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Abstract: During the last years we have seen an increasing number of reports describing new properties and poten-
tial applications of cationic polymers and derived nanostructures. This review gives a summary of their applica-

tions in drug delivery, the preparation methods for nano and microstructures and will attempt to give a glimpse on 
how their structure, chemical composition and properties may be affected or modulated as to make them suitable 

for an intended application as drug delivery nanocarriers. The compositional complexity with the existence of sev-
eral reacting groups makes cationic nanostructures critically sensitive to the contribution of thermodynamic and ki-

netic parameters in the determination of the type and stability of a particular structure and its ability to respond to 
changes in environmental conditions in the right time frame. Curiously, and contrarily to what could be expected, despite the fact that 

cationic polymers can form strong electrostatic interactions the contribution of the entropic component has been often found to be very 
important for their association with negatively charged supramolecular structures. Some general considerations indicate that when con-

sidering a complex multimolecular system like a nanocarrier containing an active ingredient it is frequently possible to find conditions 
under which enthalpic and entropic contributions are compensated leading to stable structures with a marginal thermodynamic stability 

(free energy change close to zero) which make them able to respond relatively fast to changes in the environmental conditions and there-
fore suitable for the design of smart drug delivery systems. Like with other nanocarriers, it should always be kept in mind that the proper-

ties of cationic nanocarriers will depend not only on their chemical composition but also on the properties of the structures formed by 
them. 
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INTRODUCTION 

 There are three main interrelated aspects that should be kept in 
mind when designing a nanocarrier for a special application. These 
are: a) energetics, b) dynamics and c) chemical structure of all the 
components. The interactions involved ultimately determine the 
changes in free energy of the chemical processes that are involved 
in any of the chemical reactions and thus can affect the structure 
and chemical nature of the components in the nanocarrier. When 
dealing with biomolecules and especially with macromolecules like 
cationic polymers, it is clear that the presence of several chemical 
groups leads to a variety of reacting modes with different kinetics. 
Therefore, the time dependence of each should be considered when 
dealing with structures that should have stability during a prolonged 
period of time that could range from hours to several months and 
even years. Finally, the chemical structure determines the type and 
nature of the interactions that can be established. In the case of 
cationic polymers, more that with other molecules, these include: a) 
interactions of very different type and strength, b) small contribu-
tion to the total energy of any of them, c) strong dependence of the 
geometry of the interacting groups and d) reduced dynamics due to 
the covalent attachment of several groups in a single molecule 
which leads to physical impairment of certain movements. 

 When dealing with biopolymers, it is often forgotten that the 
basic concepts of thermodynamics were translated from big ma-
chines to simple chemical reactions involving chemical entities 
with virtually indefinite stability [1]. Polymers have not only a  
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compositional complexity with different chemical groups attached 
in a single molecule but also display what we may call “conforma-
tional complexity”. Altogether, these characteristics make the defi-
nition of chemical potential anything but straightforward. First of 
all, the existence of several chemical groups within a single mole-
cule determine that there may be a variety of reactions, therefore we 
should consider the chemical potentials involved in each of the 
main reactions that take place within the time frame of interest and 
by extension the chemical potential of a polymer will be determined 
by the algebraic sum of them [1]. It should be kept in mind that, for 
the reasons mentioned above, the idea of equilibrium and thermo-
dynamic parameters associated with it has no practical value. 
Therefore, with the kinetic characteristics involved in the approach 
to the “equilibrium state” already mentioned, we could expect to 
obtain representative thermodynamic parameters of the system 
under study when they are obtained from measurements that are 
taken at between 4 and 6 times longer than the time at which the 
kinetics of the main reaction halves [1]. This somehow theoretical 
concept can be translated into practical terms by measuring thermo-
dynamic parameters until the same figures are obtained at two dif-
ferent scanning speeds. Although this seems a basic concept it is 
still frequent to see in the published literature that differential scan-
ning calorimetry is used with polymers and macromolecues at 
scanning speeds greater than 1 °C.min

-1
 without ever checking if 

the same values are obtained at slower rates. 

 The existence of several conformations within a single mole-
cule or within a nanostructure formed by several individual polymer 
molecules leads inevitably to fluctuations in the structure that take 
place within the time frame of interest. Therefore, we should al-
ways keep in mind that when speaking of chemical potential, con-
formation or structure of a nanocarrier they will always be repre-
sented by an average value that is characteristic of the system in a 
medium of defined composition. In this context, any molecular 
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entity that interacts with the carrier will surely affect its stability. In 
the more general case of a nanocarrier, if there is a spontaneous 
binding of an active pharmaceutical ingredient (API), this should be 
led by a reduction in the free energy of the system which will thus 
lead to a stabilizing effect of the structure in most of the cases [2-5]. 

 We must also note here that, the differences in the reaction rates 
of the various processes involved may lead to different metastable 
states which are dependent on the pathway by which the system 
arrives to the final compositional state [1, 6]. Furthermore, it has 
been frequently observed that cyclic operations lead to the creation 
of different metastable states depending on how the changes are 
performed on the system [1,6]. This is very important at the mo-
ment of standardizing the preparation procedure of a nanocarrier 
[6]. 

 When dealing with supramolecular structures it is not easy to 
disclose at the molecular level the contributions of changes in en-
thalpy and entropy associated with any given phenomena. How-
ever, some general considerations indicate that considering a com-
plex multimolecular system and its solvent, it is reasonable to ex-
pect that in isothermal processes any formation of bonds led by a 
decrease in enthalpy will decrease the number of conformations and 
movements of the system leading also to a decrease in entropy. The 
same is true when considering the rupture of certain bonds within 
the structure which will be reasonably linked to an increase in its 
entropy. Thus, it is reasonable to expect that in most of the situa-
tions we will be able to find a link between enthalpy and entropy 
changes. 

 As for practical reasons, changes involving a few Kcal.mol
-1

 are 
those that could participate or be involved in biological applications 
(i.e. drug release). It has been commonly observed that in the case 
of complex biological molecules like proteins and polysaccharides 
enthalpy and entropy changes are compensated. This leads to stable 
structures with a marginal thermodynamic stability (the free energy 
change associated to any particular change in structure is close to 
zero) which make these structures able to respond relatively fast to 
changes in the environmental conditions [1]. These basic concepts 
are of fundamental importance when dealing with technological 
applications using cationic polymers, mainly because they have the 
chance to form many electrostatic interactions (usually very strong) 
which could potentially lead to supramolecular structures (i.e. 
nanocarriers) with a great stability but that lack the potential to 
respond or be sensitive to environmental changes with at least a 
moderate displacement in its structure that allow the release of the 
active components as is required in the case of drug delivery sys-
tems (DDS). Curiously, we found that despite the possibility of 
forming strong electrostatic interactions, the association of chitosan 
with negatively charged casein micelles is driven by hydrophobic 
interactions [7]. Furthermore, the contribution of the entropic com-
ponent has been also shown to be important for the association of 
other cationic polymers (bearing tertiary amine and quaternary 
ammonium groups) with casein micelles and cellular membranes 
[8-11]. 

CLASSIFICATION OF CATIONIC POLYMERS - CHEMI-
CAL STRUCTURE AND GENERAL PROPERTIES 

 Although there are several groups of cationic polymers, most of 
them possess primary, secondary, tertiary amine or quaternary am-
monium groups. Here lays a first grouping factor: a) polymers hav-
ing a group that can bear a positive charge or no charge depending 
on the protonation state and b) polymers bearing a permanent posi-
tive charge (those possessing a quaternary ammonium).  

