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Abstract
Dendrimers are hyper-branched organic compounds characterized via a three-dimensional structure possessing functional 
groups on the surface. These terminals groups can be simply modified to enhance the functionality of dendrimers and produce 
biocompatible and versatile products. They are a promising agent for nanomedicine applications because of their unique 
properties, including nanoscale size, globular shape, and high reactivity, solubility in water, internal cavities, and comfort-
able synthesis methods. The use of dendrimers as drug delivery systems have received great attention from researchers. 
Dendrimers can be applied as carriers for different therapeutic agents. They can reduce the toxicity of drugs and increase 
their efficacy. This review provides a general outline of the structure and types of dendrimers, the synthesis of dendrimers, 
and applications in the nanomedicine field with emphasis on drug delivery.
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1 Introduction

Nanomedicine is a novel field that utilizes engineered 
materials of 100 nm or less in size to maintain and improve 
human health. A broad variety of nanomaterial and nano-
structures are involved in nanomedicine including, nano-
particles, nanotubes, nanoporous membranes, nanofibers, 
and very others [1]. Dendrimers are one of the nanostruc-
tures that have a key role in emerging field of nanotech-
nology. Initially, polymer technology was focused on linear 
polymers. However, it was later revealed which features of 
widely branched polymers can be various from common 
polymers [2]. These hyper branched molecules which are 
called dendrimers, are identified as the fourth main architec-
tural class of polymers after the 3 good-known types (linear, 
branched, and cross-linked polymers) [3]. In the two last 
decades, dendrimers have received very interest due to their 

applications in the broad range of fields, like electronics, 
catalysis, and biomedical applications [4, 5]. Dendrimers 
are highly branched, globular, multivalent, mono-dispersed 
macromolecules with the well-defined symmetric and three-
dimensional structures [6, 7]. Dendritic structures are com-
mon motifs in nature that are mostly used when a special 
function needs to be increased or exposed. The dendrimer 
structure comprises a core molecule, branches, internal 
voids, and many terminal groups [8]. Each component of 
the dendrimer executes a special role and at the same time 
describes some other features when it grows from genera-
tion to generation [9]. The 3-D shape of the dendrimers is 
affected by the core. The internal voids affect the host–guest 
properties of the dendrimers. The dendrimers surface can be 
further modified or polymerized through functional periph-
eral groups. The overall morphology of the dendrimers is 
affected by both core and type/number of interior branching 
units [10].

Most dendrimers are synthesized by either a divergent or 
convergent route [11]. The first victorious attempt to syn-
thesis dendritic structures by divergent route was performed 
by Vögtle et al. in 1978 [12], followed by Denkewalter in 
1981 [13], Tomalia in 1983 [14] and Newkome in 1985 [15]. 
The convergent synthetic approach introduced by Frechet in 
1990 [16].
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Dendrimers possess unique properties, including globular 
shape, internal hydrophilic or hydrophobic cavities, func-
tional groups at the periphery, and very low polydispersity 
due to their 3-D structure [17, 18]. Analytical techniques 
from both molecular chemistry and polymer chemistry are 
utilized to characterize these properties. Dendrimers are 
related to molecular chemistry due to the step by step synthe-
sis method utilized during their synthesis. On the other hand, 
they are associated with polymer chemistry because of their 
repetitive structures which are constructed from monomers 
[19]. The many chain-ends of dendrimers are responsible for 
their great reactivity and solubility. The physical and chemi-
cal properties of dendrimers can be simply change by modi-
fication functional groups at the end of the arms [20]. The 
dendrimers solubility is potently affected by surface groups’ 
nature. So that, dendrimers with hydrophilic surface groups 
are dissolved in polar solvents, while those with hydrophobic 
groups on their surface are soluble in nonpolar solvents [21]. 
Molecular mass and size of dendrimers as monodisperse 
macromolecules, can be specially regulated during polym-
erization process. By increasing the molecular mass of den-
drimers, their intrinsic viscosity goes via a maximum at the 
fourth generation and then begins to decrease [22]. The poly-
dispersity of the dendrimers can be minimized by manipulat-
ing their size and degree of branching through using special 
initiator cores [23]. The interesting nanoscale structure of 
dendrimers gives them some structural benefits over the 
linear polymers, including fast cellular entry, target-ability, 
decreased macrophage uptake, and very easy pass across 
biological barriers through transcytosis [24]. However, den-
drimers have disadvantages over the linear polymers such 
as higher cost of preparation and development of control 
assays to assure the safety and quality of dendrimers [25]. 
The unique properties of dendrimers as well as their excel-
lent biocompatibility and nonimmunogenicity, makes them 
applicable to different biomedical research [26]. Dendrim-
ers possess several unique properties due to their globular 
morphology and existence of internal voids on their surface. 
The most significant one is the probability for encapsulat-
ing guest molecules in macromolecule interior [27]. The 
tree-like nanostructures of dendrimers make them attractive 
systems for drug delivery because of their nanosize range 
and multiple surface groups that provide simple penetration 
and excellent targeting, respectively [28]. The main goal of 
proper drug delivery system is to improve the bioavailability 
of drugs, reduce the side effects, enhance the retention time, 
target the drugs cells, and provide prolonged therapeutic 
effects. Therefore, dendrimers-based drug delivery systems 
emerge to be the most promising system to meet the needs of 
an ideal drug delivery system. At present, different dendrim-
ers are made based on their structural properties, thereby 
presenting novel scaffolds for drug delivery. VivaGel, is the 
first dendrimer-based commercial biomedical product [29]. 

