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Abstract 
______________________________________________________________________________________________________________ 

Dendrimers are symmetric molecules; their size is within the nanoscale. Its structure is usually 
homogeneous and monodisperse; they are composed of a nucleus and several layers 1. The number 
of layers that the dendrimer has defines its generation. There are different types of dendrimers. The 
synthesis of these macromolecules is carried out following steps of growth and activation, and 
organic reactions are required to obtain their branched structure2. Although size is essential, the 
determining factor of toxicity in dendrimers is the charge of the surface; it has been found that the 
higher generation dendrimers and the cationic ones are the most toxic compared to the lower 
generation anionics that evaluated at low concentrations did not show any toxicity 3. The 
dendrimers will favor the pharmacokinetics of a drug through the dendritic structure, the 
generation of the dendrimer to be used, the intramolecular interaction force between the adjacent 
functional groups in the dendrimer, the conditions of the environment such as pH, solvent polarity, 
strength ionic, saline concentration or presence of counterions, among others 4. Due to dendrimers' 
size and surface composition, the use of dendrimers in drug delivery has been increasingly studied. 
There are different interaction mechanisms between drugs in dendrimers, and these can be broadly 
divided into simple encapsulation, electrostatic interaction, and covalent bonds 5. The use of 
dendrimers in ocular administration has greatly impacted the complexity of this administration 
route. Gene therapy has also benefited from the emergence of these molecules as it facilitates 
targeted therapy. 
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Introduction  

Dendrimers are complex synthetic macromolecules, which are 
also known as cascade molecules. The term dendrimer arose 
from the derivation of the words "dendron" and "meros," 
which means "tree" and "parts," respectively, because 
dendrimers are synthetic polymers that have branched and 
defined three-dimensional architectures similar to a tree 6, 7.  

In 1978 Voegtle et al. reported the first dendrimer-like 
compound; this was low-generation prolippropyleneimine 
(PPI). Later in 1980, dendrimers of higher generations were 
synthesized by Newkome, Tomalia, Frechet, and their 
colleagues; since then, multiple dendrimers with different 
structures and functions have been developed 6. 

Dendrimers are made up of inner layers and outer layers; the 
outer layer is composed of functional groups that are useful 
for drug conjugation and specific groups that act on the target, 
while the inner layers are suitable for encapsulation of drug 
molecules with improved pharmacological efficacy, this 
reduces the toxicity of the drug and controls their release 
mechanisms 8. 

A dendrimer is characterized by having three specific parts, 
which are: a central nucleus with two or more reactive groups, 
inner layers that are composed of repeated branching units 
that are covalently attached to the nucleus, these layers are 
called "generation " this is denoted as Gn where n can vary 
from 0 to 12 and by terminal functional groups on the outer 
surface 6, 9. 

The dendrimers of smaller generations are asymmetric and 
with open conformations, while those of intermediate 
generations present semi-rigid structures with the capacity to 
transport other molecules inside and attached to their surface. 
Dendrimers of older generations are rigid molecules, so they 
cannot accept other particles in their interior. Furthermore, as 
the structures are larger, steric hindrance is generated by 
joining molecules on the surface. This is why middle 
generation dendrimers are preferred for transport.7, 10 

It is important to consider that the structure of the dendrimers 
can be precisely designed; during the synthesis, it is possible 
to control the branching and introduce changes in the terminal 
groups 9.  
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Many factors such as pH, the type of solvent, the saline effect, 
or the size can determine the physicochemical properties of 
dendrimers 11. It has been discovered that the cytotoxicity 
associated with dendrimers depends in general on the 
generation, the number of groups found on the surface, and 
the nature of the terminal residues (cationic, anionic, and 
neutral), the highest cytotoxicity is associated with the 
dendrimers first-generation and cations. 9 

The polyamidoamide dendrimer known as PAMAM have 
become very popular in the pharmaceutical industry since the 
chemical structure grows linearly in diameter and 
exponentially in the terminal groups so that the compounds of 
generation greater than G4-G6 will present intertwined 
branches, this allows it to generate geometrically closed 
nanostructures that allow them to be loaded with drugs 12. 
This is an example that by strategically selecting the surface of 
the dendrimer, drug-dendrimer conjugates can be elaborated 
with defined structures that have specific properties; these 
can be endowed with selectivity and improve their solubility, 
among other characteristics, so they are a very promising 
vehicle in the pharmaceutical industry. 

Advantages 

Among the advantages offered by dendrimers can be found 
that they have reduced toxicity. This greater specificity results 
in the protection of healthy cells, tissues, and organs from the 
toxic side effects of the drug, they have an improved 
bioavailability, they have a prolonged half-life that results in 
the reduction of renal clearance and the protection of the 
incorporated drugs against premature enzymatic degradation 
and other elimination mechanisms, these can achieve a 
controlled or sustained release of the drug in order to 
maintain plasma levels and thus reduce the dosing frequency 
and dose. Furthermore, dendrimers can improve drug 
solubility and have the potential to be used as multifunctional 
excipients. 8,11,13 

It is essential to consider the advantages of dendrimers 
compared to liposomes since dendrimers can be covalently 
attached to drugs providing the stability that liposomes do not 
have as they do not have this type of union, which makes them 
challenging to stabilize. 12 

Disadvantages 

Among the disadvantages, it can be found that most 
dendrimers are not degradable in the physiological 
environment; this can lead to their accumulation within cells 
or tissues, causing severe side effects. 6 

Types of Dendrimers 

Polyester dendrimer 

Generally, to obtain polymers with biodegradable bonds, one 
must work under rigorous synthetic conditions. However, this 
type of dendrimers presents a compromise between synthetic 
manipulation and biodegradability; after its discovery, it has 
been possible to synthesize polyester dendrimers that can be 
grouped into three categories: polyester dendrimers based on 
2,2-bis (hydroxymethyl) propanoic acid (bis-HMPA) 
monomers, polyester dendrimers based on alternating 
monomers and the other types of polyester dendrimers 6. 
These dendrimers are characterized by being acidic, 
inexpensive, non-toxic, biodegradable, and non-immunogenic. 
They present a disadvantage in that they require multiple 
protection/deprotection reactions, which increases the risk of 
performing incomplete reactions and obtaining a defective 
product. 6 

 

Polyacetal dendrimers 

In 1992, polyacetal dendrimers with 2,4,8,10-tetraoxaspiro 
dendrons were synthesized using the transactivation 
technique of protection/deprotection sequences; in 2011, 
polyacetal dendrimers with PEO chains were synthesized, 
achieving the synthesis of seventh-generation dendrimers that 
included peripheral hydroxyls, which made it soluble in water. 
6 