 According to their origin cationic polymers can be classified as: 
a) those derived from natural polymers and b) synthetic. Cationic 
polymers are rarely found in nature as so. There is just one polysac-
charide (chitosan) the others are proteins, which being zwitterions 
can bear cationic and anionic groups and their net charge will de-
pend on the pH. From the proteins the most widely studied proteins 

for pharmaceutical and food applications are the collagens and their 
denatured derivatives the gelatins [12-13]. 

Chitosan 

 Chitosan is a linear polysaccharide produced by deacetylation 
of chitin, the second most abundant polysaccharide in nature, pre-
sent in the shells of crustaceans and mollusks [14]. This cationic 
biopolymer comprising units of N-acetylglucosamine and D-
glucosamine randomly distributed (Fig. 1) has received increasing 
attention due to its biocompatibility, biodegradability, antimicrobial 
activity, low immunogenicity and non toxicity [15-18]. Further-
more, due to the large amount of reactive amine and hydroxyl 
groups present in its structure, chitosan has been frequently modi-
fied with cationic molecules and other small molecules to achieve 
the desired function. 

 

 

Fig. (1). Chemical structure of chitosan. 

 

 Because of these excellent properties, multiple types of Chito-
san based drug carriers have been developed for oral, parenteral, 
nasal, transdermal, vaginal, rectal and cervical administration. 
There are various methods for preparing chitosan nanoparticles 
(NPs). The choice of either method depends on the type of particle 
that is required, in terms of size and shape [19-20]. Among them, it 
can be mentioned:  

- Ionic gelation or ionic cross-linking: This method is the most 
widely used for generating chitosan NPs because it can be per-
formed at room temperature and the use of solvents is not re-
quired; also uniform NPs can be easily obtained with an ad-
justable size and degree of deacetylation of chitosan. Sodium 
tri-polyphosphate is generally used as cross-linking agent and 
when added to a solution of chitosan in acetic acid with con-
stant stirring, electrostatic interactions occur between the 
amine groups of chitosan and negative groups of the polyanion 
and NPs are spontaneously formed. This simple method has 
been widely used for encapsulation of proteins, genes and 
anticancer drugs. 

- Desolvation: In this method a flocculant (usually sodium sul-
fate or acetone) is added dropwise to an aqueous solution of 
chitosan. Due to greater affinity of salt to water, there is a de-
crease in the solubility of chitosan that leads to precipitation of 
NPs of about 600 nm formed by hydrogen bonds between 
polymer molecules. 

- Covalent cross-linking: This method involves the formation of 
covalent bonds primarily between amine groups in chitosan 
and a functional crosslinking agent, such as glutaraldehyde, 
polyethylene glycol (PEG) dicarboxylic acid or some mono-
functional agents such as epichlorohydrin. 

- Spray-drying: This method can be used to prepare quickly and 
in one step chitosan NPs powder; also is a technique that 
greatly improves the stability of the colloidal nanoparticles. 

- Self-assembly: Amphiphilic compounds dispersed in water can 
form NPs by self-assembly. By this method it is possible to 
prepare structures with a hydrophilic coating and a hydropho-
bic core that may be useful to carry both polar and nonpolar 
drugs. 

 The small size and large surface area to volume ratio of chito-
san NPs gives them unique properties, so that they are being used in 
many products and the development of new applications in pharma-
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ceutical, tissue engineering, enzymes immobilization, food packag-
ing, biosensing, food pres servation, emulsification and stabiliza-
tion, waste water treatment, among others [21].  

 Two methods can be used for loading drugs into Nps: incorpo-
rating the drug as the particle is being prepared, or after the particle 
is already formed. In the latter case, the drugs can be added to the 
matrix of the particle or adsorbed on its surface. Loading reaches 
generally a greater amount of drug when it is incorporated during 
the preparation process, but this may entail certain drawbacks re-
lated to the final shape and size of the structure [22]. 

 One of the advantages of using chitosan NPs to carry drugs is 
that by varying the degree of deacetylation and the molecular 
weight of the polymer it is possible to prepare structures with dif-
ferent release rates of the drug, thus achieving a con-
trolled/sustained release. Furthermore, these NPs can be modified 
to make them pH sensitive, thermo-sensitive or may be supple-
mented with various additives conjugates on the surface to achieve 
greater accuracy in targeting. 

 Besides the use of chitosan to generate NPs, it has also been 
described the use of this polymer for the formation of nanocapsules. 
In a formulation reported by Gnanadhas et al., nanocapsules con-
sisting of chitosan and dextran-sulphate were used to transport 
ciprofloxacin [23]. With these structures, targeting efficiency and 
death of the pathogen using a lower dose than that used with the 
antibiotic in the free state was achieved, probably because of an 
increased circulation time of the nanocapsules compared to the free 
drug. 

 Chitosan NPs are those that have received more attention due to 
their ease of preparation, improved stability, low toxicity and the 
fact that they can be used on different routes of administration [24]. 
Also, amine and carboxyl groups in chitosan allow NPs to be com-
bined with mucus glycoprotein, forming hydrogen bonds, and re-
sulting in adhesive effects [25]. Moreover, positive charges present 
in chitosan NPs give them a strong affinity for negatively charged 
molecules present in cellular membranes. 

 Among some of the most important pharmaceutical applications 
of chitosan NPs can be highlighted: their use in gene delivery (i.e., 
multidrug resistance gene, MDR1), cancer therapy (i.e., paclitaxel), 
mucosal delivery (i.e., insulin), topical administration and ocular 
delivery [24, 26-30]. 

Collagen - Gelatin 

 Gelatin is a water soluble protein obtained from the partial hy-
drolysis of collagen, the most common protein in the animal king-
dom, constituent of bone, cartilage and skin (Fig. 2). The structure 
and properties of gelatin depend on the source of collagen as well 
as the preparation technique [31]. 

 There are two types of gelatin which differ in their manufactur-
ing method, type A is obtained by acid hydrolysis of collagen and 
has an isoelectric point at pH 7-9, while type B gelatin is obtained 
by basic hydrolysis (isoelectric point at pH 4-5) [32]. Gelatin appli-
cations in the areas of food, cosmetics, photography and pharma-
ceutics mainly rely on their viscoelastic properties and the ability to 
form gels. In the pharmaceutical industry, most of the production of 
gelatin is used to form hard and soft capsules gelatin capsules, ta-
bletting and for encapsulation and microencapsulation, preventing 
oxidation and making formulations most acceptable. It is also 
widely used in solutions, inhalants, topical, vaginal, dental prepara-
tions and injections. Therapeutically, gelatin applications are var-
ied; it has been used in the preparation of dressings for wounds, as a 
substitute for plasma, as bioadhesive or for devices for sustained 
release of drugs in living tissues. It has also been extensively stud-
ied for use in bone regeneration. In this respect it has been demon-
strated that the hydrogel formed by gelatin and TGF beta is a prom-
ising tool for surgical repair of the skull [33]. 

 It has been described the preparation of gelatin nanoparticles by 
the method of desolvation/coacervation, where a homogeneous 
solution of charged macromolecules is subjected to a liquid/liquid 
phase separation resulting in a inferior phase rich in polymer and a 
transparent upper phase. With the subsequent addition of a salt or 
an alcohol coacervation occurs, thus, controlling the turbidity, the 
desired degree of crosslinking of the nanoparticle is reached [34]. In 
this aspect, gelatin nanoparticles have been used to transport non-
viral plasmid DNA and for the generation of plasma DNA poly-
plexes formed by electrostatic interactions between positively 
charged gelatin and negatively charged DNA [35-36]. Also, it has 
been described the use of gelatin nanoparticles to transport albumin 
[37], oligonucleotides [38], anticancer drugs such as paclitaxel [39] 
and antimalarial drugs like chloroquine phosphate [40].  

