 250 nm. (From [17] with kind permission of ACS)

Fig. 24 SFM images of solution-cast nanoparticles of the PECs PLL/PMA-MS and PEC PLL/
PMA-P at Si supports (cpgr. = 0.002 mol/L, n~/n* = 0.6). (From [17] with kind permission of ACS)

morphological consequences on the nanoscopic or colloidal level, which are shown in
Fig. 24. PLL/PMA-MS revealed half-spherical singularized particles with diameters
of around 300 nm, whereas PLL/PMA-P featured needle-like particles.

The specific intermolecular interaction of polyanions with PLL has been a
challenging topic. To our knowledge, the groups of Gelman [83, 91], Shinoda
[84, 89], and Stone [92] initiated studies based on CD spectroscopy on the induction
of PLL conformations by synthetic and biorelated polyanions. Factors like the
conformation and configuration (even tacticity) as well as the number, type, and
position of anionic groups (especially those in anionic polysaccharides) were
shown to have a decisive influence on the conformation of PLL in the PLL/
polyanion complex. Later Bystricky and coworkers [93, 94] contributed to this
topic with CD measurements on stoichiometric pectate and ALG complexes with
PLL or poly(p-lysine) (PDL). They emphasized the influence of the stereochemistry
and thus the spatial arrangement of charges of a pectate rich in a-p-galacturonan
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and of an alginate rich in a-L-guluronate units. These authors concluded that the
conformation of this ALG form is too stiff (twofold helix) and can interact neither
with PLL nor with PDL effectively due to a lack of charge matching. Whereas this
pectate form exhibits more conformational freedom, both twofold and threefold
helices are possible and thus it allows better charge matching. However, this was
only found for pectate/PLL and not for pectate/PDL. Therefore, the handedness of
the polysaccharide was claimed to also have an influence and the authors finally
concluded that PLL shows both a-helical induction and complexation with right
handed anionic polysaccharides, whereas PDL shows o-helical induction and
complexation with left-handed polysaccharides.

Such model interaction studies will find a certain “renaissance” in the framework
of the interaction between anionic polysaccharides constituting the extracellular
matrix (ECM) and proteinogenic growth factors (cytokines), which is highly
relevant for research on angiogenesis (vascularization) and tissue engineering.
Recently, Petitou and coworkers [95] reported molecular modeling work on the
specific interaction between heparan sulfate and cellular growth factors,
emphasizing the plasticity of their interaction at a molecular scale. Also related to
this topic is a report by Pisabarro and coworkers [96], who used fluorescence and
computational methods to study the interaction between interleukin-8 (IL-8) and
glycosaminoglycans of the ECM and their derivatives with defined sulfation
degrees. They found that the sulfation pattern determines the binding strength, so
that generally increasing the sulfation degree resulted in enhanced binding. Fur-
thermore, in the case of equal sulfation degree, the sulfate substitution position is
also important. The analysis revealed a tetrasaccharide as the minimum glycosami-
noglycan unit necessary to obtain specific binding to IL-8.

Influence of pH

It is well known that uncomplexed PLL at pH = 10 is nearly uncharged (pK, ~ 10)
and adopts the a-helical conformation [97] without any polyanion complexation.
Hence, PEC particles of PLL and sodium polymethacrylate (PMAC) were prepared
at pH = 6/6 (PLL/PAC) and at pH = 10/10 to study the influence of pH on the
conformation of PLL in the complexed state. It was found that even for complexes
of PLL with a-helix-breaking polyanions, the PLL conformation was always
a-helical when the complex was formed at pH = 10/10. In Fig. 25, typical CD
spectra for PEC particles consisting of PLL and PMAC formed at pH = 6/6 and at
pH = 10/10 are shown [98].

The typical negative peak at around 195 nm of the randomly coiled/extended
chain was observed for pH = 6/6 (PLL/PMAC), whereas the diagnostic doublet at
208 and 225 nm of the o-helix was observed for pH = 10/10. Obviously, at
pH = 10/10 the PLL in PLL/PMAC complex particles shows the o-helical confor-
mation. Two arguments can be raised: first, PLL at pH = 10 adopts an a-helical
conformation, which does not change upon complexation with PMAC; and second,
PMAC at pH = 10 is fully ionized and is expected to adopt an extended
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Fig. 25 CD spectra of PEC-1.5 particles containing PLL/PMAC mixed from 0.002 M solutions at
pH = 6/6 (solid line) and pH = 10/10 (dashed line). (From [98] with kind permission of Wiley-
VCH)

Fig. 26 AFM images (2 x 2 pum) of (a) PEC-1.5 of PLL/PMAC (pH = 6), and (b) PEC-1.5 of
PLL/PMAC (pH = 10) at Si supports. (From [98] with kind permission of Wiley-VCH)

conformation. This extended conformation in addition to the pH effect is thought to
act as a macromolecular template for both the a-helical conformation of complexed
PLL and the final elongated needle-like particle shape, which could be seen as an
analogous result to the PLL/PMA-P complexes described above. By contrast, at
pH = 6/6, the PLL in PLL/PMAC complexes adopts the random coil conformation
as is evident from Fig. 26. At this pH setting, uncomplexed PLL is known to adopt a
random coil conformation [97] and PMAC is expected to be in a less charged and
thus more coiled conformation. Therefore, the observed random coil conformation
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of complexed PLL should prevent an elongated particle shape and result in a final
spherical particle shape at pH = 6/6, which is analogous to the behavior of the
PLL/PMA-MS complexes described above.

PDADMAC/PLG: Influence of Salt Type

Analogous experiments to those on PECs of PLL/polyanion were performed on
PEC:s of poly(L-glutamic acid) (PLG)/polycation. Similar to PLL, the conformation
of PLG can be switched by both pH and salt type [98]. It is known that uncomplexed
PLG at pH < 4 adopts the a-helical conformation, whereas at pH > 7 it adopts the
random coil conformation. Moreover, PLG conformation in PLG/PDADMAC
complexes can also be influenced by divalent cations like Mg”* and Cu®* at neutral
pH, such that Mg>* caused the random coil and the Cu?* the a-helical conformation,
as demonstrated by CD spectroscopy. Up to now, we could not find elongated PEC
particle shapes for PLG/polycation. This result is in line with Zhengzhan et al. [99],
who also found only spherical shapes for PLG/CHT complexes, as shown by TEM.