PAMAM dendrimers 

PAMAM (polyamidoamine) dendrimers have been widely used 
for drug delivery due to their biocompatibility, hydrophilicity, 
and lack of immunogenic effect. These generally have an 
ethylenediamine nucleus but can be synthesized with more 
hydrophobic interiors such as diaminobutane, diaminohexane, 
and diaminododecane, and in their branches, they have amine 
groups that can be used to load drugs, antibodies, enzymes, 
among others 8,14. Low-generation PAMAMs have fewer 
surface primary amines and have a looser structure. In 
contrast, high-generation PAMAMs have many more surface 
primary amines resulting in more significant toxicity, 
including erythrocyte lysis due to the formation of nanoholes, 
erosion, and thinning of the membrane 15,16. In addition, entire 
generations such as G1, G2, G3, and others end with -NH2 
groups and carry positive charges while half generations such 
as G0.5, G1.5, G2.5, among others, have -COOH carrying 
negative charges 15. In 1993 Haensler and Szoka discovered 
that PAMAM formed a complex with the DNA plasmid by 
electrostatic interaction. After this discovery, it was 
investigated on the different generations of PAMAM where it 
was found that the G1 cannot complex with nucleic acid due to 
the low density positively charged, G2s have a flat-elliptical 
shape, and they can form complexes with DNA but to a lesser 
extent than G4-G5. 14  

Poly-L-lysine dendrimers 

PLL (poly-L-lysine) dendrimers are synthesized by peptide 
bonds, and both the nucleus and the branches are based on the 
amino acid lysine; they have two primary amines generally 
modified to improve the therapeutic effect; these polymers are 
biocompatible, biodegradable, flexible, and soluble in water 
and are used to carry genes mainly. 8,14 

Propyleneimine dendrimers 

PPI (propyleneimine) dendrimers were the first to be 
reported in 1978. These are mainly based on 1,4-
diaminobutane (DAB), diaminoethane (DAE) nuclei with 
propyleneimine or ethylenediamine with branching units 
composed of propyleneimine monomers; in their inside, you 
can find tertiary amines of tris-propylene, the presence of 
alkyl groups in the branches makes them possess a more 
hydrophobic interior than the dendrimers of PAMAM. These 
dendrimers are used primarily for diagnosis. 7,13,19 

Synthesis of dendrimers 

The organic synthesis of these polymers allows molecular 
parameters such as size, shape, interior and surface chemistry, 
flexibility, and topology almost perfectly. 

Divergent growth method 

It is the most used method. The construction of the dendrimer 
starts from the nucleus, and the addition of branches depends 
on the reactivity of the nucleus, which means that if the 
nucleus has two reactive ends, four branches are added. After 
having additional branches (a new generation), you must 
activate the exposed ends so that the next stage of branching 
can occur. These two steps, adding and activating, are 
repeated until the number of necessary generations is 
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reached; it is essential that the reaction is in order and is 
completed in its entirety to avoid defective branches. Among 
the advantages of this method, it can be found that at the end 
of the synthesis, the surface of the dendrimer can be modified 
with the desired functional groups, it is a fast synthesis, and it 
allows to prepare of large dendrimers. Among the 
disadvantages is the long necessary purification since the final 
product and the intermediate reagents have similar molecular 
weight, charges, and polarity. It is also necessary to use an 
excess of monomers in each of the reactions. 7, 15 

To synthesize PANAM dendrimers using this method, one 
begins with an ethylenediamine nucleus, with two branching 
ends of primary amine. To this structure, layers of 
methacrylate and ethylenediamine are added in successive 
reactions. These reactions generate carbon chains that have 
amide bonds inside and outside primary amines, to which new 
layers of methacrylate and ethylenediamine are added, which 
allows obtaining internal tertiary amines. Branches begin to 
be added from these tertiary amines inside the dendrimer, 
causing the dendrimer to grow generation after generation. 7 

Convergent growth method 

It works oppositely to the model mentioned above. The 
synthesis begins with branching units called dendrons, which 
are synthesized from the outside to the inside, and this is why 
it is said that it occurs in the opposite way to divergent 
growth. However, the two techniques have in common that the 
branches are generated in two steps. In this case, the first of 
these steps is to activate the functional groups, and then the 
branches are added. When the dendrons are synthesized, they 
join the nucleus in the last stage to obtain the dendrimers. The 
advantage of this method is that it allows easier purification 
because it presents more significant differences between the 
final product and the intermediates; they also have greater 
monodispersity for low generations, present fewer defects in 
the branches, and present fewer defects in the branches errors 
in the synthesis. Since only correctly formed dendrons are 
selected to be attached to the nucleus. Among its 
disadvantages are that the yield is low, and it is difficult to 
obtain higher generations due to steric obstacles when the 
dendrons are connected to the nucleus. 7,15 

Toxicity  

Toxicity is defined as measuring the harmful effects on tissues, 
cells, and different body organs. For this reason, it is important 
to make different toxicity tests before their commercialization, 
to prioritize patients' security. To assure that dendrimers are 
biocompatible with cells, it is necessary the toxicological 
analysis. When analyzing dendrimers, their pharmacokinetic 
and distribution analysis are essential 18. Over the years, 
scientists have investigated dendrimer's toxicity and 
discovered that the cationic ones, with higher generations, are 
the most toxic 8.  

According to a study applied to zebrafish embryo cells, made 
by Bodewein, L., Schmelter, F., et al., 2016, there is a strong 
influence of the size and generation factors in terms of its 
toxicity. Also, anionic dendrimers evaluated at low 
concentrations did not show any type of toxicity in the cells. 
However, the authors mentioned that at higher 
concentrations, this effect could not be assured 19.  

With their nanometric size, dendrimers can present problems 
derived from the capacity of interaction with cells and their 
components. For this reason, it is vital to study its toxicity to 
use them as therapeutic compounds transportation systems. It 
is said that its toxicity may be associated with: molecular 
weight, the charge density of the dendrimer, concentration of 
the dendrimer, exposure time, and type of exposed cell 20. 

Due to the size of the dendrimer, which is generally found 
between 1 and 100 nm, they interact with cellular elements 
such as cell membrane, nucleus, and proteins, as well as with 
different ions, which can affect the hemoglobin's biological 
activity, as well as kidney function. While size is essential, the 
determining factor for dendrimer toxicity is the surface 
charge. The toxicity of dendrimers is influenced by 
pharmacokinetics and biodistribution, so biodistribution tests 
are of utmost importance to determine which are the target 
tissues 21. 