 In recent years the crosslinking of gelatin alone or in combina-
tion with other biopolymers has also been extensively evaluated for 
numerous ocular applications, primarily as bio-adhesives to stabi-
lize retinal tissue [41-42] and as cellularised scaffolds for the repair 
of the corneal stroma [43]. 

 

 

 

 

 

 

 

 

Fig. (2). Scheme of gelatin structure. 

Poly-Lysine 

 Poly-lysine is a polypeptide comprising between 25 and 35 L-
lysine residues joined by peptide bonds characterized by having a 
high number of primary amino groups that allow complexation with 
polyanions, so it was one of the first cationic polymers studied for 
the intracellular delivery of nucleic acids (Fig. 3) [44-45]. However, 
their high cytotoxicity and poor transfection efficiency, greatly limit 
its use in this field [46-51].  

 Various strategies have been attempted to overcome these prob-
lems [52]. To reduce toxicity PEG units have been introduced in the 
structure and to promote cellular uptake various ligands have been 
incorporated such as antibodies, folate, transferrin, fibroblast 
growth factor, among others [52]. Nevertheless, the applications of 
this polymer are limited in this area compared to other polymers 
like Chitosan, Polyethylenimine and PAMAM dendrimers [53-54]. 
On the other hand, poly-lysine dendrimers and derivatives with 
PEG for drug delivery have been prepared [55-57].  

Polyethilenimine 

 For over 20 years, polyethyleneimine (PEI) has been considered 
the gold standard of polymeric non viral vectors used for gene de-
livery. This polymer exists in a linear and a branched form (Fig. 4). 
The large number of amine groups present in its structure provides 
PEI a polycation character, with the ability to condense DNA and to 
mediate gene transfer into mammalian cells. 

 PEI has been, within the group of cationic polymers, one of the 
most studied not only by its high capacity for DNA condensation, 
but also for its intrinsic endosomal activity and buffering capacity,  
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Fig. (3). Chemical structure of poly-Lysine. 

 

 

Fig. (4). Chemical structure of polyethyleneimines. 

 

called proton sponge effect. It facilitates the release of the gene 
associated to the polymer in the cell cytoplasm by osmotic swelling 
and rupture of endosomes [58-59]. Two strategies have been used 
to prepare PEI nanoparticles, one is polymer complexation with 
DNA to form nano-complexes and the other is through the use of 
cross-linkers to form PEI nanoparticles first followed by the addi-
tion of DNA in this pre-formed structure [60-62]. 

 Commercial PEI, called high molecular weight PEI of 25 kDa, 
has high transfection efficiency, however lacks C-C or C-N degrad-
able linkages, so it is too toxic for therapeutic applications, produc-
ing the binding to complement components, aggregation of red 
blood cells and poor breakdown and subsequent excretion on in-
vivo experiments [63-66]. By contrast, the low molecular weight 
PEI has low cytotoxicity but poor transfection efficiency [67-69].  

 In order to overcome these limitations, several groups have 
developed easily degradable PEIs by cross-linking them with vari-
ous degradable crosslinkers for intracellular degradation either by 
simple hydrolysis, enzymatic degradation and low endosomal pH-
depended hydrolysis, among others [70]. Thus, these new nanopar-
ticles have high transfection efficiency, lower cytotoxicity, high 
breakdown into water-soluble fragments which can be easily proc-
essed and excreted by the cells. 

 Some authors have also shown that PEI dendrimers can be use-
ful in several biological applications, however, little knowledge of 
their behavior, mainly related to their genomic and proteomic ef-
fects, severely limits the implementation of these systems into in-
vivo studies [71].  

 In addition, like other cationic polymers, PEI has demonstrated 
significant antimicrobial activity. Some authors have shown that 
PEI has antibiotics and synergistic effects with some antibacterial 

agents [72]. Also, certain derivatives of the PEI have been shown to 
disrupt cell membranes of certain bacteria, so these have also been 
suggested for antimicrobial coating of devices and surfaces [73]. 

 By contrast, the antiviral activity of the PEIs has not been 
widely studied. Nevertheless, certain studies have shown that this 
polymer produces a blockade of the primary binding of HCMV of 
HPV to their target cells and also inhibit the spread of the latter 
virus in cell culture [74]. This means that in addition to its antimi-
crobial effect, this polymer and its derivatives could have a role as 
prophylactic and therapeutic antiviral agents. 

Acrylate Derivatives 

 Acrylate derivatives are strictly synthetic polymers, but as they 
are currently used in numerous biotechnological applications, de-
serve a mention in this review. Poly[2-(N,N-dimethylamino)ethyl 
methacrylate] (PDMAEMA) is formed by covalently bound 2-
(N,N-dimethylaminoethy) methacrylate units and can be synthe-
sized by various methods such as group transfer polymerization 
(Fig. 5) [75-79]. In general, the radical polymerization is used for 
preparing advanced structures of PDMAEMA, because of its ro-
bustness and being easily controllable [80]. On the other hand, atom 
transfer radical polymerization (ATRP) has been frequently used, 
but needs some precautions in relation to the complexing capacity 
of the polymer towards the copper catalyst [81-84]. 

 PDMAEMA is a weak polyelectrolyte having ternary amine 
groups on each monomer and a pKa of about 7 that is why it is fully 
deprotonated at high pH, partially protonated at physiological pH 
and fully protonated at lower pH [85]. With these properties, this 
polymer can act as a proton sponge and destabilize endosomes, 
achieving an efficient delivery of genes [86-87]. In addition, this 
polymer suffers conformational changes according to its degree of 
protonation, as has been observed to be more soluble at low pH 
where is fully charged. Furthermore, it has been described as a 
thermo-sensitive polymer, since when it is at high pH, it is soluble 
at lower temperatures and insoluble at elevated ones [88]. 

 This polymer can be used in many medical applications, but 
bearing in mind that it has a low degradability, limits its use. For in-
vivo application this polymer should be smaller than 30-50 kDa to 
be excreted by the kidneys [89], otherwise it accumulates in the 
body and this leads to severe complications [90]. This polymer also 
can form polyplexes with DNA and make successful gene transfer, 
but is considered less efficient than polyethyleneimine, the gold 
standard. Nevertheless, synthetic modifications have been made 
using DMAEMA monomer to achieve more complex branched 
structures such as star and bottlebrushes, with which they have 
enhanced transfection efficiency compared to linear structures [91-
102]. Additional, Matyjaszewski group capitalizing on the cytotox-
icity of polymers having amine groups, especially quaternary 
amines, has developed some magnetic nanoparticles coated with the 
quaternized polymer which function as an antibacterial material 
which may be recoverable [103]. Furthermore, since the thermo- 
and pH-sensitive character of the polymer it may be used for the 
production of reversible hydrogels [104-105]. 

 

 

Fig. (5). Scheme of PDMAEMA. 
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Eudragit E100 

 Eudragit E100 is a methacrylate copolymer with tertiary amine 
groups which presents low solubility in aqueous media at pH higher 
than 5.5-6.0 (Fig. 6). It is a polymer of high molecular weight, non-
toxic and easily absorbed orally. E100 has been widely used in the 
pharmaceutical industry to improve drug solubility, absorption and 
also to mask color and smell. On the other hand, it has also been 
described the viricidal capacity of this polymer [106-107]. These 
studies have shown that E100 presents destabilizing properties of 
lipid membranes, together with the ability to form complexes with 
nucleic acids, and the fact that treatment with the polymer does not 
affect the majority of plasma protein fractions, make this molecule 
a potential alternative for viricidal treatment of biological cell-free 
media [9,11]. 