Analogy to PEM Films

Analogously to these PEC particle systems, PEC-derived PEM film systems were
generated by consecutively adsorbing from solutions of oppositely charged similar
or equal PELs using the layer-by-layer concept [100]. The obtained PEM structures
were compared to the PEC structures in a recent conceptual report [98]. It was
shown that polypeptides can controllably template PEC/PEM nanostructures via
their secondary structure (stiffness) and molecular weight. Polypeptide conforma-
tion can be controlled by certain oppositely charged non-peptidic PELs, pH value,
or salt type. The o-helical conformation of high molecular weight PLL
induced needle-like PEC particles shapes or oriented quasi-nematic PEM film
morphologies, whereas the random coiled conformation of PLL induced spherical
PEC particles or granular PEM film morphologies (see Fig. 27). Low molecular
weight PLL and PLG did not induce anisotropic PEC particle shapes or PEM film
morphologies. Anisotropic PEL/polypeptide complex structures are forecast to be
suitable substrates or templates for unidirectional cell growth, polymer/cell
scaffolds, and non-spherical nanocarriers.

4.2.3 Simulation Work on Rod-Like PEC Particles

Such templating effects of stiff PEL onto the complex with the oppositely charged
PEL have been theoretically treated by Narambuena and coworkers [101] using
Monte Carlo simulation studies. A coarse grain model was applied to analyze the
structure and morphology of complexes formed between fully flexible polycations
and polyanions with varied chain stiffness. Different morphologies such as
globules, toroids, and rods were obtained depending on the chain stiffness. Longer
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Fig. 27 Concept of templating PEC particle shape or PEM film morphology using flexible
(randomly coiled) or stiff (a-helical) PELs (charged polypeptides). (From [98] with kind permis-
sion of Wiley-VCH)

chains yielded toroids more frequently than rods, as compared with shorter chains,
but the size of toroids did not depend entirely on the chain length. The authors
concluded that the final structure of the toroids was highly dependent on the
intrinsic chain rigidity rather than on the electrostatic contributions.

Also in this line, Kunze and Netz [102] treated complexation between a stiff
charged cylinder and an oppositely charged semiflexible PEL using linear
Debye—Hiickel theory, which is valid for weak electrostatic interactions mediated
by high salt concentration or weakly charged PEL. The phase diagram in depen-
dence of salt concentration featured helical wrapping morphologies of the PEL
around the oppositely charged cylinder for lower PEL stiffness. Whereas higher
stiffness of the wrapping PEL resulted in straight wrapping morphologies, i.e., PEL
are adsorbed onto the cylinder and unidirectionally oriented with respect to the
cylinder axis. Moreover, the wrapping/binding process is thought to be associated
with counterion release effects.

4.3 Toroid PEC

As mentioned in the preceding section, PEC particles may also tend to adopt toroid
shapes. Interesting work in this sense was reported by Maurstadt and coworkers
[103]. They investigated morphologies of PEC particles (cast from very diluted
dispersions) consisting of CHT and the semiflexible biopolyanions ALG, acetan
(ACN), circular plasmid DNA, and xanthan (XAN), using AFM and quantitative
image analysis to classify various morphologies due to form factors. For persistence



Sizing, Shaping and Pharmaceutical Applications of Polyelectrolyte Complex. . . 233

height (nm) -
- ombmma

height (nm)

2
S
£
A=
(5]
e

Fig. 28 Tapping mode AFM images (topography) of DNA pBR332 (C), xanthan (D), and the
corresponding PEL complexes with CHT (G, H). CHT with a degree of acetylation of 0.1 and
My = 33 kDa was used to obtain the complexes shown in topograph H, while CHT with a degree
of acetylation of 0.15 and My = 196 kDa was used for the complexes shown in topograph G.
Experimental conditions were as follows: DNA/CHT complex at 150 mM, pH 7.4, and cpna = 4
pg/mL; XAN/CHT complex at 5 mM, pH 5.5 and cxan = 2.5 pg/mL. (From [103] with kind
permission of ACS)

lengths Lp < 25 nm (ACN), only small amounts of torus morphology were reached,
whereas for DNA (Lp = 50 nm) and XAN (Lp = 120 nm) a substantial fraction of
toroid morphology was found (see Fig. 28).

In Fig. 28, the uncomplexed polyanions (DNA and XAN) are shown on the
left (C, D) and the CHT complexed polyanions on the right (G, H). Although
rod-like PECs were additionally observed within CHT/DNA complexes, none
were found for high My CHT/XAN (Myw = 5,000 kDa). Low My CHT/XAN
(Mw = 400 kDa) revealed smaller fractions of toroids. An average height of 2 nm
for CHT/XAN toroids and of 5 nm for CHT/DNA was found. Additionally,
metastable states featuring interconnected loops (racquets) were found for
CHT/XAN, which could be supported by simulations [104]. The authors concluded
that toroid PEC formation was not affected by specific interactions but by electro-
statics and chain stiffness.

5 Pharmaceutical Applications of PEC Nanoparticles

As described in the previous sections, PEC particles represent liquid-liquid phase-
separated, soft core—shell-like and hydrogel-like nanoparticles, whose size, internal
structure, and shape can be influenced or even controlled by media or molecular
structure parameters. Like others, our group uses PEL complexation for the entrap-
ment, delivery, and local and retarded release of drugs because it is a simple and
versatile technique, is based on aqueous media, uses mild conditions, and allows the
involvement of biorelated components, which might enhance biocompatibility.
This section is organized as follows: First, some general aspects on drug delivery
from nanoparticles are given (Sect. 5.1). We restrict the discussion to low molecular
weight drugs and neglect or only mention the huge body of work on nanoparticular
protein or polynucleotide carriers. Second, pharmaceutical applications of PEC
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systems are outlined, among which PEC hydrogels, PEM films, and PEC
nanoparticles are treated (Sect. 5.2).