According to a study carried out by Hidalgo, S. 2018; in which 
a Janus type dendrimer was synthesized, it can be observed 
how the cytotoxicity of bedaquiline, which corresponds to a 
drug that under normal conditions presents high toxicity, 
decreases completely at any concentration of the dendrimer, 
for this reason, studies are suggested, since it is possible that 
when this change occurs in the cytotoxicity of a drug, it 
contributes to the creation of safer drugs, since one of the 
main problems of drugs, when they are synthesized, is their 
toxicity 22. 

Furthermore, in a study carried out by Diaz, C., Benitez, C., et 
al., 2018; where the characteristics of two synthesized PAMAM 
dendrimers are evaluated, when performing the cytotoxicity 
test in a human embryonic kidney, it is observed that 
cytotoxicity is observed at high concentrations while at low 
concentrations, which would typically be used for 
pharmaceutical treatments, cytotoxicity disappears in both 
dendrimers 23. 

This can also be observed in a study by Thanh, V., Nguyen, T., 
Tran, T., Ngoc, U., Ho, M., et al., 2017; where two different 
PAMAM dendrimers are synthesized, in which a difference is 
observed in terms of their cytotoxicity, where one of these 
showed viability more significant than 60%, while in the other 
it decreased below 40%, however, when joining another 
dendrimer to each of these, it is observed how their 
cytotoxicity disappears, making them much more 
biocompatible 24. 

Pharmacokinetic properties 

Pharmacokinetics is defined as the pharmacology's branch 
that studies drug concentration changes, as well as its 
biotransformation products in biological fluids, tissues, or 
excretions, as a function of time through different models that 
describe, explain, and predict the effects of various absorption, 
distribution and elimination processes 25. 

By using dendrimers as transporter systems of active 
compounds, their pharmacokinetic properties will be 
improved, since, with these, an improvement in their 
solubility, bioavailability, stability, a favoring in the 
accumulation of the drug at the site of action, in addition to a 
reduction in adverse reactions that a drug can cause 11. 

As it is known, dendrimers will favor the pharmacokinetics of 
a drug; this improvement will depend not only on the use of 
these nanoparticles but also on the dendritic structure, the 
generation of the dendrimer to be used, the intramolecular 
interaction force between the functional groups adjacent 
conditions in the dendrimer, the medium conditions such as 
pH, solvent polarity, ionic strength, salt concentration or 
presence of counterions, among others 4. It is important to 
mention that dendrimers are similar to proteins because they 
can get their native shape or be denatured according to their 
pH, ionic strength, or solvent polarity 26.  

The dendritic structure comprises three main parts: a 
multivalent surface, an internal framework, and the nucleus or 
core; the latter varies according to the generation of the 
dendrimer 14. In addition, it has been observed that hydrogen 
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bonds are formed between drugs and amino groups inside the 
dendrimer and the surface, so in the case of dendrimers with 
hydrophobic interiors, hydrophilic exteriors, these behave as 
micelles 27. Also, when discussing dendritic structure, it is 
crucial to consider the surface's charge, because according to 
this, the permeability can be affected when administering 
drugs orally 28.  

On the other hand, as the generation of the dendrimer 
increases, in the same way, its size increases, so that the 
greater the generation of the dendrimer, the larger it will be; 
this, in turn, causes an increase in the internal cavities of the 
dendrimer, which increases the number of conjugations with 
the drug. However, it also becomes more rigid, making it 
challenging to release. Consequently, when using dendrimers 
as transporters, it is recommended to use dendrimers of the 
fourth generation or lower to control the particles 14,26. 

In addition, to improve the pharmacokinetic properties of 
drugs, linkers or spacers emerge, consisting of functional 
groups that will facilitate the cleavage of the complex and 
modulate the rate of drug release. According to the 
intramolecular force between the adjacent functional groups 
in the dendrimer and the drug to be transported, so will its 
solubility or selectivity characteristics. Among the existing 
linkers are amines, ester groups, disulfide bonds, among 
others 29. 

Another factor to take into account on excellent 
pharmacokinetics in the drug when using a dendrimer is the 
pH, which, being above 7, generates an increase in the size of 
the dendrimer, thus causing an increase in the generation of 
the dendrimer itself, which can favor the solubility and release 
of the drug 7. 

Solvent's polarity must also be taken into account when using 
dendrimers as drug transporters since this, together with the 
purity of the solvent, affects the conformation of dendrimers 
due to the back-folding process of the terminal groups. In 
various studies, it was observed that polar dendrimers in non-
polar solvents have more significant intra and intermolecular 
interactions, which produces a compact dendrimer interior 
and the aggregation of different dendrimers 30. 

Also, it is important to take into account the ionic force 
present between the dendrimer, the drug, and the medium, 
since the more significant the ionic force present between 
them, the release capacity will be reduced; however, if these 
ionic forces are controlled correctly, the degree of drug release 
can be favored 31. 

Finally, it is crucial to take into account the saline 
concentration or the presence of counter ions, since when this 
concentration is low, the repulsion between the ionized 
groups of the dendrimer generates the extension of the 
dendritic structure, which in turn, produces more storage 
space of the drug within the dendrimer, thus favoring the 
amount of drug transported 32. 

Dendrimers as a transport system 

Due to the large surface area and the presence of functional 
groups in it, its high solubility in water, biocompatibility, and 
versatility, dendrimers have been used more and more as drug 
transporters. Due to their nanoscopic size, these polymers 
have opened a new dimension to the concept of controlled 
release. Another of the great advantages of these 
macromolecules being used as drug carriers is that they can 
transport both hydrophobic and hydrophilic molecules. 33,34 

Dendrimers can interact with molecules physically or 
chemically. When drugs are physically related to dendrimers, 
they do not undergo alterations. However, although these 

interactions are easy to form, there is little control over their 
release. In addition, when these two structures are physically 
united, the drug: dendrimer ratio is usually low. Chemical 
interaction can take place in three different ways. The first of 
these is through a direct conjugation between the surface of 
the dendrimer and the drug molecule. They can also be 
attached using a linker, which is used when the drug does not 
have functional groups that can bind to the dendrimer or 
when this linker is necessary to modify solubility 
characteristics or the release profile. Another reason to use a 
different structure is to decrease the number of drug 
molecules near the surface of the dendrimer and thus obtain a 
more significant amount of drug bound to the dendrimer. 
Finally, the dendrimer can be made an integral part of the 
drug, which will be released in a specific tissue. 35 