 In recent years, several nanoparticulate drug delivery systems 
based on Eudragit E have been developed. There are reports of 
nanoparticles of alginate with Eudragit E100 as a complexing 
agent; the gelling versatility of alginate offers the possibility of 
preparing nano and micro particles with this polymer [106-108]. 

 

 

Fig. (6). Chemical structure of Eudragit E100. 

 

Cationic Cellulose 

 Cellulose is a polysaccharide composed of glucose monomers 
linked by  (1-4) bonds and the main component of the cell wall of 
plants, so it is considered as the most abundant organic compound 
in the world. Despite its abundance, biodegradability, biocompati-
bility, capacity for renewal and derivatization, this polymer is not 
soluble in water or common organic solvents because it has strong 
inter- and intramolecular hydrogen bonds that give it a highly or-
dered structure [109]. Therefore, chemical modification of cellulose 
to generate water soluble cationic derivatives is of particular inter-
est. These smart polyelectrolytes, are generally sensitive to changes 
in pH, temperature and ionic strength, and therefore have the poten-
tial to be used in drug [110-112] and gene delivery systems [113-
115]. In fact, it has been shown that these cellulose derivatives can 
be used for delivering acidic drugs. In this case, controlled release 
of the drug is achieved by the ionic interaction occurring between 
amine groups of the derivative and the acid groups of the drug 
[112]. Also it has been seen that these derivatives can be applied as 
hair conditioners, as thickeners in mineral processing and oil recov-
ery as well as flocculants in wastewater treatment and as additives 
in papermaking [116]. In particular, water-soluble quaternized cel-
lulose derivatives are among the most studied and have valuable 
properties (Fig. 7) [117]. Some examples are PQ-10, SC-230, SC-
240C, Sensomer 10M, among others. However, the strong basic 
character of some of these derivatives has limited its application, as 
it causes irritation of skin and mucosa. This is why those cationic 
derivatives with tertiary amine groups with an intermediate basic 
character are frequently preferred for pharmaceutical, biomedical or 

cosmetic applications. These polymers are widely used in cosmetics 
and in topical drugs delivery devices. There are also reports of its 
use in the food industry, where it is described the precipitation of 
milk caseins by addition of the polymer [10]. 

 

 

Fig. (7). Chemical structure of cationic cellulose. 

 

Cationic Dextran 

 Dextran is a linear homopolysaccharide of glucose, composed 
mainly of 1,6-glycosidic linkages and some lateral branches with 
1,3-glycosidic linkages [118]. This polymer is naturally synthesized 
from sucrose by certain lactic acid bacteria such as Leuconostoc 
mesenteroides and Streptococcus mutans. Due to their biocompati-
bility, biodegradability, immunoneutrality and aqueous solubility 
regardless of the pH of the solution, dextran is widely used in bio-
medical science as a bioinert material and in tissue engineering. 
Moreover it is being actively investigated for use as a delivery sys-
tem of drugs, proteins, antibiotics, enzymes and anti-diabetic agents 
[119-127]. Also, by having hydroxyl groups at each glucose unit, 
this polymer is easily modified by chemical conjugation (Fig. 8) 
[128]. 

 One of such modifications may be the incorporation of amine 
groups, and examples include the (diethylaminoethyl) dextran [129] 
and dextran-spermine [130] the latter having a high efficiency of 
DNA transfection [131]. 

 In a study by Stenekes and collaborators the encapsulation of 
drug-loaded liposomes on a dextran based polymer, used as a drug 
reservoir material, was achieved [132]. Thus, slow degradation of 
this material results in a sustained release of loaded liposomes up to 
100 days. Moreover, it has been possible to encapsulate recombi-
nant DNA (containing chloramphenicol acetyl-transferase) in cati-
onic liposomes which were then integrated with the dextran. This 
system could stop transfection efficiency within the colon wall 
epithelium in vivo [133]. 

 It has been also demonstrated the potential use of this polymer 
for delivery of siRNA [134-136]. In fact, some authors have dem-
onstrated the capacity of cationic dextran hydroxyethyl methacry-
late (dex-HEMA) based nanogels to incorporate siRNA efficiently 
and be taken up by cells in vitro, releasing free intact siRNA in the 
cell cytosol. These nanogels were used as a reservoir to release 
siRNA at the desired time and prolong the effect of gene silencing. 
Thus the dose of siRNA was deployed more efficiently [137]. In 
another study by Yeo and Kohane, it has been shown that dextran 
hydrogels can be manufactured using derivatives of carboxymeth-
yldextran or carboxymethylcellulose [138]. Also it was demon-
strated the formation of polymeric micelles composed of dextran 
(hydrophilic domain) and PLGA (hydrophobic domain) with the 
ability to incorporate antitumor agents [139]. 

Cationic Cyclodextrins 

 Cyclodextrins (CDs) are sugar derivatives produced by enzy-
matic degradation of starch [140]. They are cyclic oligomers 
formed by 6, 7 and 8 glucopyranose units connected by  (1,4) 
glucosidic bonds that are categorized as , , -CD, respectively 
[141-142]. These three major CDs are crystalline, homogeneous,  
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Fig. (8). Chemical structures of cationic dextran. 

 

non-hygroscopic, low-toxic and form a bulbous structure or trun-
cated cone with a hydrophobic cavity surrounded by a hydrophilic 
exterior, unique structure that allows CDs to include a wide variety 
of compounds, even polymers. 

 Nowadays, these structures are used in a wide variety of appli-
cations including food processing [143], chemical separations 
[144], adsorbents [145-146] and as pharmaceutical excipients [147]. 

 Purification of - and -CD significantly increases the produc-
tion cost, so 97 % of CDs used in the market are the -CD. Besides 
this -CD has been the most widely studied due to its optimal size 
and their ability to form inclusion complexes with a wide variety of 
drugs [148]. Thus, such structures increase the aqueous solubility, 
bioavailability and chemical stability of drugs. However, the pres-
ence of intra-molecular hydrogen bonds from the secondary hy-
droxyl groups in this molecule has been considered as the main 
cause of the low aqueous solubility of the -CD [149]. This is why 
currently much emphasis is being put on the development of CD 
derivatives through introduction of ionic fragments in order to in-
crease water solubility and decrease toxicity (Fig. 9) [150]. In addi-
tion, modification of CDs with cationic or amphiphilic groups have 
shown great potential for use as carrier vectors of genes and siRNA 
[151-153]. In fact, modified -CD demonstrated to be a successful 
transport of genes to a variety of cell types in in-vitro assays and in-
vivo tumor models [154-156]. Also, the functionalization of CDs 
with weak acids or bases can achieve supra-molecular reversible 
complexation behaviors induced by changes in pH [157-158]. 

 

 

Fig. (9). Structure of cationic cyclodextrin. 

HISTORICAL BACKGROUND 

Technological Applications of Cationic Polymers and Related 
Structures 

 As briefly introduced above, biopolymers and amphiphilic 
molecules that self-aggregate have found many different applica-
tions in the last decades. Based in their interaction with other bio-

molecules or biological systems cationic polymers have found sev-
eral technological applications [7-11, 159]. In this context, we 
found that an amphiphilic cationic polymer (Eudragit E100) can 
lyse biological membranes and inactivate virus [9, 11] and another 
(chitosan) can display immunomodulatory activities [160]. 

 In the biomedical field, biopolymers have been studied for their 
use as space fillers either due to their physical or rheological prop-
erties [160, 161]. In the case of cationic polymers, due to their elec-
trostatic interaction with nucleic acids several groups characterized 
them as delivery vehicles for either DNA or RNA or derivatives 
[161, 162]. 