Because of the promising structures of dendrimers, drugs 
can be effectively loaded into them through several interac-
tions [30]. The modification and optimization of the ratio or 
number of dendrimers surface groups can be affect biodistri-
bution, controlled release of drug from the interior cavities 
of dendrimers, therapy dosage, and receptor-mediated target-
ing [31]. The globular structure of dendrimers gives them 
similar shapes and sizes as special proteins and biomolecules 
and therefore makes them ideal as biomimics [32]. Unlike 
conventional polymers, dendrimers have received signifi-
cant attention in drug delivery applications because of their 
exact molecular weight, polyvalency, biocompatibility, and 
high water solubility [33]. The surfaces of dendrimers are 
amenable to the chemical modifications, and the interior is 
determined through the availability of a considerable amount 
of solvent-filled empty space which might be appropriate for 
host–guest chemistry [34]. The exact nano sizes, different 
shapes, surface chemistry, and architecture of dendrimers 
differentiate them as proper model systems for understand-
ing a broad range of important nanomedicine issues such 
as drug or DNA delivery carriers [35], nanosensors [36, 
37], Magnetic Resonance Imaging (MRI) contrast agents 
[38], and tissue engineering scaffolds [39]. Wide types of 
compositionally differentiated dendrimers are available from 
various sources. The Frechet-type poly(ether) dendrimers, 
Majoral-type phosphorous-containing dendrimers, Meijer-
type poly(propyleneimine) (i.e. PPI, Astramol) dendrimers, 
Tomalia-type poly(etherhydroxylamine) (i.e. PEHAM, Prio-
star) dendrimers, and Tomalia-type poly(amidoamine) (i.e. 
PAMAM, Starburst) have all been applied extensively for 
biomedical evaluation.

The present review provides a general outline of the 
structure and types of dendrimers, dendrimers synthesis, 
and their applications in nanomedicine with emphasis on 
drug delivery.

2  Structure and Types of Dendrimers

2.1  Structure

The term “dendrimer” originated from two Greek words; 
“dendron” meaning tree and “meros” meaning part. Struc-
ture of typical dendrimers comprises of 3 main components: 
(a) a central core with a single atom or molecule which have 
at least two similar chemical functions; (b) interior layers 
formed with repetitive branching units; and (c) the termi-
nal functional groups present in the outer surface, which 
describe the major properties of dendrimer (Fig. 1) [40, 
41]. The first component, central core, encapsulates differ-
ent chemical groups that show unique properties because 
of the specific nanoenvironment surrounded through wide 
dendritic branching. The second component, different inside 
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layers formed of repetitive units supply an adaptable space 
produced within cavities of dendritic building blocks, that 
have the ability to entrap different tiny guest molecules. 
The third component of the dendrimers is the multivalent 
surface that can incorporate a great number of functionali-
ties that can interact with the external environment, there-
fore describing macroscopic properties of dendrimers [17]. 
The generation of the dendrimer is specified as the num-
ber of branching points from the central core to the surface 
groups (Fig. 1) [42]. For instance, a dendrimer having two 
branching points is denoted as generation (G) 2 dendrimer. 
Enhancement in each generation of a dendrimer, about dou-
bles the molecular mass of the dendritic structure [43].