Among the interactions that can occur is simple encapsulation, 
which occurs thanks to the spherical shape of the dendrimer 
and the internal cavity that it presents. Once inside this cavity, 
the drug can interact with specific groups in the dendrimer 
structure, such as oxygen or nitrogen atoms, allowing 
hydrogen bonds to form. However, no bond needs to occur as 
hydrogen bonds, and hydrophobic interactions can form in 
simple encapsulation, but physical encapsulation is also 
possible. This internal pocket has hydrophobic properties, 
making it possible to transport molecules that are not easily 
solubilized. 36,37 

Chemically dendrimers can transport drugs by 
electrostatically binding them with many functional groups 
found on the surface, such as amines or carboxyl groups. As an 
advantage when this interaction occurs, it can be seen that the 
solubility of hydrophobic molecules is increased; in addition to 
that, the drugs do not lose chemical or pharmacological 
integrity. Examples of these interactions have been seen with 
some NSAIDs that have carboxylic groups in their structure, 
such as ibuprofen or piroxicam, which form a stable complex 
with the dendrimer electrostatic interactions that are formed. 
36,37 

Another way to join drug molecules to dendrimers to 
transport them is by joining these two structures through 
covalent bonds. In order to generate this union, it is necessary 
to have the presence of functional groups such as p-
aminobenzoic acid or linkers of amides or esters. It should be 
mentioned that this form of transport is of special interest 
when it is wanted to have a controlled release of the drug, 
since this dendrimer-drug complex diffuses at a lower speed 
when compared to the free drug, also in targeted therapies 
since these complexes can be absorbed in specific tissues. A 
problem that can arise is that this complex is insoluble; 
however, this can be solved by joining small PEG chains. Some 
of the drugs that have been successfully linked to dendrimers 
include cisplatin, methotrexate, naproxen, and penicillin. 36,37 

When what is wanted is to carry drugs with hydrophilic 
characteristics, it is coupled to the dendrimer polyethylene 
glycol (PEG), creating unimolecular micelles that can, on this 
surface of PEG, solubilize hydrophilic molecules. In contrast, 
inside the dendrimer, it can carry hydrophobic molecules. 36 

Ocular Administration 

When a drug is used through the ophthalmic route, it comes 
into contact with the ocular surface, which is made up of the 
precorneal area (lipid characteristics) that includes the 
cornea, the conjunctiva, and a layer of mucins that are 
responsible for regulating the pH ocular; and the post corneal 
area where the retina is located. (38,39) When administered, 
drugs are absorbed in the first 30 minutes to exert local 
action; however, these can also pass from the tear duct (which 
is part of the conjunctiva) to the nasal cavity or to the 
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lymphatic system, where they are absorbed and pass into the 
circulation causing systemic effects. 38,40 

Any drug administered to exert action on the back of the eye 
must pass through the precorneal area, as mentioned above, 
and the corneal and post corneal area, which is why only 3-5% 
reaches the intraocular tissues. One of the reasons why the 
bioavailability of drugs administered by the ocular route is so 
low is because the epithelium of the cornea has its cells closely 
linked together, generating a selective barrier, in addition to 
the stroma; Another structure of the cornea has very 
hydrophilic characteristics, making the transport of lipophilic 
molecules difficult. Lastly, we can mention the enzymes 
present in the ocular cavity that cause degradation of the 
administered drugs. 38 

The magnitude of the effects produced is determined by the 
amount of drug administered and by the bioavailability of the 
drugs, the latter being conditioned by the active drug, the 
anatomophysiological characteristics of the ocular apparatus, 
and the pharmaceutical form, for which reason the use of 
dendrimers in this route of administration has been studied. 41 

Therefore, the main challenge in the administration of drugs at 
the ocular level is to increase the bioavailability and prolong 
the residence time of the drug with the surfaces of the eye. 
This is why different polymers have been created to transport 
drugs, however, if these are synthesized with very small sizes, 
they are quickly drained through the tear duct, and if they are 
large, they cause eye irritation and are eliminated by tears. In 
addition, they tend to infiltrate the lacrimal gland, causing a 
decrease in the flow of tears, which causes blurred vision. 37 

Although dendrimers are polymers, they have different 
characteristics that make them good candidates for 
transporting drugs through the ophthalmic route since they 
can dissolve hydrophobic drugs in the ophthalmic cavity and 
retain and maintain a controlled release of active ingredients. 
37 

Some dendrimers have a cationic charge that is important for 
ocular administration since the charges they present interact 
with the mucins of the corneal epithelium, which contains 
sialic groups that, at physiological pH, are charged negatively. 
Due to this electrostatic interaction, dendrimers function as 
mucoadhesive polymers, increasing the contact time of the 
active drug and the ocular surface. 42 

On the other hand, there is also an electrostatic interaction 
with the proteins of the epithelial intercellular junctions, 
causing a temporary reorganization of these proteins, which 
increases paracellular permeability. All of this promotes the 
entry of drugs into the cornea. 42 

Gene therapy 

Gene therapy is known as the set of techniques that allow 
conveying DNA or RNA sequences to a target cell to modulate 
the expression of certain altered proteins, which means that 
cellular deficiencies expressed in the phenotype are corrected, 
thus reversing any biological disorder that occurs. 37,43 This 
mobilization of exogenous genes occurs through vectors; these 
facilitate entry and improve their bioavailability. There are 
two types of vectors, viral and non-viral, within which are 
dendrimers. 14 

Due to the high immunogenic response that viral vectors 
induce, non-viral vectors have been increasingly studied, 
which are easily manufactured with highly defined structures, 
generate less immune response, and, in addition, can be 
modified to direct their transport. 20 

The most suitable dendrimers for transporting DNA are those 
containing positively charged groups on their surface, such as 

PANAMs or PPIs, since due to this positive surface charge, they 
can condense the DNA, forming a stable complex; which 
protects the oligonucleotide from degradation and which is 
also able to cross cell membranes and release its contents into 
the target cells, since, as mentioned above, dendrimers can be 
modified to improve their specificity for the cells of interest. 20 