Microbicidal Activity of Cationic Polymers 

 The interactions and biological effects on microorganisms (bac-
teria and fungi) range among the most widely studied properties of 
cationic polymers [162-163]. Several of them have been reported to 
have antimicrobial activity under different conditions which led 
several groups to propose their use in sanitation, virus and bacterial 
inactivation [164-170]. Quaternary ammonium compounds, for 
example, have been used for a variety of purposes, being as disin-
fectants and antiseptics the most common. Some of the main rea-
sons why these compounds are becoming increasingly important 
reside in the advantages that they offer, their high molecular 
weight, stable chemical structures, long half-life and versatility 
through modification of their functional groups. Moreover, the 
growing complications associated with antibiotic resistance have 
greatly accelerated the development of antimicrobial macromolecu-
lar systems. In this context, cationic polymers offer an interesting 
alternative that, in addition to responding at many of the mentioned 
issues, provide other features such as the possibility to response to 
stimuli and to display also antioxidant, antitumor or anti-
inflammatory activity. 

 Advances in research methodologies on macromolecules al-
lowed achieving significant improvements in polymer processes, 
which enabled more precise synthesis and their comprehensive 
characterization. Moreover, these advances led to a deeper under-
standing of the mechanisms of action of these compounds and the 
management of structural factors affecting their biological activity. 

 A generally accepted mechanism for interaction of cationic 
polymers with bacterial membranes involves three basic steps: first 
an approximation mediated by electrostatic attraction between posi-
tive groups of these compounds and the negative charges of the 
membrane, followed by a second phase of rearrangement that pro-
duces a lateral segregation of the components of the membrane that 
leads to destabilization and subsequent drilling of the same in a 
third segregation step. The understanding of these basic mecha-
nisms has allowed identifying the structural parameters that deter-
mine a higher or lower microbicidal activity of these compounds. 
Thus, it is known that the presence and balance between hydropho-
bic regions and the cationic groups is one of the factors that have a 
great influence on their microbicidal activity. The molecular weight 
is another critical factor to consider.  

 As mentioned above, most cationic polymers possess primary, 
secondary, tertiary amine groups and quaternary ammonium com-
pounds groups. In this respect, the different reactivities observed 
among them are also reflected in the microbicidal capability that 
they exhibit. In general, the greatest activity has been observed for 
compounds with quaternary ammonium groups (QACs). 

Technological advances, coupled with the acquired knowledge on 
structure-function relationship result in a growing tendency in the 
development of novel synthetic cationic polymeric compounds. 

Cationic polymers of natural origin, chitosan, gelatin, dextran, cel-
lulose, etc., have been the subject of several studies, and recently, a 
lot of them evaluating a wide range of synthetic derivatives of these 
compounds have also emerged [171-185].  
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 Regarding synthetic cationic polymers, derivatives of polyeth-
yleneimine (PEI) are some of the most commonly used, although 
PEIs as such are used in various fields, their high cytotoxicity, low 
hemo-compatibility and the fact of not being biodegradable, hinder 
their therapeutic use, which has led to the development of biode-
gradable low toxicity variants of these compounds [186-209]. The 
high positive charge density of these compounds provided by the 
presence of primary, secondary and tertiary amine groups, together 
with various modifications of the molecule give them good biocidal 
capacity. Furthermore, they have also been investigated as carriers 
of antimicrobial substances. 

 One polymer family well-known in the area of dendrimers, the 
Poly(amidoamine)s (PAMAMs) have also been considered as mi-
crobicides based on their structural characteristics. While high gen-
eration PAMAM dendrimers have shown a high antimicrobial ac-
tivity also show high toxicity. In order to overcome this problem, 
several modifications have been introduced to the original mole-
cules. This has led to new derivatives that are able to avoid these 
unwanted effects [202-204]. 

 Another families of cationic polymers that have been success-
fully modified to achieve microbicidal properties include the Poly 
(amino-co-ester)s (PAEs), Poly(N,N-dimethylaminoethylmethac-
rylate) (PDMAEMA), Dioctadecyldimethyl ammonium bromide 
(DODAB), Polyhexamethylenebiguanide (PHMB) and many oth-
ers. 

 Among these polymers, QACs deserve a special mention. These 
have been the most widely used cationic compounds in terms of 
variety of uses and also in time from being used. Most of the works 
published on the antimicrobial activity of cationic polymers refer to 
the activity on bacteria, and some on their antifungal activity, but 
only a few describe their activity on viruses. Recent reports de-
scribe a strong inhibition of PEI on some virus types [205]. In this 
context, we have recently described that an acrylic polymer with 
tertiary amine groups, Eudragit E100, displays an important inhibi-
tory activity of on different viral models even in the presence of 
biological material like human plasma [9, 11]. The results obtained 
allowed to disclose the mechanism of action of E100 and to design 
a virus inactivation procedure that involves three sequential steps:  

- An approach of the polymer to the virus through electrostatic 
interactions between the positively charged amine groups of 
the polymer and the negative charges of the viral membrane. 
This is a reversible interaction with a low energetic barrier. 

- At a second step, the polymer is inserted into the membrane 
bilayer establishing a strong hydrophobic interaction leading to 
the irreversible formation of E100-virus multimolecular com-
plexes, 

- A third step involves the remotion of the viral particles 
strongly associated to the polymer either by their interaction to 
a cation exchange resin or through the precipitation of the 
complexes via a pH change to neutralize the polymer (and fur-
ther removal of the precipitate either by filtration or by cen-
trifugation). This is possible because after the interaction with 
the viral particles the polymer still displays an excess of posi-
tive charges [9, 11]. 

 It was also shown that upon treatment of human plasma with 
E100:  

- The total protein concentration remains essentially the same 
(the polymer does not interact with the major protein compo-
nents of human plasma), 

- The aggregation state of the proteins is not affected, 

- The biological activity of antibodies and enzymes is not af-
fected and no neoantigens are formed. 

 Altogether, these results allowed us to develop a simple and 
cheap inactivation procedure that is suitable for cell free applica-
tions involving the purification of biological molecules [9, 11]. 

 In summary, the use of cationic polymers as microbicides is a 
field that offers enormous possibilities for research. While there is a 
general agreement on basic questions of their action mechanisms, 
there is much to elucidate about these interactions. The deep 
knowledge of these mechanisms will allow much progress on the 
development of new and improved compounds. 

Oral Drug Delivery and Food Related Applications of Nano- or 
Microparticles 

 It is known that many of the active principles and nutraceuticals 
are hydrophobic, therefore a first challenge when developing a 
DDS is that as they are, these molecules will have a very low or 
poor bioavailability. Even after being inserted into a water soluble 
nanocarrier, their release from the matrix to the biological fluid is 
generally low and slow. When intended for oral delivery, these 
factors are also complicated by the interactions with the gastrointes-
tinal fluids and the possibility of chemical modifications by en-
zymes and acid/base or redox reactions [205]. 

 As reasonably expected, the first encapsulation systems pro-
tected by a patent were developed for oral delivery [206]. Since 
then, many encapsulation technologies and carriers have been de-
veloped [207-209]. 

 In this context, the ability of proteins to gellify has been used 
originally for the development of oral delivery systems and more 
recently for the fabrication of nano or microparticles [210-215]. For 
these applications it is extremely important to know precisely the 
molecular structure, charge distribution, overall polarity and post-
transduction modifications because altogether these characteristics 
determine the solubility profile of the protein under different envi-
ronmental conditions. The interplay between the combination of 
variables that affect protein solubility and structural stability (I.e: 
protein concentration, pH, temperature, salt, solvent polarity) lead 
to situations under which protein molecules interact forming 3D 
networks of variable size, frequently known as gels or hydrogels. 
With adapted fabrication procedures, it has been possible to modu-
late these properties to prepare protein nano or microparticles [6, 
212, 217]. 