2.2  Types of Dendrimers

Dendrimers are distinguished on the base of their shape, 
terminal functional groups, and internal cavities (Table 1).

3  Synthesis of Dendrimers

3.1  Divergent Synthesis

The name divergent comes from the synthesis method in 
which dendrimer grows around the core. In this method, 
the dendrimers growth originates from a core, that renders 
functional groups available to react with monomers, achiev-
ing generation 1 dendrimer. Then, the fresh periphery of 
dendrimer is activated to react with more monomers (Fig. 2). 
Divergent growth method results into the 3-D architecture 
of dendrimers by consecutive addition of generations to the 
core [47]. The formation of defective dendrimers that arise 
from incomplete growth and side reactions, is the main dis-
advantage of this method. To avoid these imperfections and 
the side reactions, it’s recommended to utilize a large excess 
of reagents [2].

3.2  Convergent Synthesis

This method begins from the dendrimer periphery and 
proceeds towards its core. The branching units are grown 
and connected to other groups. When growing branches 
are large sufficient, they attached to a core for the forma-
tion of a complete dendrimer (Fig. 2) [16]. The convergent 
synthesis has many advantages over the divergent synthe-
sis. (a). It allowing better structure control of dendrimers 
because of the low possibility of side reactions, that leads 
to probability to rise functional groups throughout the 
structure of the dendrimer, also the formation of symmet-
ric and well-defined dendrimers [60]. (b). The amount of 
reagents is reduced in this method. (c). Purer products are 
obtained in this method because of easy purification after 
each synthesis step [61]. Despite the mentioned advan-
tages, this method offers several problems: (a) the surface 
functionalization of dendrimer is exactly difficult and (b) 
the production of high generation dendrimers can be a 
problem because of steric barrier observed in them [62].

3.3  Hypercores and Branched Monomer Growth

This method is characterized by pre-assembly of oli-
gomeric moieties to produce the large dendrimers in 
relatively few steps. Since for the synthesis of higher 
generations of dendrimers the fewer steps are required, 
hypercores and branched monomers growth is the useful 
method than to convergent method [22].

3.4  Double Exponential Growth

In this method the monomers are provided from a sin-
gle starting material for divergent and convergent growth. 
Then, two products obtained from before step, are reacted 
together to give an orthogonally protected trimer. This 

Fig. 1  Typical structure of 
dendrimers
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trimer can be applied to repeat the growth process of the 
dendrimer [63].

3.5  Click Chemistry

This method was rapidly used to prepare novel structures of 
dendrimers. The approach is to produce carbon-rich dendrim-
ers and safe for the environment. Copper-assisted azide-alkyne 
cycloaddition (CuAAC), thiol-ene click reaction (TEC), and 
thiol-yne click reaction (TYC) are the most reactions which 
used to synthesis of dendrimers. Due to mild reaction condi-
tions, coupling specificity, and quantitative synthetic yields of 
click reactions, these reactions received very attention [64].

4  Applications of Dendrimers

Dendrimers can be conjugated to various bio-functional 
moieties including imaging and detection agents, target-
ing ligands, pharmaceutical agents, and biomolecules [65]. 
Dendrimer technology has different potential applications 
in the biomedical field due to their three unique structural 
properties, core, branching points, and terminal functional 
groups [66].