The dendrimer-DNA complex is formed by electrostatic-
hydrophobic interactions. They occur between the amines of 
the dendrimer and the phosphate groups of the nucleic acid; 
These positive and negative charges will be neutralized, and as 
a consequence, on some occasions, it goes from an extended 
structure to a compact one. The nature of this complex will not 
depend solely on the stoichiometry and concentration of the 
groups that form the interactions, but the solvent in which the 
complex is formed and its properties, such as pH and salt 
concentration, will also be important. 20,45 

Therefore, different conditions will define the affinity of the 
complex that is formed. One of these is the size of the 
dendrimer. The larger this is, the greater the number of 
terminal amines the molecule will present and, therefore, the 
greater amount of positive charges, generating more 
possibilities of contact with the DNA chains. To guarantee that 
the amines present in the structure are protonated, they must 
be in an environment with a pH close to 7 (physiological pH). 
If the dendrimer were in a solution with a higher pH, the 
amines would be in their neutral form, so they would be 
unable to form bonds with nucleic acids. Whereas, if the pH of 
the solution is very low, the chloride ions will bind to the 
positive charges both on the surface and inside the dendrimer, 
competing and weakening the dendrimer-DNA bond. 20 

Another critical factor in the complex formation is the ratio of 
charges present, which are described by a factor called R. This 
value relates to the number of positive charges provided by 
the amines of the dendrimer and the negative charges of the 
phosphate groups of the chains of DNA. When R is less than 1, 
the formed complex exhibits a low affinity, increasing the 
possibility of dissociation. On the other hand, if R is greater 
than 1, the positive charges exceed the amount of the negative 
charges, producing coiling of the DNA chains on the 
dendrimer, overcoming the energy and entropic barriers, 
forming a more stable complex; however, it must be taken into 
account that if R is extensive, the complex is so stable that it 
may not dissociate when it reaches its target. 20 

The concentration of counterions and water molecules also 
determines the binding affinity of the dendrimer-DNA 
complex. Before the interaction occurs, both the dendrimer 
and the DNA are neutralized by Cl- and Na + and solvated by 
water molecules. When the complex begins to form, these ions 
come out, and by concentrating in the solvent hinders the 
binding and affinity of the complex since the contacts and the 
degree of bending of the DNA chains are reduced. Lastly, the 
length of the DNA chain can also influence the flexibility or 
stiffness, which is present when complexing with the 
dendrimer 20. 

Once the complex is formed, both the dendrimer and the DNA 
will undergo conformational changes, which will be 
determined by the size of the dendrimer. Small dendrimers 
will undergo a more significant deformation than the larger 
ones. This happens because the dendrimer expands its surface 
to increase the contact points with the nucleic acid; in this 
way, the smaller dendrimer loses its spherical shape and 
passes to a more extended and asymmetric conformation. On 
the other hand, DNA shows a more remarkable change when it 
complexes with larger dendrimers. When the DNA chains face 
a small dendrimer, there is little charge ratio, which results in 
a stretching of the DNA and adsorbs to the dendrimer's 
surface without it suffering twists, resulting in a weak bond. 
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While joining a larger dendrimer and a DNA chain, it is 
compacted to a greater extent and supports twisting, bending, 
and shortening due to the neutralization; all this results in a 
curling of the DNA chain on the dendrimer. When dendrimers 
are large, what occurs is penetration of DNA into the 
dendrimer, which later hinders its release 20. 

DNA transfection from the dendrimer to the cell begins when 
the dendrimer-DNA complex is endocytosed by the cell, thanks 
to interactions between the positive charge of the dendrimer 
and the negative charge on the cell membrane. An endosome 
is formed from this endocytosis, a vesicle with the dendrimer-
DNA complex that separates it from the cytosol. Although 
several endocytosis mechanisms have been described, two 
stand out, the one mediated by clathrin and the one mediated 
by caveola 20,46. 

In the clathrin-mediated endocytosis process, there is the 
formation of an invagination of the cell membrane together 
with the polymerization of the clathrin protein, which forms a 
polygonal network that gives structure and covers the 
dendrimer-DNA complex; forming an endosome. Clathrin 
polymerization occurs when three heavy chains and three 
light clathrin chains are associated, forming what is known as 
triskelions; when these structures are assembled, the complex 
is covered. Assembling proteins such as the adapter protein 
AP-2 participate in this process; in addition, the dynamic 
GTPase is responsible for separating the vesicle from the 
membrane. This endocytic process ends with the association 
with lysosomes in a pathway of acidification of the complex 
and degradation of endocytosed particles 46. 

On the other hand, the endocytosis of the dendrimer-DNA 
complex mediated by caveolae occurs through an invagination 
of the cell membrane in lipid rafts known as caveolae. These 
structures correspond to lipid microdomains that are formed 
around the caveolin-1 protein. This membrane protein that 
does not expose sites towards the extracellular zone has a site 
that binds cholesterol and sphingolipids in its N-terminal 
region, creating a zone enriched in these lipids. When this 
pathway forms the endosome, it has been seen that these drift 
goes towards the Golgi apparatus and/or the endoplasmic 
reticulum, in a route where there would be no acidification or 
degradation, although it has also been described that in some 
instances, they end up associated with lysosomes 46. 

The release of the contents of the endosome sometimes occurs 
by a rupture due to a "proton sponge" effect. This effect occurs 
because the complex can buffer the pH since the amines of the 
dendrimer can capture protons, but there is a flow of chloride 
into the endosome. Due to this increase in ions, there is an 
attraction and entry of water into the endosome, causing the 
breakdown and exit of the genetic material, which goes to the 
nucleus 20. 

Biodistribution 

Dendritic compounds considered for biomedical applications 
by general rules must have low toxicity profiles, a time in 
circulation long enough for therapeutic efficacy to be achieved. 
They must be easily eliminated from the body to avoid 
possible unacceptable accumulation in the long term 47. 

Among the most important factors to consider in the 
elimination or excretion of dendrimers, either by renal or 
hepatic clearance, it is necessary to: 

 The size of the dendrimer must be between 10-100nm to 
have optimal properties for in vivo administration since 
sizes less than 10nm are extravasated into tissues and 
undergo rapid renal clearance, and sizes greater than 
100nm are opsonized and eliminated from the 
bloodstream by the macrophages using the 

reticuloendothelial system 48. Dendrimers with higher G 
will be cleared by the kidneys more slowly, so they will 
have longer retention in the blood 49. 

 The density of the surface charge, since it has been shown 
that cationic dendrimers are easily eliminated from the 
circulation and accumulate significantly in the liver, 
anionic dendrimers remain longer in the blood and 
accumulate in the liver to a lesser extent than the cationic, 
hydrophilic dendrimers remain circulating for a long time 
since they prevent rapid elimination 11. 