 As with many linear polymers, many proteins can also be used 
as thickening agents. Not only their relative size, much bigger than 
the size of solvent molecules, but also their hydration makes their 
hydrodynamic volume much larger. Therefore, it is frequent to find 
a concentration dependent profile that passes through a region of a 
viscous liquid before ending in a firm gel. Although there are no 
particles present, it is important to remember that viscous solutions 
can also be used to improve the kinetic stability of particle disper-
sions just slowing down their movement thus retarding their sedi-
mentation by gravitational force and their aggregation. 

 In the case of hydrogels, they have been used in the develop-
ment of biomedical applications, including space filling, burn dress-
ings, biosensors, cell encapsulation and for drug delivery applica-
tions [212, 217-219]. Cationic polymeric particles based on PEI and 
cationic inulin have been recently developed for the preparation of 
tablets for the oral delivery of bis(phosphonates) [220]. 

 First of all, in the situation of oral delivery, it should be remem-
bered that despite the fact that biopolymer-based nano- or micro-
particles, mainly those based on proteins and/or polysaccharides, 
can be designed for the controlled delivery of an active compound 
they can also find applications in the food industry for the modula-
tion of physicochemical or organoleptic characteristics of food 
products [221-223]. In this context, all the knowledge that has been 
acquired on fundamental physicochemical properties of bio-
polymers and biocompatible molecules has been increasingly in-
corporated in the rational development of innovative food products 
with improved nutritional properties, from which a growing trend is 
in foods that also provide health benefits [223]. An issue that has 
always to be taken into account is the time and cost that has to be 
invested in the development of new ingredients that pass the ap-
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proval processes. For these reasons, there is a growing tendency to 
search for new applications to very well known biological mole-
cules or those that, although not natural, have been widely tested 
and approved. Therefore, improvement in the control of structural 
organization of foods, medicines and related products has been a 
very important source of new innovations during the last decade [7, 
8, 10, 223].  

 The main uses of nano- or microparticles have been for protec-
tion, improvement of solubility in aqueous media and delivery 
[211]. When incorporated in foods or oral delivery systems, it is 
always important to remember that the particles should not ad-
versely affect the organoleptic characteristics of the product into 
which they are incorporated. In this context, it is known from stud-
ies on chocolate that sensory perception is highly dependent on 
particle size distribution [224]. Therefore, at least from the physical 
characteristics, nanoparticles should be a preferred structure in 
terms of their neutrality on the physicochemical properties of the 
product. Of course, and as stated above, nano- or microparticles can 
also be especially designed as to modulate the physicochemical or 
sensory properties of foods in which case the same knowledge can 
be applied to fulfill opposite requirements. 

CHEMICAL AND PHYSICOCHEMICAL ISSUES TO BE 

CONSIDERED FOR THE PREPARATION OF NANOCAR-
RIERS 

Physicochemical Principles Involved in the Formation of Struc-
tured Polymeric Systems 

 Different physicochemical principles have been used so far for 
the preparation of polymeric nano- or microparticles with relatively 
good stability. These include: a) controlled complexation, b) segre-
gation, c) gelation; d) extrusion, e) size-reduction, f) solvent-
removal [225]. 

 From all these methods, the most common structures obtained 
are:  

- Molecular complexes, 

- Nanofibres and nanotubes, 

- Beads (spherical, filled, core-shell, non-sperical) 

 It should be kept in mind that the functional properties of a 
biopolymer nanocarrier ultimately depends not only on its composi-
tion but also on its fabrication process which will determine its 
physicochemical properties, structural characteristics and stability 
under different environmental conditions. 

Chemical Composition 

 This is by far the most widely recognized factor that is consid-
ered, because it is well known that inevitably, the properties of 
nanoparticles will somehow depend on their chemical composition. 
Most of the biocompatible cationic nanoparticles studied so far 
have been fabricated using proteins and polysaccharides and a few 
approved synthetic polymers. These include the natural or cationic 
derivative forms of: chitosan, chitin, albumin, gellatin, whey pro-
teins, alginates, starch, soy protein, cellulose, acrylate derivatives, 
polyethileneimine and poly-Lysine, among others. 

 Other ingredients that are frequently included and should be 
considered when establishing a preparation procedure of a nanocar-
rier are: salts, sugars and lipids. Last but not least, the composition 
of the solvent will also determine and condition the thermodynamic 
and kinetic stability of the nanocarrier. All these together with the 
final purpose of making a suitable vehicle for a particular API or 
bioactive compound, which, depending on its proportion in the final 
product could have more or less effect on its structure and proper-
ties. 

 As mentioned above, the sequential order in which the ingredi-
ents are incorporated and the physicochemical approach or tech-
nique used to prepare the nanoparticle are important aspects to be 

considered because they will finally determine the spatial organiza-
tion and distribution of the components. This will thus determine if 
the distribution of API is homogeneous or not or if we end having a 
core-shell distribution with something that could be working as an 
internal compartment or reservoir of the bioactive principle. It is 
clear that the nature of the interactions involved (physical or chemi-
cal) and their magnitude are aspects that can be controlled by 
changing the chemical composition in order to attain a desired 
nanoparticle or a particle with specially tuned properties. 

 The proportion of ingredients as well as their interactions and 
location within the particles will determine the physicochemical 
properties like density, refractive index, rheology, environmental 
sensitivity, enzyme digestibility, dissolution kinetics and release 
profile of API. Therefore, its functional characteristics will be thus 
dependent not only on the chemical composition but also on the 
properties of the structures formed by them. 

 With all this in mind, selection of components will be deter-
mined by: a) their ability to form a particular structure or to assem-
ble into a desired type of particle, b) the functional requirements of 
the particles to be prepared such as size and size distribution, 
charge, stability in certain environmental conditions and c) manu-
facturing and regulatory issues (scalability of the production proc-
esses, sterilizability of ingredients and final product, legal status, 
cost, etc.). 

Structure of the Particle - Size, Dimensions and Distribution of 
Components 

 The size and size distribution of the particles will determine not 
only the physicochemical properties but also the immunogenicity 
and sensory attributes in the case of foods and oral delivery sys-
tems. For drug delivery applications the mean diameter of particles 
that have been studied typically goes from a few nanometers 
(Abraxane: mean particle diameter 130 nm) to several micrometers 
(Sandostatin: mean particle diameter 50 μm). It should be kept in 
mind that when speaking of nanostructured products their 
size/dimensions are frequently expressed giving the particle size 
distribution (mean +/- S.D.) or as mean particle diameter with an 
associated polydispersity index (this is more frequently found when 
referring to polymers). It is also common to see a reference to the 
proportion or fraction of the total that fall below a certain size 
[225]. 

 Although most of the approved particles are spherical or closely 
spherical in shape, other shapes are also possible including fibers, 
rods, ribbon-like structures and so on (i.e.: Abelcet is a ribbon like 
lipidic structure for the controlled delivery of Amphotericin B). 
Regarding the shape, it is important to consider not only its external 
appearance but also the internal structure because it is not the same 
to have a homogeneous particle than to have an internal compart-
ment. Depending on the manufacturing procedure and the composi-
tion it is possible to have particles with different internal structures. 
In this regard, particle interior can be homogeneous or heterogene-
ous and these last can be core-shell or a continuous phase with an 
internal discontinuous phase of different composition that is dis-
persed within. 

 The physicochemical properties of the API and the pharmacol-
ogical requirements will determine how it should be associated to 
the particles (either to the surface or encapsulated inside). The 
structure of the particles will determine if they have environments 
with different polarities (this will allow or condition the solubility 
of certain APIs or more precisely will determine where the API will 
end located within the particles) [5]. The internal structure and di-
mensions will determine also the encapsulation efficiency, the 
amount of API that can be loaded into each particle, the release 
kinetics and related properties. It is also important to emphasize that 
new properties of the particles can arise upon the incorporation of 
API. It has been observed that particle dynamics (for example the 
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equilibrium between monomers and micelles) is dramatically af-
fected by the association of an active principle [2]. 