5.1 General Aspects on Drug Delivery from Nanoparticles

Before reviewing the pharmacodynamic aspects of drug delivery by PEC particles,
some general aspects on the particle—cell or particle—biofluid interactions will be
addressed. There are numerous reviews on drug-loaded nanoparticle systems in
general and on factors that influence their delivery modalities and performance. The
review of Duncan and Gaspar [105] presents the current state on systems, classes,
scientific research areas, players and opponents, definitions, and terminology in the
field of nanomedicine, whose individual notations and citations would burst the
extent of this chapter. Their review describes a topological and size classification
that includes liposomes (80-200 nm), (gold) nanoparticles (5-50 nm),
nanocapsules (20-1,000 nm), DNA/drug complexes, polymer/drug conjugates
and therapeutics (5-25 nm), polymer/protein conjugates, antibody/drug conjugates,
albumin/drug conjugates, nanosized drug crystals (100-1,000 nm), and block
copolymer micelles (50-200 nm). On the one hand, it is widely accepted that
drug/nanoparticle formulations offer advantages over pure drug formulations,
e.g., prolonged drug circulation time (in blood), biodistribution, specific and selec-
tive local targeting (modification with antibodies, folate), controlled cell uptake
(endocytosis), resistance to phagocytosis, passage through tissue interstices, con-
trolled pharmacodynamics (improved drug availability/release), and chemical and
physical drug protection. On the other hand, drug/nanoparticles can have
disadvantages with respect to toxicology, especially when they are administered
systemically in direct contact with blood. Warning examples in this respect are
poly(L-lactic acid) (PLLA) or poly(lactide-glycolide) (PLGA) nanoparticle
formulations using toxic solvents like methylene chloride [5], or nanoparticular
poly(alkylcyanoacrylate) systems bearing toxic degradation products [106].
Recently, the influence of size, shape, and surface chemistry of nanoparticle
systems on drug delivery performance and modalities like blood circulation time,
biodistribution, pharmacokinetics, toxicology, targeting ability, and internalization
have been comprehensively reviewed and outlined by Petros and DeSimone [107].
Nanoparticle uptake by, e.g., internalization in the target cells, is still treated as the
key factor in this and other earlier articles. Important properties and requirements in
this respect were identified and can be summarized by the following four points:

1. Rigid spherical particles of 100-200 nm diameter have the highest potential for
prolonged blood circulation time, biodistribution, and cellular uptake by endo-
cytosis because they are large enough to avoid uptake in the liver, but small
enough to avoid filtration in the spleen and removal by phagocytes, blockage of
blood capillaries, and inflammatory tissue responses [108, 109]. This may also
hold in principle for nonspherical particles by engineering deformability into
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particles >300 nm or by keeping at least one dimension of the particle on a
length scale of >100 nm to prevent accumulation in the liver and maintaining at
least two dimensions at <200 nm to allow the particles to navigate the sinusoids
of the spleen. Also, a low polydispersity index has been discussed as a require-
ment for cellular uptake [110, 111].

2. Nanoparticle geometry (shape) plays a key role in particle internalization, but
optimum parameters for engineered nanoparticles have yet to be determined
[112]. Spherical morphology and a low polydispersity index are generally
claimed to be advantageous for cellular uptake. To name only one example,
spherical and nonspherical polystyrene microparticles were incubated with
macrophages (phagocytosis) by Champion and Mitragotri [113]. These authors
demonstrated that spherical particles were readily internalized due to their
symmetry, whereas elliptical disk-shaped particles were only internalized
when their first contact was along the major and not the minor axis.

3. Surface chemistry has three vital roles in the function of engineered
nanoparticles, i.e., control of opsonization, which ultimately dictates the
reticulo-endothelial-system (RES) response; cellular targeting; and organellae
targeting via ligands known to bind cell or organellae surface receptors [112].
Favorable in that respect are nanoparticles bearing a surface charge magnitude
larger than 30 mV (+/—) [114, 115]. Furthermore, Harada and Kataoka point out
that particles bearing a hydrophilic corona are advantageous for prolonged
circulation time, low uptake by RES, low nonspecific protein adsorption, and
solubilization of hydrophobic drugs in the micellar core [116].

4. In the line of Petros and DeSimone [107], it has to be emphasized that the
“tailored release of therapeutics still represents a key barrier in the field of
engineered nanoparticles,” which in our understanding of DDS is a very impor-
tant remark. We see (without criticism) a certain preference in the nanomedicine
and drug/nanoparticle literature for phenomena like tailored drug uptake, toxi-
cology, and cell interaction, whereas tailored drug release related to molecular
understanding of pharmacodynamics is of minor interest (‘“‘drug release will take
place anyway”). In that framework, predominant strategies so far incorporate
materials that are enzymatically degradable, pH-sensitive or reductively labile,
which facilitate breaking or destabilizing bonds between drug and carrier on
reaching the intended site of action. Further efforts should be directed to
molecular structures and mechanisms allowing tailored release (not only uptake)
kinetics of one or multiple drugs according to the specific requirements of
clinicians.

5.2 Drug Delivery from PEC Systems

Interestingly, PEC nanoparticles do not fall directly into one of the nanomedicine
classes denoted or defined in classical review papers like that of Duncan and Gaspar
[105], although their controllable sizes (20—500 nm), shapes (spheres, rods), and
surface chemistries match well those of nanomedicine. However, although size,
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shape, and surface chemistries are also expected to influence the drug delivery
performance of PEC nanoparticles, detailed reports on these influencing factors are
rare. More reports are available on drug delivery systems based on other non-
nanoparticle PEC systems like hydrogels or layered films (PEM), from which
nanoparticle PEC systems can also be prepared or from which interesting analogies
can be drawn, as in a recent article by Ball and coworkers [117]. Therefore, we
think it useful to review some reports on nanoparticle and non-nanoparticle macro-
scopic PEC systems (see Sect. 5.2.1) before we discuss drug-loaded PEC particles
(see Sect. 5.2.2).

5.2.1 Drug-Loaded Macroscopic PEC Systems

In the past, concepts have been developed on loading not only of nanoscopic PEC
particles but also of macroscopic PEC systems like microcapsules, hydrogels, or
membranes with drugs aiming at a local or systemic release of the drug in the
human body or in vitro systems. For such purposes, PEC material is prepared from
biorelated PELs like polysaccharides, polypeptides or polynucleotides, for which a
biocompatibility exceeding that of synthetic PEL might be expected. Examples of
reports on the ability of PEC systems to load and release drugs in a retarded manner
are numerous.