 Naturaleza hidrófila/hidrófoba del núcleo del dendrímero 
ya que se ha observado que aquellos con un interior más 
hidrofóbico se eliminan más rápidamente de la circulación 
sanguínea acumulándose 2 veces más en el hígado que los 
que poseen un centro hidrofílico, esto se debe tomar en 
cuenta ya que hace más difícil de predecir la toxicidad a 
largo plazo. 11,50 

Conclusions 

Among the different dendrimers, polyester dendrimers are 
acidic, non-toxic, low cost, biodegradable and non-
immunogenic; however, they require multiple 
protection/deprotection reactions, as do they require multiple 
protection/deprotection reactions polyacetal dendrimers, of 
which there are seventh-generation water-soluble 
dendrimers. PAMAM dendrimers are widely used in drug 
delivery due to their biocompatibility, hydrophilicity, and non-
immunogenic; however, the generation used must be 
considered since they can be toxic or interfere with DNA. 
Finally, there are PLL dendrimers used mainly to carry genes 
and PPIs used for diagnostics. All these different types can be 
synthesized using the convergent or divergent growth 
method.  

Thanks to the different properties of dendrimers, they are 
becoming increasingly attractive for use as drug delivery 
media. Gene therapy has benefited from these molecules since 
they make it possible to direct the therapy. On the other hand, 
dendrimers are also used in ocular administration since they 
help the drug to remain in contact with the surface for longer 
and promote its entry into the cornea.  

Dendrimers are nanoparticles that are of great importance at 
the pharmaceutical level since due to their reduced toxicity, 
greater specificity, improved bioavailability, prolonged half-
life, and their ability to bind to drugs covalently, they have 
demonstrated improved solubility and potential for use as 
multifunctional excipients, always taking into account that 
they are not degradable in a physiological environment so that 
they can present essential side effects. They can also be toxic 
depending on their generation, charge, and concentration. 
Undoubtedly, these are molecules that are here to stay and 
innovate the types of formulations that exist in the market, 
and the pharmaceutical industry has been able to exploit them 
little by little to obtain better results every day in the health of 
people and fewer adverse effects to improve the quality of life 
of patients. 

Conflicts of interest 

The authors declare that no conflict of interest exists. 

References 

1. Abbasi E, Aval SF, Akbarzadeh A, Milani M, Nasrabadi HT, Joo SW, et 
al. Dendrimers: synthesis, applications, and properties. Nanoscale 
Res Lett. May 21, 2014; 9(1):247. https://doi.org/10.1186/1556-
276X-9-247 

https://doi.org/10.1186/1556-276X-9-247
https://doi.org/10.1186/1556-276X-9-247


González Corrales et al                                                                                                        Journal of Drug Delivery & Therapeutics. 2022; 12(1-s):151-158 

ISSN: 2250-1177                                                                                     [157]                                                                                        CODEN (USA): JDDTAO 

2. Walter MV, Malkoch M. Simplifying the synthesis of dendrimers: 
accelerated approaches. Chem Soc Rev. 2012; 41(13):4593. 
https://doi.org/10.1039/c2cs35062a 

3. Gothwal A, Malik S, Gupta U, Jain NK. Toxicity and biocompatibility 
aspects of dendrimers [Internet]. Pharmaceutical Applications of 
Dendrimers. Elsevier Inc.; 2020. 251-274 p. 
https://doi.org/10.1016/B978-0-12-814527-2.00011-1 

4. Díaz, C. Efecto de la modificación superficial de dendrímeros 
PAMAM en la cinética plasmática y formación de complejos con 
aplicación farmacológica. Universidad de Concepción. 2018. 
Available at: 
http://repositorio.udec.cl/jspui/handle/11594/3360 

5. Dendrimers and their Applications as Novel Drug Delivery Carriers. 
J App Pharm Sci [Internet]. 2013 [citado 1 de marzo de 2021]; 
Available at: 
http://www.japsonline.com/abstract.php?article_id=1064 

6. Huang D, Wu D. Biodegradable dendrimers for drug delivery. Mater 
Sci Eng C. September 2018; 90:713-27. 
https://doi.org/10.1016/j.msec.2018.03.002 

7. Igartúa, D. Dendrímeros como nanotransportadores de drogas y 
como drogas per sé. Universidad Nacional de Quilmes. 2020; 
11(4), 48-74. Available from: http://computacion-
cuantica.web.unq.edu.ar/wp-
content/uploads/sites/65/2016/11/D11_REV1_igartua_2020.pdf 
https://doi.org/10.48160/25913530di11.130 

8. Mhlwatika Z, Aderibigbe B. Application of Dendrimers for the 
Treatment of Infectious Diseases. Molecules. August 31, 2018; 
23(9):2205. https://doi.org/10.3390/molecules23092205 

9. Janaszewska, Lazniewska, Trzepiński, Marcinkowska, Klajnert-
Maculewicz. Cytotoxicity of Dendrimers. Biomolecules. August 1, 
2019; 9(8):330. https://doi.org/10.3390/biom9080330 

10. Sato K, Anzai J. Dendrimers in layer-by-layer assemblies: synthesis 
and applications. Mol Basel Switz. July 17, 2013; 18(7):8440-60. 

https://doi.org/10.3390/molecules18078440 

11. García, M. Nuevas aplicaciones de los dendrímeros en el campo de 
la biomedicina. (Unpublished Final Degree Project). Universidad 
de Sevilla. 2018. Available at: 
https://hdl.handle.net/11441/70937 

12. Dias AP, da Silva Santos S, da Silva JV, Parise-Filho R, Igne Ferreira 
E, Seoud OE, et al. Dendrimers in the context of nanomedicine. Int 
J Pharm. January 2020; 573:118814. 
https://doi.org/10.1016/j.ijpharm.2019.118814 

13. Chauhan A. Dendrimers for Drug Delivery. Molecules. April 18, 
2018; 23(4):938. https://doi.org/10.3390/molecules23040938 

14. Palmerson, L., Pan, J., Torchilin, V. Dendrimers as Nanocarriers for 
Nucleic Acid and Drug Delivery in Cancer Therapy. Molecules. 
2017; 22(9):1401-21. 
https://doi.org/10.3390/molecules22091401 