Electrical Properties 

 When dealing with cationic polymers the presence of net 
charges is important for several reasons. First of all, it should be 
kept in mind that most of the surfaces that exist in biological sys-
tems are negatively charged and most of the polyelectrolytes pre-
sent are negatively charged. Therefore, the interactions with other 
molecules via strong Coulombic forces is an issue that can deter-
mine the type and nature of the mixed particles that can be formed 
and also, the interaction with surrounding molecules or surfaces 
will condition the stability of particles formed using cationic poly-
mers. Therefore, the possibility to modulate the net electrical charge 
of the particles could be used to tune or to design them for special 
applications. For instance, in the case of oral delivery systems, mu-
coadhesivity via electrostatic interactions between positively 
charged particles and negatively charged mucus layers could delay 
the transit through the gastrointestinal tract favoring a more pro-
longed delivery of a particular active ingredient. 

 For food applications it is important to keep in mind that posi-
tive charges are usually perceived by the tongue as astringent. So, 
this is a quality of the food that can also be modulated by the pres-
ence of particles containing cationic polymers. 

 The presence of electric charges is also important to confer 
stability of the particles in solution as the repulsion between them 
prevents aggregation and clumping. When dealing with ionizable 
groups, the pH dependency of this ionization and its dependence 
with the presence of salts, are aspects that should be kept in mind 
not only for the production process but also for their fate in living 
systems. 

Physicochemical and Dynamical Properties 

 Altogether and as already mentioned, the chemical composition 
and preparation procedure determine the physicochemical and dy-
namical properties of the particles. These are important aspects to 
consider because these properties will determine:  

- viscosity and surface tension of the solutions, 

- the way that they interact between them and with other 
particles or structures, 

- their stability upon dilution, 

- their phase structure and porosity will determine the parti-
tion coefficient of small molecules, which will affect their 
capacity to load and release APIs. 

 The dependence of these properties with pH, salt concentration 
and temperature are aspects that have been used for the design of 
particles for special applications [226, 227]. 

 When dealing with a functional biological active material, its 
incorporation into specially designed nanoparticles contributes to its 
protection not only from degradation but also from inactivation due 
to denaturation or chemical modification of its structure. 

 In the case of proteins, the presence of many different func-
tional groups, domains and binding sites makes them attractive for 
the development of nanoparticles modified as to improve their in-
teraction with specific bioactive compounds (when acting as carri-
ers) or their targetting (when incorporated in nanocarriers but not 
playing the “transportation” role). 

Effect of Surface Free Energy on the Functionality of Nanocar-
riers 

 Although most cationic polymers are highly hidrophilic 
many show important surface activity [7,8]. Furthermore, it has 
been clearly shown that even upon interaction with negatively 
charged structures like casein micelles, the main contribution to the 
overall energetics is due to the hydrophobic effect [7,8]. In this 

context, it is not surprising to find that several cationic polymers 
spontaneously self-aggregate leading to nano- or microparticles 
with an important surface free energy that allows the incorporation 
of important amounts of highly hydrophobic APIs [9, 10, Bianco, 
Alasino & Beltramo, unpublished observations]. The modification 
of their surface free energy under a change in pH or buffer compo-
sition has also been the base to aid in the solubilization of hydro-
phobic APIs [6]. 

NANOPARTICLE FABRICATION TECHNIQUES 

 Many different methods have been reported for the fabrication 
of polymeric nanoparticles [223]. As can be reasonably expected, 
due to their biodegradability by digestive enzymes most protein 
nanoparticles have been initially developed for food applications or 
for oral drug delivery systems. Their natural immunogenicity re-
stricts the use of protein nanoparticles for parenteral drug delivery 
to human proteins like albumin [6, 228, 229]. 

Self-Assembly 

 This is by far the ideal fabrication method. Whenever repro-
ducible conditions can be established for the self-aggregation of a 
polymer this leads to a fabrication procedure that is very cheap 
(usually tends to be the cheapest) and to nanoparticles that are 
thermodynamically very stable [2-5]. If these conditions can be 
combined as to incorporate the active principle as part of a self-
aggregated structure this gives us an excellent start in the develop-
ment of a drug delivery system. 

 Evolution has selected a special case of self-aggregated micellar 
system as the optimum delivery system for calcium for mammals. 
This is achieved by micellar structures formed by caseins that en-
capsulate and stabilize calcium phosphate [230, 231]. As reasona-
bly expected, this strategy has also been explored for the oral deliv-
ery of hydrophobic compounds. Just as an example, with this in 
mind Semo and colleagues standarized conditions for the in vitro 
self-assembly of casein micelles incorporating vitamin D2, a highly 
hydrophobic compound [232]. The idea behind this strategy was to 
use these micelles to improve the nutritional properties of non-fat or 
low-fat products. As a bonus of the strategy, the researchers also 
found that the incorporation of vitamin D into casein micelles pro-
vided protection against its UV induced degradation [232]. The 
strategy developed is based on a combination of salts and pH to 
establish conditions under which the hydrophobic compound ends 
incorporated within the micelles [232]. A different strategy is to 
disassemble the natural structure, either from the micelles or from 
the protein itself, thus exposing hydrophobic residues or regions 
onto which the hydrophobic active compound can be bound and 
afterwards readjust pH to regain the structure or reassemble the 
micelles [6, 233]. 

Nanoparticles Formed by Protein Denaturation 

 It is well known since the beginning of studies on protein stabil-
ity that many proteins aggregate upon heating. The basics behind 
this aggregation have been also well characterized for many globu-
lar proteins [1]. Briefly, as the structure of the protein opens due to 
heating, hydrophobic groups normally buried in their interior are 
exposed to interact with other non polar residues from neighbor 
protein molecules thus leading to the formation of aggregates. The 
technological problem of these strategies is that they are not suit-
able for heat-sensitive active principles. 

 With studies aimed at elucidation of the molecular structure of 
proteins we came to know that this opening of the internal structure 
of proteins can also be attained using special salts, pH and ionic 
strength. Therefore, this knowledge opened the possibility to stan-
dardize methods for the production of protein aggregates with ad-
justed sizes that can be performed at room temperature or even 
under refrigeration [234]. 
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 A logic follow up of these strategies was to modify the polar 
nature of the solvent. This so-called anti-solvent strategy has been 
originally standardized for protein fractionation and purification 
[235]. The most common procedures involve dissolving the protein 
and slowly changing the solvent composition by incorporating the 
anti-solvent.  

Spray Drying 

 By far the most common dehydration method used in the food 
industries to prepare protein powders and microparticles is spray-
drying. The most widespread spray-drying method is based on 
spraying a protein solution to a current of hot air which leads to a 
fast evaporation of water with the final result of a fine protein pow-
der. Therefore, contrarily to what could be thought, as the exposure 
to heat is very short in time, protein denaturation is in some cases 
low which allowed its broad use in the food industry. However, this 
technique has been only adapted to the preparation of relatively 
large microparticles and as far as we are aware there are still not 
nanocarriers based in this technique. 