Early studies on drug release from non-particular PEC systems have been
reported by Siegel et al. [118]. The model drug caffeine was incorporated and
released from a PEC hydrogel consisting of anionic poly(methylmethacrylate) and
cationic poly(dimethylaminoethylmethacrylate) crosslinked by divinylbenzene.
Caffeine was released at rates varying sharply with pH. At pH = 7.3 no caffeine
was released, whereas at pH = 5 (moderate) and pH = 3 (highest) caffeine was
released with near-zero-order kinetics. Furthermore, the release of caffeine was
found to be associated with water uptake at pH = 3 and pH = 5, and based on this
finding the authors claimed evidence for a moving front mechanism for sorption
and release. Also, Shiraishi et al. [112] reported release of indomethacin from PEC
hydrogel beads consisting of CHT and tripolyphosphate (TPP), focusing on molec-
ular weight effects of CHT in the range of 7,600-83,000 g/mol. The authors found
decreasing release rates with increasing CHT molecular weight in both in vitro and
in vivo systems and found that a medium molecular weight of 25,000 g/mol was
best suited for their application. The authors claimed that decreasing porosity and
increasing tortuosity of the PEC matrix with increasing molecular weight were
crucial molecular properties. They stated that low molecular weight CHT was able
to complex with TPP to form loose and easy hydratable structures, so that hydro-
phobic indomethacin can be better dissolved. By contrast, PEC of high molecular
weight CHT and TPP had a rather compact structure with smaller porosity and
worse accessibility for water. Further reports on this issue are those of Akbuga
and coworkers [119, 120], who loaded CHT/polyphosphate beads with piroxicam
and calcitonin.

For the description of kinetic drug release data from hydrogel-like materials, the
Ritger—Peppas equation [121] is frequently used according to Cprug(t) = at®,
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where Cprug(?) is the actual concentration of a drug at a given time ¢, a is an
empirical prefactor, and b the exponent diagnostic for the release type. This model
accounts for porous structure in a releasing (hydrogel) matrix. If the pores are large
in comparison to the drug size, drug release is dominated by free diffusion and the
exponent b should be close to 0.5. If the pores are small with respect to the drug
size, drug release is hindered and b should be closer to 1, defining zero-order
kinetics. In a more recent report of de la Torre et al. [122], such an analysis is
described. These authors loaded PEC gels of CHT/PAC with either the charged or
the uncharged form of the antibiotic amoxicillin (trihydrate versus sodium salt).
The release of the charged form was slower than that of the neutral form due to
ionic binding.

5.2.2 Drug-Loaded PEC Particles

The literature on PEC/drug particles is overwhelming and PEC/protein (e.g.,
growth factors) and PEC/polynucleotide (e.g., small interfering RNA (siRNA))
systems dominate over systems of PEC loaded by low molecular weight drugs.
Generally, we will focus on nanoscopic PEC particles loaded by low molecular
weight drugs (Sect. 5.2.2) rather than proteins or polynucleotides and will discuss
factors like size, shape, internal core, and surface shell structure. However, a few
comments on PEC/protein and PEC/polynucleotide carriers will be given.

PEC/Protein Carriers

The first results on protein entrapment came from Calvo et al. [123], who
demonstrated the loading and controlled release of several proteins for complexes
of CHT and copolymers of ethylene oxide and propylene oxide (Pluronics). In these
classical studies, PECs were generally introduced as therapeutic delivery vehicles.
Loading of the model proteins human serum albumin (HSA), myoglobin (MYO),
and lysozyme (LYZ) has also been shown by Ouyang and Miiller [124]. These
proteins were bound to PEC particles of PDADMAC/PSS and PDADMAC/PMA-MS
under mild electrostatically repulsive conditions. However, protein release was not
studied. Furthermore, Tyaboonchai et al. investigated insulin loading and release
from PEC nanoparticles (ca. 250 nm) of PEI and DS [125]. Entrapment efficiencies
(EE = my—mg/mg x 100%, where mo and myg are total and released drug mass,
respectively) of up to 90% were found. However, rather rapid release kinetics of insulin
in phosphate buffer were found, featuring saturation even after some minutes.
A successful encapsulation of vascular endothelial growth factor (VEGF), relevant
for tissue engineering applications, within PEC particles of DS and various polycations
was shown by Berkland and coworkers [126]. Thereby, the known high affinity of
VEGEF for heparin was also valid for DS. Encapsulation efficiencies between 50-85%
and a retarded release of up to several days were found.
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PEC/Polynucleotide Carriers

In the early work of Kabanov et al., PEC particles of DNA and poly(N-ethyl-4-
vinylpyridinium) were shown to effectively transfect mammalian cells, especially
when administered with poly(ethylene oxide)-block-poly(propylene oxide)-block-
poly(ethylene oxide) copolymer (Pluronic P85) [127]. Later nanoparticular systems
of crosslinked nanogels of PEI and poly(ethylene oxide) (PEO) were developed for
the delivery of oligonucleotides by these authors [128]. Also, Kataoka et al.
contributed to PEC-mediated delivery of antisense oligonucleotides complexed
with a copolymer of ethylene glycol and lysine (PEG-co-Lys) under physiological
conditions [129]. Note that in these systems the drug (oligo/polynucleotide) is also
one of the complexing components. The triggerable release of nucleic acids was
recently reviewed by Soliman et al. [130], who discussed temperature, redox
potential, and light triggers in PEC systems.

Small Drug-Loaded PEC Particles

Numerous reports are available on binary drug/PEL complex (nano)particles,
where a charged drug is complexed by an oppositely charged PEL. For
example, Kim and Nujoma complexed cationic oxprenolol with a copolymer of
methylmethacrylate and sodium methacrylate (PMMA/MANa), forming gel beads
from which the drug was released in a retarded manner in dependence of pH by a
combined swelling/erosion mechanism [131]. More recently, Jimenez-Kairuz et al.
[132] reported high loading of swellable complexes of model drugs (atenolol,
lidocain hydrochloride) and anionic carbomers and their release. Very recently,
Cheow and Hadinoto [133] reported nanoparticular ciprofloxacin/DS complexes
(200400 nm, 80% drug loading), which showed a dissolution rate twice that of the
poorly soluble free drug crystals.

However, exclusively ternary PEC nanoparticles consisting of complexed
polycation and polyanion and loaded by low molecular weight organic drug
compounds (PC/PA/drug) with a size range of 10-500 nm shall be reviewed herein.

One of the first reports on the usage of ternary drug/PEC nanoparticles for small
pharmaceutical drug delivery applications was from Tiyaboonchai et al. [134]. The
authors described how the fungicide drug amphotericin B (AMB) can be uploaded
and released from PEC coacervate particles consisting of PEI and DS in the
presence of zinc sulfate as ionic crosslinker and manitol as redispersing agent. As
colloid parameters, PEI/DS particles featured a zeta potential of around 30 mV,
spherical particle shape with diameters in the range 100-600 nm (PDI = 0.2),
which could be controlled by pH, mixing ratio, and concentration. A fast release
of AMB was found, which could be modulated by pH and the presence of surfactant
in the release medium (HEPES) (Fig. 29). AMB/PEC particles showed no toxicity
against HeLa cells and were able to kill Candida albicans (human fungal test
strain).