15. Lazniewska J, Milowska K, Gabryelak T. Dendrimers-revolutionary 
drugs for infectious diseases: Dendrimers-revolutionary drugs for 
infectious diseases. Wiley Interdiscip Rev Nanomed 
Nanobiotechnol. September 2012; 4(5):469-91. 
https://doi.org/10.1002/wnan.1181 

16. Malik N, Wiwattanapatapee R, Klopsch R, Lorenz K, Frey H, 
Weener JW, et al. Dendrimers: relationship between structure and 
biocompatibility in vitro, and preliminary studies on the 
biodistribution of 125I-labelled polyamidoamine dendrimers in 
vivo. J Control Release Off J Control Release Soc. March 1, 2000; 
65(1-2):133-48. https://doi.org/10.1016/S0168-3659(99)00246-
1 

17. Kesharwani P, Jain K, Jain NK. Dendrimer as nanocarrier for drug 
delivery. Prog Polym Sci. February 2014; 39(2):268-307. 
https://doi.org/10.1016/j.progpolymsci.2013.07.005 

18. Kaur, D., Jain, K., Mehra, N. K., Kesharwani, P., & Jain, N. K. A review 
on comparative study of PPI and PAMAM dendrimers. Journal of 
Nanoparticle Research, 2016; 18(6):146. 
https://doi.org/10.1007/s11051-016-3423-0 

19. Bodewein L, Schmelter F, Fiore S Di, Hollert H, Fischer R, Fenske M. 
Differences in toxicity of anionic and cationic PAMAM and PPI 
dendrimers in zebrafish embryos and cancer cell line. Toxicol 
Appl Pharmacol [Internet]. 2016; 
https://doi.org/10.1016/j.taap.2016.06.008 

20. Rivas M. Nuevas aplicaciones de los dendrímeros en el campo de la 
biomedicina. 2018; 14-6. 

21. Santos A, Veiga F, Figueiras A. Dendrimers as Pharmaceutical 
Excipients : Synthesis, Properties , Toxicity and Biomedical 
Applications. 2019. https://doi.org/10.3390/ma13010065 

22. Hidalgo S. Síntesis, estudio y caracterización de dendrímeros 
anfífilos tipo Jano como nanotransportadores de fármacos contra 
la tuberculosis: toxicidad y actividad antimicrobiana. 2018. 

23. Diaz C, Benitez C, Vidal F, Barraza LF, Jiménez VA, Guzman L, et al. 
Cytotoxicity and in vivo plasma kinetic behavior of surface-
functionalized PAMAM dendrimers. Nanomedicine 
Nanotechnology, Biol Med [Internet]. 2018; 14(7):2227-34. 
https://doi.org/10.1016/j.nano.2018.07.005 

24. Thanh VM, Nguyen TH, Tran TV, Ngoc UP, Ho MN, Nguyen TT, et al. 
Low systemic toxicity nanocarriers fabricated from heparin-mPEG 
and PAMAM dendrimers for controlled drug release. Mater Sci 
Eng C [Internet]. 2017; 
https://doi.org/10.1016/j.msec.2017.07.051 

25. Pedraza, E., García, J., Trejo, M. Capítulo de Estudio: 
Farmacocinética. Taller de Farmacocinética II. 2020. Available at: 
SSRN: https://ssrn.com/abstract=3556296 
https://doi.org/10.2139/ssrn.3556296 

26 Esfand R, Tomalia DA. Poly(amidoamine) (PAMAM) dendrimers: 
from biomimicry to drug delivery and biomedical applications. 
Drug Discov Today. April 1, 2001; 6(8):427-36. 
https://doi.org/10.1016/S1359-6446(01)01757-3 

27. Wu, L., Ficker, M., Christensen, J., Trohopoulos, P., Moghimi, S. 
Dendrimers in Medicine: Therapeutic Concepts and 
Pharmaceutical Challenges. Bioconjug. Chem. 2015; 26(7):1198-
211. https://doi.org/10.1021/acs.bioconjchem.5b00031 

28. Yellepeddi, V. K., & Ghandehari, H. Pharmacokinetics of oral 
therapeutics delivered by dendrimer-based carriers. Expert 
Opinion on Drug Delivery, 2019; 16(10):1051-1061. 
https://doi.org/10.1080/17425247.2019.1656607 

29. Shilpa, G., Parbati, B. Effects on pH on Size and Internal Structure of 
Poly (propylene imine) Dendrimers: A Molecular Dynamics 
Simulation Study. The Journal of Physical Chemistry. 2018; 
122(39):9250-9263. https://doi.org/10.1021/acs.jpcb.8b04653 

30. Kumari, A., Singla, R., Guliani, A., & Yadav, S. K. Nanoencapsulation 
for drug delivery. EXCLI journal, 2014; 13:265-286. Available 
from: https://pubmed.ncbi.nlm.nih.gov/26417260/ 

31. Choudhary S, Gupta L, Rani S, Dave K, Gupta U. Impact of 
Dendrimers on Solubility of Hydrophobic Drug Molecules. Front. 
Pharmacol. 2017; 8:261.  
https://doi.org/10.3389/fphar.2017.00261 

32. Guldrís, Noeliz. (2018). Preparación de Micelas PIC dendríticas 
sensibles a pH: estudio de su estabilidad, citotoxicidad e 
internalización celular. 
https://core.ac.uk/download/pdf/75994152.pdf 

33. Gupta U, Agashe HB, Asthana A, Jain NK. A review of in vitro-in vivo 
investigations on dendrimers: the novel nanoscopic drug carriers. 
Nanomedicine Nanotechnol Biol Med. junio de 2006; 2(2):66-73. 
https://doi.org/10.1016/j.nano.2006.04.002 

34. Pandita D, Poonia N, Kumar S, Lather V, Madaan K. Dendrimers in 
drug delivery and targeting: Drug-dendrimer interactions and 
toxicity issues. J Pharm Bioallied Sci. 2014; 6(3):139. 
https://doi.org/10.4103/0975-7406.130965 

35. Svenson S. Dendrimers as versatile platform in drug delivery 
applications. Eur J Pharm Biopharm. March 2009; 71(3):445-62. 
https://doi.org/10.1016/j.ejpb.2008.09.023 