Emulsion Based Strategies 

 In these methods, the formation of an emulsion is used as a 
strategy to put together the polymer with the bioactive compound, 
reduce the size of the droplets and then harden the microparticles by 
any known method (chemical crosslinking, heat denaturation, etc.). 
Therefore, the basics of these methods is to dissolve the polymer 
and the bioactive compound, then preparing a water in oil (W/O) 
emulsion, crosslink the polymer within the droplets and finally 
collect them either by disrupting the emulsion and solvent removal 
or by a physical method like filtration or centrifugation [241]. 
Whenever a hydrophobic compound has to be encapsulated, this 
has been done by preparing a triple emulsion O/W/O. Therefore, in 
this case the hydrophobic bioactive compound is first dissolved in a 
suitable organic solvent that is emulsified within a water solution. 
Afterwards, this emulsion is further emulsified in another non-polar 
solvent. Upon removal of the internal solvent, this leads to a physi-
cal trapping of the hydrophobic active compound within the mi-
croparticle [223-236]. 

Electrospinning 

 More recently, polymeric nanofibres have been prepared by 
injecting the solutions through a small nozzle by applying an elec-
tric field [237]. Briefly, the polymer and bioactive compound are 
both dissolved in a suitable solvent, afterwards, the solution is 
placed in a capillary tube and forced to pass through a nozzle with a 
selected diameter by a high-voltage electric field. During the time 
consumed to pass through the capillary tube and the nozzle the 
solvent evaporates leading to the formation of nanofibres or 
nanocapsules that can be used to design special 3D structures [169].  

Hydrogels 

 Their importance in medicine was initially established in the 
1950s with the development of soft contact lenses based on a hy-
drogel prepared using PHEMA (poly (2-hydroxy ehtylmethacry-
late)) [238]. 

 Main characteristics of biomedical hydrogels:  

- Structure, chemical and physical, 

- Swelling properties in different media, 

- Surface properties, including the presence of ionizable 
groups, functional moieties, etc. 

 These together determine other characteristics like:  

- diffusion properties of included material, 

- reversibility of swelling, which is important for the de-
termination of the release profile under different pHs, the 
possibility to use them as pulsatile release systems under 

varying conditions (generally pH or temperature), synere-
sis. 

Polymer Complexation 

 A large number of structures can be formed by the interactions 
of polymers with so called “complimentary” molecules. From 
these, the most widely studied are interpolymer complexes formed 
by the interaction between at least two different polymers [239-
246]. From the thermodynamic point of view, there are two funda-
mental driving forces that determine the nature, structure and stabil-
ity of these complexes. If the interactions dominate, this will be 
reflected in a negative enthaply (exothermic process) whereas when 
hydrophobic processes contribute with the major driving force this 
will be reflected as a relatively temperature independent process 
(minor enthalpic contribution) or a process in which the enthalpy is 
even positive. Contrarily to what can be expected, it has been found 
that entropy is the main driving force for the formation of several 
complexes between cationic polymers and negatively charged struc-
tures [7].  

 From the kinetic point of view, isothermal titration calorimetry 
and surface plasmon resonance have been recently used to charac-
terize not only the thermodynamic parameters but also the rate and 
extent of the interactions between a series of polymers leading to 
the formation of intermolecular complexes [245]. These techniques 
are complementary and highly sensitive. Isothermal titration calo-
rimetry can provide precise information regarding the thermody-
namic parameters like enthalpy and binding affinity constant of the 
intermolecular interaction. On the other side, surface plasmon reso-
nance measures the change in mass on the surface of the sensor and 
the rate at which these changes are produced thereby providing data 
on the kinetics of the process [239]. 

SELF-ASSEMBLY AS A STRATEGY TO FABRICATE 

NANOCARRIERS OR OTHER SUPRAMOLECULAR 
STRUCTURES BASED ON CATIONIC POLYMERS 

 As they are formed by various molecules, each of which has 
usually various chemical groups, nanocarriers based on cationic 
polymers are dynamic structures exhibiting complex functions. 

 Keeping in mind the considerations mentioned in the introduc-
tion, we could essentially find two main types of self-assembly 
processes: A) Equillibrium based structures (static) and B) Kinetic-
based structures (dynamic). In the case of nanocarriers prepared by 
self-assembly structures, the interactions between the components 
of the particle dominate and therefore, the energetics involved lead 
the process towards the formation of a certain structure. In this 
situation, the chemical composition of the system is determinant to 
achieve a desired structure and its stability. In the case of kinetic-
based structures metastable non-equillibrium states may be stabi-
lized by free energy barriers that lend them kinetically stable under 
given environmental conditions. It is clear that in these systems the 
sequence of events in the production method is critical to achieve a 
desired nanostructure. A very interesting example on this subject 
can be seen in Ladet et al [247]. They were able to produce a se-
quence of chitosan membranes layered each one on top of the other 
like onions simply bathing a solution of chitosan in an alkaline 
medium and interrupting the precipitation of chitosan by changing 
the aqueous medium. Therefore, concentric membranes of chitosan 
membranes can be formed just by repeating the cycle. This is a very 
simple example of “kinetic control” of structuring. In the case of 
chitosan, although it’s chemical structure looks mostly hydrophilic 
at acidic pH, the presence of intra- and intermolecular hydrogen 
bonds and its main backbone give it an important surface activity 
which results in a thermodynamic tendency to self-aggregate [248]. 

 As mentioned above, the dynamic control of the self-assembly 
can also be attained when there is a supply of potential energy that 
is released during the fabrication of a nanostructure. An example of 
this was shown by Capito et al., [249] using a positively charged 
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peptide solution that was mixed with a highly viscous solution of 
hyaluronic acid. Upon contact of the two solutions a membrane is 
formed in the interface between the liquids. This membrane acts as 
a barrier impeding mixing of the solutions and therefore avoiding 
the dissipation of the chemical potential gradients. The membranes 
thus formed could trap either the peptide or the hyaluronic acid 
solution in closed compartments. Furthermore, an interesting prop-
erty that arouse was that the membranes formed self-healed when 
broken [249]. 

CONCLUSION 

 The first two issues that should be kept in mind when attempt-
ing to prepare a nanocarrier based in a cationic polymer are: a) 
when dissolved they tend to increase the viscosity of the solution, 
b) the presence of several positive charges within a single molecule 
lead to strong electrostatic interactions that are established ex-
tremely fast. These can lead to problems for assuring the complete 
mixing of the components. Therefore, these aspects have to be kept 
in mind when selecting a preparation procedure. 

 On the other hand, we have found many situations in which 
entropic changes are the main contributors to the energetics of the 
process. This has been seen as “detergent like” effects of several 
cationic polymers.  

 A very important issue that has to be stressed is that, as shown 
here, cationic polymers can display an intrinsic bioactivity (i.e.: 
immunomodulatory). Therefore, it is very important to remember 
that cationic polymers should not be considered as inert, biocom-
patible components. In this context, it should be emphasized that 
their biocompatibility not only depends on their chemical nature but 
also on the physical properties of the structures into which they are 
incorporated and presented to living systems. 

 Improvement in the knowledge of the thermodynamic and ki-
netic aspects involved in the structuring process of cationic bio-
polymers is leading a field that is finding many new preparation 
procedures and applications for cationic nanocarriers. Counterintui-
tively, entropy has been shown to play a very important role as a 
driving force for the formation of supramolecular structures or in 
the biological properties of events in which a cationic polymer is 
associated with negatively charged molecules. Interestingly, the 
presence of an important contribution of the entropic component 
acts frequently as a compensation for the strong enthalpic contribu-
tion that is present when dealing with cationic polymers leading to 
nanostructures that having a marginal stability can respond in a 
tunable time-frame releasing their content as a response to a subtle 
change in the environmental conditions making these structures 
suitable for the preparation of what are known as smart drug deliv-
ery systems. Although we are still far from Paul Ehrlich's magic 
bullet the increasing control of the structure and properties of nano-
carriers make them very promising for the design of new and more 
precise and effective delivery systems. 
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