At the same time, Alonso and coworkers [135] reported doxorubicin (DOX)-
loaded PEC particles of CHT and DS. DOX loadings of up to 4% could be achieved
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Fig. 29 In vitro release of AmB-loaded PEI/DS nanoparticles: circles pH = 8, SDS in HEPES
buffer; diamonds pH = 8, Tween 80 in HEPES buffer; and squares pH = 7.4, in HEPES buffer
without surfactant. (From [134] with kind permission of Wiley-VCH)

and an initial rapid release followed by a slow release phase was obtained. DOX-
loaded CHT/DS nanoparticles maintained cytostatic activity relative to free DOX,
whereas DOX/CHT complexes showed reduced activity. Confocal laser scanning
microscopy (CLSM) studies showed that DOX entered the cells while remaining
associated to the nanoparticles and was not released before into the medium.
Recently, a similar PEC/DOX system was reported for osteosarcoma therapy [136].

The same PEC system but loaded with streptomycin, gentamicin, or tobramycin
was recently reported by Popescu and coworkers [137] and tested against myco-
bacterium tuberculosis in a mouse model. Particle sizes in the nanometer range
were obtained, and release studies showed residual drug amounts of > 60% in the
nanoparticle interior at low acidic pH after 6 h. Oral administration of
streptomycin-loaded particles reduced bacilli growth by a factor of 10, similarly
effective to subcutaneously injected aqueous streptomycin solution at a concentra-
tion of 0.1 mg/mL.

Escobar and coworkers reported studies on diltiazem release from CHT/ALG
and CHT/carrageenan complex particles and found that CHT/ALG provided a
prolonged drug release compared to CHT/carrageenan [138]. They argued that
the latter system allowed a higher amount of water to enter the PEC matrix, so
that no regular swelling but disintegration takes place, which liberates the drug
more quickly.

Also related to small drug-loaded PEC particles are the studies of Bohidar et al.
[139] on the entrapment of salbutamol (a bronchodilator) in PEC coacervate
particles (> 400 nm) prepared by mixing anionic and cationic gelatin in the
presence of the drug. They claim that salbutamol release from the coacervate
phase could not be described by known release models because too many factors
prevail, e.g., dissolution, permeation of solvent into the matrix, and non-Fickian
drug diffusion in a crowded environment.
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Fig. 30 Release of doxorubicin from PDMAEMA/ALG PEC particles in phosphate-buffered
saline solutions. Left: Release at pH = 5.8 (a), pH = 7.4 (b), and pH = 8.0 (c). Right: Release at
0, 0.3. 0.6, 0.9% NaCl concentration. (From [140] with kind permission of Elsevier)

Recently, various drug/PEC particle systems have been reported using synthetic
PEL, with favorable toxicological and biotolerable properties. A combination
of synthetic cationic PDMAEMA and alginic acid (ALG) was used to form
monodispersed DOX-loaded PEC nanoparticles [140]. The authors found a strong
pH influence on the particle size, resulting in diameters of around 850 nm at
pH = 5 and 150 nm at pH = 7.2. The internal PEC structure was affected signifi-
cantly by ionic strength (0-0.9% NacCl), so that part dissolution (decomplexation)
and thus formation of channels was claimed. Hence, the cumulative DOX release
could be minimized by pH elevation and by decreased ionic strength, which is
shown in Fig. 30. The effects of pH on drug release were also investigated in a
related system. Lee and coworkers [141] studied the release of guaifenesin from
PEC microparticles of CHT and ALG for different pH values used during prepara-
tion of the loaded microcapsules. They observed a minimum release rate for
pH = 4.8, and the release rate increased for increasing pH values. They argued
that at pH around 5 both PEL are highly charged, leading to stiff conformations and
almost ideal charge matching. However, at pH = 2.8 or pH = 8.8, either the ALG
or the CHT, respectively, has a low charge or is even uncharged, which results in
the formation of loops due to a mismatch of charges. Such loops are claimed to
make the PEC phase less dense and more porous and thus the guaifenesin could be
better released. Additionally, the authors varied the kind of N-acyl groups
introduced to the CHT and found a higher release for longer (i.e., bulkier) N-acyl
groups, which were claimed to perturbate the PEC structure more effectively.
Recently, Coppi and Iannuccelli [142] reported tamoxifen release from the same
system and pointed out that the drug loading and release was strongly affected by
the mannuronic/guluronic ratio of the alginate component.

A completely different PEC system for the loading and release of hydrophobic
drugs like dihydroxyanthraquinone (DHA) was introduced by Wenz and coworkers
[143]. They prepared PEC nanoparticles (Dy > 130 nm) of anionic starch and
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cationically modified cyclodextrins, emphasizing colloidal stability, narrow size
distribution of the formed nanoplexes, and satisfactory DHA uptake.

Furthermore, Yuan et al. [144] introduced spherical PEC particles obtained by
complexation of the cationic graft copolymer PEI-graft-poly(N-vinylpyrrolidone)
(PEI-g-PVP) with anionic block copolymer of PVP-block-poly(2-acrylamido-2-
methyl-1-propanesulfonic acid) (PVP-b-PAMPS); the particle size was around
140 nm. Folic acid was entrapped in the micelle core by electrostatic attraction
and the release rate was strongly dependent on the pH of the release medium.

Another complexation technique was reported by Chuang et al. [145], who
prepared PEC particles by templating polymerization of acrylic acid in the presence
of CHT at various monomolar ratios (0.2/1.1 to 1.0/1.1). Hollow CHT/PAC
particles were formed with sizes of around 200 nm, which varied with the pH of
the medium, and zeta-potentials of around 25 mV. The release of doxycycline
(DOC) incorporated by various feeding processes was found to last for up to 8 days.

Recently, thermosensitive PEC particles were prepared by Guiying et al. [146],
who complexed the block copolymer poly(¢-butyl acrylate-co-acrylic acid)-block-
poly(N-isopropylacrylamide) [P(tBA-co-AA)-b-PNIPAM] with the graft copolymer
chitosan-graft-poly(N-isopropylacrylamide) (CHT-g-PNIPAM) and entrapped DOX.
Like the complexes between terpolymer systems described by Schacher et al. [65],
these PEC particles had a multishell structure with hydrophobic PtBA in the core,
anionic PAC and cationic CHT in the middle, and PNIPAM in the outer shell
(Fig. 31a). DOX release was suppressed at neutral pH and elevated at low pH due
to electrostatic repulsion between cationic DOX and the polycation component or
reduced ion pairing between polycation and polyanion, resulting in channels enabling
DOX passage (Fig. 31b). At temperatures above the LCST, DOX release was
promoted and the authors claim that PEC/PEC aggregation was responsible.
Although such thermoinducable drug release by PEC nanoparticles had been initiated
by these authors, Lyon and coworkers [63] previously reported the uptake and release
of DOX from a related PEM. This PEM consisted of cationic PAH and an anionic
copolymer of NIPAAM and acrylic acid. A significant dependence of porosity and
thus drug retention/release on both temperature and pH was found.