36. Kalomiraki M, Thermos K, Chaniotakis NA. Dendrimers as tunable 
vectors of drug delivery systems and biomedical and ocular 

https://doi.org/10.1039/c2cs35062a
https://doi.org/10.1016/B978-0-12-814527-2.00011-1
https://doi.org/10.1016/j.msec.2018.03.002
http://computacion-cuantica.web.unq.edu.ar/wp-content/uploads/sites/65/2016/11/D11_REV1_igartua_2020.pdf
http://computacion-cuantica.web.unq.edu.ar/wp-content/uploads/sites/65/2016/11/D11_REV1_igartua_2020.pdf
http://computacion-cuantica.web.unq.edu.ar/wp-content/uploads/sites/65/2016/11/D11_REV1_igartua_2020.pdf
https://doi.org/10.48160/25913530di11.130
https://doi.org/10.3390/molecules23092205
https://doi.org/10.3390/biom9080330
https://doi.org/10.3390/molecules18078440
https://doi.org/10.1016/j.ijpharm.2019.118814
https://doi.org/10.3390/molecules23040938
https://doi.org/10.3390/molecules22091401
https://doi.org/10.1002/wnan.1181
https://doi.org/10.1016/S0168-3659(99)00246-1
https://doi.org/10.1016/S0168-3659(99)00246-1
https://doi.org/10.1016/j.progpolymsci.2013.07.005
https://doi.org/10.1007/s11051-016-3423-0
https://doi.org/10.1016/j.taap.2016.06.008
https://doi.org/10.3390/ma13010065
https://doi.org/10.1016/j.nano.2018.07.005
https://doi.org/10.1016/j.msec.2017.07.051
https://doi.org/10.2139/ssrn.3556296
https://doi.org/10.1016/S1359-6446(01)01757-3
https://doi.org/10.1021/acs.bioconjchem.5b00031
https://doi.org/10.1080/17425247.2019.1656607
https://doi.org/10.1021/acs.jpcb.8b04653
https://doi.org/10.3389/fphar.2017.00261
https://doi.org/10.1016/j.nano.2006.04.002
https://doi.org/10.4103/0975-7406.130965
https://doi.org/10.1016/j.ejpb.2008.09.023


González Corrales et al                                                                                                        Journal of Drug Delivery & Therapeutics. 2022; 12(1-s):151-158 

ISSN: 2250-1177                                                                                     [158]                                                                                        CODEN (USA): JDDTAO 

applications. Int J Nanomedicine. December 22, 2015; 11:1-12. 
https://doi.org/10.2147/IJN.S93069 

37. Cheng Y, Xu Z, Ma M, Xu T. Dendrimers as drug carriers: 
applications in different routes of drug administration. J Pharm 
Sci. January 2008; 97(1):123-43. 
https://doi.org/10.1002/jps.21079 

38. Ye T, Yuan K, Zhang W, Song S, Chen F, Yang X, et al. Prodrugs 
incorporated into nanotechnology-based drug delivery systems 
for possible improvement in bioavailability of ocular drugs 
delivery. Asian J Pharm Sci. August 2013; 8(4):207-17. 
https://doi.org/10.1016/j.ajps.2013.09.002 

39. Nieto MP, Antón IB. Innovaciones en las formulaciones de 
administración tópica oftálmica. REDUCA. 2012; 4(10). Available 
at: 
http://www.revistareduca.es/index.php/reduca/article/view/10
81 

40. Achury DM, Achury LF, Rodríguez SM, Álvarez JCD. Fundamentos 
enfermeros en el proceso de administración de medicamentos. 
Edtitorial Pontificia Universidad Javeriana; 2012. 876 p. 
https://doi.org/10.2307/j.ctv893h3t 

41. idUS - Pérdida de agudeza visual por preparados oftálmicos en 
pacientes usuarios de lentes de contacto [Internet]. [citado 21 de 
diciembre de 2020]. Disponible en: 
https://idus.us.es/handle/11441/65159? 

42. Bravo-Osuna I, Herrero-Vanrell R. Potencial de dendrímeros como 
vehículos de fármacos en Oftalmología. Arch Soc Esp Oftalmol. 
febrero de 2007; 82(2):69-70. https://doi.org/10.4321/S0365-
66912007000200002 

43. CAP06.pdf [Internet]. [citado 21 de diciembre de 2020]. Disponible 
en: https://www.sefh.es/bibliotecavirtual/fhtomo2/CAP06.pdf 

44. mim065j.pdf [Internet]. [citado 21 de diciembre de 2020]. 
Disponible en: 
https://www.medigraphic.com/pdfs/medintmex/mim-
2006/mim065j.pdf 

45. Pilloff MG, Migliori ML, Ghiringhelli PD. Reseñas de ingeniería 
genética [Internet]. Editorial de la Universidad Nacional de 
Quilmes; 2000 [citado 29 de diciembre de 2020]. Disponible en: 
http://public.ebookcentral.proquest.com/choice/publicfullrecord
.aspx?p=3215533 

46. Cid FAV. Estudio de la internalización celular y potencial uso como 
nanotransportadores de fármacos de dendrímeros PAMAN en 
neuronas. :105. 

47. Liu M, Fréchet JMJ. Designing dendrimers for drug delivery. Pharm 
Sci Technol Today. octubre de 1999; 2(10):393-401. 
https://doi.org/10.1016/S1461-5347(99)00203-5 

48. Wilczewska AZ, Niemirowicz K, Markiewicz KH, Car H. 
Nanoparticles as drug delivery systems. Pharmacol Rep. 
September 2012; 64(5):1020-37. 
https://doi.org/10.1016/S1734-1140(12)70901-5 

49. Kannan RM, Nance E, Kannan S, Tomalia DA. Emerging concepts in 
dendrimer-based nanomedicine: from design principles to clinical 
applications. J Intern Med. December 2014; 276(6):579-617 
https://doi.org/10.1111/joim.12280 

50. Aillon KL, Xie Y, El-Gendy N, Berkland CJ, Forrest ML. Effects of 
nanomaterial physicochemical properties on in vivo toxicity. Adv 
Drug Deliv Rev. June 21, 2009; 61(6):457-66. 
https://doi.org/10.1016/j.addr.2009.03.010

 

 

 

https://doi.org/10.2147/IJN.S93069
https://doi.org/10.1002/jps.21079
https://doi.org/10.1016/j.ajps.2013.09.002
https://doi.org/10.2307/j.ctv893h3t
https://doi.org/10.4321/S0365-66912007000200002
https://doi.org/10.4321/S0365-66912007000200002
https://doi.org/10.1016/S1461-5347(99)00203-5
https://doi.org/10.1016/S1734-1140(12)70901-5
https://doi.org/10.1111/joim.12280
https://doi.org/10.1016/j.addr.2009.03.010