5.2.3 Adhesive Films of PEC Nanoparticles for Local Drug Administration

In the previous section, release from such drug-loaded PECs was shown for PEC
particles in the volume phase and the drug delivery was intended to act systemi-
cally, i.e., the whole body should be reached by PEC particles through blood
circulation.

Recently, initial work was described by us regarding drug release from an
adhesive layer of cast PEC particles [147]. Such interfacial drug-loaded PEC
systems are closely related to drug-loaded PEM systems, which were initiated by
Chung and Rubner [148] based on dye/PEM. Both approaches, PEM and adhesive
PEC, are highly relevant for the generation of locally acting drug-eluting modifica-
tion layers on biomedical devices such as stents, implants, bone substituting
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Fig. 31 (a) Assembly of thermosensitive PEC particles of chitosan-g-PNIPAM/P(tBA-co-AA)-b-
PNIPAM. (b) Release of DOX from the PEC particles shown in (a) for different pH values at 25°C
(top) and 40°C (bottom). (From [146] with kind permission of Elsevier)
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materials (BSM) or tissue engineering scaffolds (TES). Recently, we reported on
PEC nanoparticles that were loaded by the bisphosphonate pamidronate (PAM) and
deposited as adhesive films onto planar Ge model substrates [149].
Bisphosphonates like PAM are known to inhibit osteoclastic activity via the
farnesyl pathway [150], favoring osteoblastic bone formation, and are widely
used as therapeutics for systemic bone diseases like osteoporosis [151]. A retarded
release of PAM under conservation and adhesive stability of the bare PEC particle
film was shown by in situ ATR-FTIR spectroscopy, monitoring the depletion of
PAM in the cast PEC film matrix. Up to now, this surface-sensitive method has
been widely applied by us to analyze the sorption and conformation processes of
PEC layers [152, 153], melanin-like films [154], chiral model drug compounds
[155], lipids [156], peptides [157], and proteins [158]. Various factors of PAM
release were studied. The influence of PAM/PEC ratio and PEC concentration were
of prime interest. A PEC system based on PEI and cellulose sulfate (CS) was used
because these compounds are easily available and according to section 3.1.3 and
Table 1 especially branched/linear PEL combinations might feature high structural
densities enabling better drug entrapment. Although CS is a biorelated PEL and
might be expected to be biocompatible, there has been some debate on the biocom-
patibility of PEIL. PEI/DNA complexes in solution to be used as gene vectors are
reported to be cytotoxic [159], whereas layers of PEl/heparin complexes are
claimed to have positive effects on cell adhesion and viability in dependence of
the PEI/heparin composition [160]. Some detailed results on factors influencing
PAM release can be found in Fig. 32a, where the relative PAM content with respect
to the initial dry state is plotted versus time in contact with the release medium. The
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Fig. 32 (continued)
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Fig. 32 (a) Release profiles of PAM from solution-cast PAM-loaded PEC-0.9 particle films for
various samples. From bottom to top: Single cast PAM/PEC-1:4 (relative PAM/PEC content is
1:4) at 0.01 M; single cast PAM/PEC-1:20 at 0.002 M; and single cast PAM/PEC-1:20 at 0.01 M.
(From [149] with kind permission of Elsevier). (b) SFM images of a PAM/PEI-1:12 particle film
cast from 0.002 M PEC dispersions onto the Ge support before (leff) and after (24 h in H,O,
pH = 6) (right) PAM release. Weakly covered (fop) and highly (bottom) covered regions are
shown. (¢) Proposed model for the binding locations of PAM (green) at PEC particles consisting of
PEI (red) and cellulose sulfate (blue): (A) at cationic sites of primary PEC particles, (B) within
secondary PEC particles, and (C) within a surface aggregated PEC phase. (From [149] with kind
permission of Elsevier).
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lowest initial burst behavior and slowest release kinetics were obtained for the
highest PEC concentration (0.01 M) and lowest PAM/PEC ratio (1:20). SFM
images of PAM-loaded (left) and PAM-depleted (right) PEI/CS-0.9 particles are
shown in Fig. 32b (unpublished data). From DLS we obtained hydrodynamic radii
of around 60-90 nm for PAM-loaded PEC nanoparticles and the bare unloaded
PEC particles showed smaller radii.

Furthermore, kinetic analysis based on the Ritger—Peppas model revealed values
of b <« 0.5 (see Sect. 5.2.1) for PAM/PEC samples cast from 0.002 M dispersions,
suggesting dissolution of dried PAM in the PEC matrix. However, PAM/PEC
samples cast from 0.01 M dispersions revealed values of b close to 0.5, suggesting
hindered dissolution or diffusion due to a more dense PEC matrix and lower drug/
surface area ratio. A model describing three levels of retention of PAM in PEC
particle films is suggested and shown in Fig. 32c. On the molecular level, the
negatively charged PAM is bound or condensed at free uncomplexed cationic PEI
sites within small primary PEC particles. On an intraparticular nanoscopic level,
PAM is physically entrapped within single secondary PEC particles of aggregated
primary PEC particles. On an interparticular mesoscopic level, PAM is entrapped
within the zone formed by the surface-aggregated secondary PEC particles upon
solution casting.

5.3 Interaction of PEC Particles with Cells and Biofluids

PEC particles designed for use in the human body must be critically studied for their
cell toxicity, immunoresponse, and cellular interactive properties. Thereby, the
related requirements of PEC particles in systemic pharmaceutical applications are
expected to be even more strict compared to the locally confined particles
introduced in Sect. 5.2.3, since the exposed surface areas recognized by in vitro
or in vivo systems are different. While cast PEC particles films offer less surface
area to cells cultured on top, dispersed PEC particles expose more surface area to
cells in the volume phase. Many reports can be obtained in the open literature on the
toxicology and biocompatibility of DNA/polycation complexes [128, 161], but only
afew are available on other biorelated PEL systems. The development and potential
applications of nontoxic multifunctional PEC particles with respect to targeted
tissue delivery, organelle trafficking, and imaging was reviewed comprehensively
by Hartig et al. [162]. Colloidal stability, hydrodynamic diameter of less than
200 nm, spherical morphology, low polydispersity, and surface charge magnitude
> 30 mV are outlined as key physicochemical parameters for a successful delivery
vehicle or for imaging purposes in the human body. Furthermore, Delair has
reviewed PEC particles of CHT and DS [163] useful in nanomedicine. Some
application examples are small drug delivery [135], growth factor delivery [126,
164], and magnetic resonance imaging using gadolinium-loaded CHT/DS PEC
particles [165]. In the following sections we give examples, modalities, and require-
ments of PEC nanoparticle systems related to toxicity, immuneresponse, and cell
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interaction, arranged with respect to relevant cell types (in vitro) (Sect. 5.3.1) and
blood (in vivo) (Sect. 5.3.2).

5.3.1 In Vitro Interaction of PEC Particles with Cells

Studies on PEC—cell interaction have different aspects and motivation. Very gener-
ally, on the one hand an inert influence of PEC particles on cell growth and
differentiation partly under release of drugs is desired, while on the other hand an
active influence like apoptosis of cancer cells is aimed at. Regardless of the specific
scope, cellular and subcellular binding and endocytosis are key events in the
PEC—cell interaction, as for all other nanoparticle systems [162]. This results in
the internalization of the cell plasma membrane with the formation of vesicles that
can capture PEC particles in the extracellular environment and, after a complicated
fusion scenario, direct them to a given intracellular compartment. According to
Courtoy and coworkers [166], three types of endocytosis can be distinguished:
fluid-phase, adsorptive, and receptor-mediated, whereby the first implies unspecific
uptake directly related to the extracellular concentration and the other two
imply more effective specific binding and accumulation at the cell surface
(via glycosylated aminoglycans and sulfated proteoglycans) followed by
internalization.

Interaction of PEC Particles with Cancer Cells

In an early report by Janes et al. [135], the interaction between DOX-loaded PEC
nanoparticles (consisting of CHT and polyanions) and human melanoma cells was
investigated with reference to the polyanion type and preparation protocol. Evi-
dence was found that DOX-loaded PEC particles consisting of DS maintained the
cytostatic activity with respect to free DOX, whereas DOX precomplexed with
CHT before complexation with the polyanion showed slightly decreased activity
(according to the MTT assay). Furthermore, CLSM studies revealed that DOX
release did not take place in the cell culture medium, but that DOX was taken up
into the melanoma cells by endocytosis while still bound to PEC particles and
finally released intracellularly.

Related studies on the cytotoxicity of a CHT/gelatin hydrogel PEC system were
reported by Mao et al. [167]. Fibroblast cell adhesion, proliferation, and apoptosis
were investigated at CHT and CHT/gelatin membranes having different degrees of
deacetylation. This study confirmed that CHT/gelatin induced fibroblasts to enter
the cell cycle and proliferate and decreased their apoptosis, in contrast to pure CHT
membranes, for which the deacetylation degree modulates the undesired cell
adhesion.

In a recent report by Tsai et al. [168], the cytotoxicity of DOX-loaded chitosan/
chondroitin (CHT/CHO) PEC particles to human oral carcinoma and lung carci-
noma cells was studied with methacrylate modification and/or crosslinking as
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synthetic parameters. It was found that the cell killing ability of DOX released from
any of the PEC types was higher than that of free DOX (as measured by flow
cytometry and CLSM). In oral carcinoma cells, a higher internalization of PEC
particles was found compared with lung carcinoma cells. The highest internalized
DOX amount was found for the crosslinked PEC particles (by capillary electroki-
netic analysis). Among the various PEC formulations, the best was PEC with a
crosslinked shell. The authors emphasized the use of natural polysaccharides
because of safety concerns about empty PEC particles after drug release.

Interaction of PEC Particles with Endothelial Cells

A very concise study on the interaction between PEC particles and human micro-
vascular endothelial cells (HMVEC) was reported by Hartig et al. [169]. A PEC
system with PEL components known from successful microencapsulation protocols
[170] was used. Cationic PEC particles were generated in highly nonstoichiometric
ratios from dosing a mixture of ALG and CHO as the molar minority component
into a mixture of fluorescein isothiocyanate (FITC)-modified poly(methylene-co-
guanidinium chloride) (PMCG) and spermine hydrochloride (SPM) as the molar
majority component. All PELs had rather low molecular weights, and CaCl, and a
Pluronic-type dispergator were additionally included. Consecutive centrifugation
was applied, resulting in particle diameters of around 160 nm and cationic surface
charge of around +35 mV. These PEC particles were incubated in cell culture
medium, resulting in slightly larger particle diameters and negative surface charge
(=10 mV). Cell proliferation studies and propidium iodide staining revealed
nontoxicity. Moreover, both the binding and internalization kinetics (2 h) of
fluorescent PEC (PMCG-FITC/SPM/ALG/CHO) particles were compared with
those of the free fluorescent FITC-PMCG at HMVEC (see Fig. 33a).

Anionic FITC-PEC particles showed saturation features with large amounts,
whereas free cationic FITC-PMCG showed linear behavior with small amounts in
both binding and internalization. CLSM imaging demonstrated perinuclear
accumulation (Fig. 33b), and related Z-sectioning revealed that PEC particles
were in the same plane as the cytoplasm. The authors argued that although the
surface charge of PEC particles was negative, positive patches of PMCG may bind
to polyanionic sites (proteoglycans) of the ECM of HMVEC, followed by
macropinocytosis as the internalization mechanism [169].

Huang et al. [126] reported studies on human umbilical vein endothelial cells
(HUVEQC) cultures incubated with PEC particles of the systems CHT/DS, PEI/DS,
and PLL/DS, the charge signs of which were not reported in detail. Both VEGF-
loaded and VEGF-unloaded PEC particles (250 nm) were studied for their effects
on cell proliferation (mitogenic activity) by MTS (tetrazolium salt) assays.
Irrespective of the PEC composition, similar proliferation values were obtained at
the 4th day after incubation for all empty control PEC particle systems, for the free
VEGF, and for the controls. Only in the case of PEC-bound VEGF for all
polycation/polyanion systems was an enhanced HUVEC proliferation found.
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Fig. 33 (a) Flow cytometric
results on the binding (fop) and
internalization (bottom) of
either PEC (PMCG-FITC/
SPM/CHO/ALG) particles

or free PMCG-FITC

(0.075 mg/mL) at HMVEC.
(b) CLSM image of
FITC-labeled PEC particles
(green) incubated with
HMVEC (2 h). Cell nuclei
were stained with TOPRO-3
(violet). (From [169] with kind
permission Elsevier)
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Apart from these two references, we could not find further open literature reports on
the interaction between PEC nanoparticles and endothelial cells.

However, the fact that PEC material positively interacts with HUVECs was
noticed earlier by Boura et al. using the related PEM of PAH/PSS or PLL/PLG
[171]. It was shown that these PEM enhanced initial cell adhesion compared with
single PEL layers and are neither cytotoxic nor change the HUVEC phenotype.
Recently, related collagen/heparin multilayers were shown to have similar positive
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effects on the adhesion and proliferation of embryonal carcinoma (EC) cells on
stent material [172].

Similar studies on angiogenesis in the frame of a joint project between material
scientists, cell biologists, and clinicians have been made by us with HUVECs and
concerned their interaction with PEC particle systems. Preliminary results on the
influence of PEC particle charge revealed that the charge sign of the PEC particles
had a crucial influence on the viability of HUVECs (unpublished results).

Interaction of PEC Particles with Osteoblast Cells

As well as the engineering of vascular tissue based on endothelial cells, there is
huge interest in the engineering of bone tissue, osseous scaffolds, or BSM based on,
e.g., osteoblasts (OB). In this framework, Nagahata reported on the development of
new scaffolds for bone regeneration based on precipitated and washed biomimetic
PEC particle films on culture dishes [173]. Analogously to endothelial cells, the
mimicking of the ECM of OB by PELs such as CHT, anionically modified (carboxyl,
phosphate, sulfate) chitin or hyaluronic acid, was aimed at. PEC films with variable
PEL compositions were prepared, and their effects on OB functions like attachment,
morphology, growth, and differentiation (as measured by alkaline phosphatase assay)
were evaluated. Use of PEL bearing carboxyl and phosphate groups resulted in
decreased OB attachment, occurrence of cell aggregation, and suppressed differentia-
tion and proliferation. By contrast, PEC films bearing sulfated polysaccharides
showed an adhesion and proliferation performance almost similar to collagen-coated
dishes, which enables their use as scaffolds for bone regeneration (see Fig. 34a).

Additionally, these authors [173] addressed an additional effect of PEC films on
cell function, which is gap junctional intercellular communication (GJIC) allowing
OB cells to maintain homeostasis. Figure 34b shows the results of GJIC measure-
ment by fluorescence recovery after photobleaching (FRAP) on an extracellularly
binding dye at cells in contact with at least two other cells. There was no significant
difference between PEC films and the collagen-coated dish. By contrast, OB on
pure CHT-coated dishes showed suppression of GJIC after 1 week. This suggests
that CHT disturbs homeostasis maintenance of OB, but that this effect can be
avoided by complexation with, e.g., anionic polysaccharides.

Related to this, the Abe group reported earlier on the interaction between PEC
precipitate systems consisting of anionic phosphated and carboxymethylated chitin
(PCHN and CCHN) and cationic CHT and rat OB cells in cell culture dishes [174].
OB aggregates were observed on both CHT/PCHN (4th day) and CHT/CCHN (2nd
day) to exhibit inhibited growth as compared with controls. However, OB differen-
tiation (as shown by alkaline phosphatase assay) increased and osteocalcin mRNA
was expressed for both PEC systems, indicating the importance of OB aggregation
for bone mineralization capability.

Recently, a joint project between material scientists, cell biologists, and clinicians
was installed aiming at local and time-controlled delivery of osteoporotic drugs from
implant or bone-substituting materials. Before drug-loaded PEC particles were studied,
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Fig. 34 (a) Micrographs of human OB cells on various PEC films after 24 h of incubation
(magnification: 100x). (b) Gap junctional intercellular communication activity of OB cells on
various PEC films as determined by the FRAP technique. (From [173] with kind permission of
Elsevier)

the metabolic activity of OB differentiated human mesenchymal stem cells (hMSC)
grown onto cast empty PEC particles was investigated. Preliminary results showed that
the metabolic activity of hMSC on various PEC particle systems was critically
dependent on the PEL composition and the surface coverage (unpublished results).
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A novel approach based on composites of nanoparticular hydroxyapatite (HA)
and PEC of CHT/phosphorylated CHT, which were co-cultured with rat OB
in vitro, was reported by Li et al. [175]. After implantation of this PEC/HA material
into rabbit femur marrow cavities, a promoted OB adhesion, proliferation, and
differentiation in vitro was obtained (bioactive). Because PEC/HA is also biode-
gradable, it is claimed to be a promising bone-repair material.

5.3.2 In Vivo Interaction of PEC Particles with Blood

The multicomponent biofluid blood consists, among other components, of proteins
and cells and still represents a challenge for interaction studies with PEC particles.
A comprehensive study on the interaction of complexes of PDMAEMA and
either a crosslinked CHT or poly(2-acrylamido-2-methylpropanesulfonic acid)
(PAMPSNa) with human blood from healthy volunteers was reported by Yancheva
et al. [176]. Thereby, PDMAEMA complexed with CHT no longer caused inherent
cytotoxicity compared with the uncomplexed state, but haemostatic activity was
still present. However, PEC of PDMAEMA/PAMPSNa featured both low cytotox-
icity and low haemostatic activity. The degree of PDMAEMA quaternization had
an additional influence on both blood compatibility parameters. In particular, the
authors claimed a higher interaction of samples containing higher quaternized
PDMAEMA with the cell walls of blood cells (both red and white) because of
electrostatic attraction to the anionic compounds of their cell membranes.

6 Summary and Outlook

PEC nanoparticles can be easily prepared by controlled mixing of diluted polycation
and polyanion solutions, which may consist of natural polyelectrolytes. Their size
typically ranges between 20 and 500 nm, and they can have spherical, rod-like, or
toroid shapes and can have a loose gel-like up to compact internal structure.

PEC particles have strong aggregation tendencies, but the formed aggregates
may have sufficient colloidal stability.

The colloidal parameters of size, shape, internal structure, and stability of PEC
nanoparticles can be modulated by PEL concentration, ionic strength, pH, PEL
structure, and molecular weight.

PEC particles already serve as drug, protein, and polynucleotide carriers for
pharmaceutical applications.

Knowledge on the interaction between PEC particles and cells of different
natures is in its beginning. Various examples report nontoxic effects and the
binding or internalization of PEC particles at various types of human cells.

The reviewed sizing, shaping, and compartmentalization capabilities of PEC
particles can be applied to tailor drug delivery and cell uptake properties in response
to clinical requirements.
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