Table 1  Types of dendrimers

Type of dendrimer Synthesis Identification

Polypropylene imine (PPI) dendrimer Divergent These comprise of poly-alkylamines with primary amines terminal groups 
and the interior voids include of many of tertiary tris propyleneamines 
[44]. These are commercially available up to G-5 and are widely utilized 
in biology and material science [45]

Polyamidoamine (PAMAM) dendrimer Divergent These consist of polyamide branches and tertiary amines as branching 
points [46]. These are ellipsoidal or spheroidal in morphology. These 
have high reactivity and solubility due to the appearance of a number of 
functional terminal groups and hollow internal cavities [47, 48]

Frechet-type dendrimer Convergent These have hyper-branched skeleton of polybenzyl ether. The carboxylic 
acid terminal groups of dendrimers provide sites for further functionaliza-
tion and also increase the dendrimers solubility [49]

Core–shell tecto dendrimer Divergent These make up of a core dendrimer, surrounded through other dendrim-
ers, which carry out a particular activity resulting in a smart therapeutic 
nanodevice [50]

Chiral dendrimer Convergent These are constructed through utilizing constitutionally different branches 
but chemically alike to chiral core [51]

Liquid crystalline dendrimer Convergent These are constructed of mesogenic liquid crystalline monomers [52]
Peptide dendrimer Convergent These are contained of peptidyl branching core and covalently attached end 

functionalgroups. These are applied as protein mimics, multiple antigen 
peptides, and carrier of gene/drug delivery [53, 54]

Multiple antigen peptide dendrimer Divergent and convergent These are made using a polylysine frame. Alkyl amino side-chain of lysine 
executed as a superior monomer for the overture of branching points. 
These have been investigated broadly in biomedical research such as diag-
nostic and vaccine research [55]

Glycodendrimer Divergent and convergent These are monodispersed macromolecular comprising carbohydrate moiety. 
Most of the dendrimers possess a sugar unit as central and saccharide resi-
dues as end groups. Glycodendrimers are applied in site-specific delivery 
of drug to the lectin-rich organs [56]

Hybrid dendrimer Divergent These have the characteristic of both linear and dendritic polymers. Hybrid 
dendrimers have a rigid, compact, globular structure, that has been investi-
gated for different aspects of drug delivery [57]

Polyester dendrimer Divergent These possess interior voids similar to typical dendrimers and thus can be 
applied as carriers for drugs, imaging moieties, and metals [58, 59]
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4.1  Dendrimers in Photodynamic Therapy (PDT)

PDT is a hopeful method for cancer treatment based on a 
combination of light, photosensitizers, and oxygen [67]. 
These photosensitizers have limitations, including low speci-
ficity for tumor tissues and weak water solubility. Hence, 
dendrimers are being used to overcome these limitations, 
as well as to increase photodynamic therapeutic effects of 
photosensitizers [68]. The photosensitizer can be conju-
gated into dendrimer in various ways. It may construct a 
covalent bond with the dendrimer core by binding to a ter-
minally placed functional group, or conjugate with interior 
component. Dendrimers have been utilized for delivery of 
5-aminolevulinic acid (a natural precursor of photosensi-
tizer protoporphyrin 1X) that enhanced level of porphyrin 
accumulation in cells, which further leaded to toxicity [69]. 
Recently, poly(ethylene glycol)-cholesterol molecules were 
utilized to modify PAMAM dendrimers to form self-assem-
bled dendrimer-PEG-Chol nanoparticles (termed DPC NPs). 
The cholesterol modification has been found to enhance the 
cellular uptake of DPC NPs. To obtain DPCC NPs for PDT, 
the DPC NPs are developed as drug carriers to encapsulate 
the chlorin e6 (Ce6, a photosensitizer). Also, to enhance the 

PDT efficacy of the DPCC NPs in solid tumors, MnO2 was 
synthesized in the Ce6-loaded DPC NPs in situ to obtain 
TME-responsive Ce6/MnO2@DPC NPs (termed DPCCM 
NPs) [70].

4.2  Dendrimers as MRI Contrast Agents

The dendrimers with conjugated MRI contrast agents are 
useful because of their tumor-targeting ability. MRI is an 
extensively used technique for diagnosis of disease, however, 
utilization of the contrast agents, typically gadolinium-based 
is essential because of low sensitivity of MRI. Even though 
contrast agents increase the MRI signal, they have several 
disadvantages such as no tissue specificity, low contrast 
efficiency, and fast excretion. To avoid requiring to exert a 
high dose of contrast agent to overcome these disadvantages, 
researchers have focused on adding contrast ligands to a sin-
gle core scaffold [10]. As mentioned earlier, dendrimers can 
be used as MRI agents due to their unique properties, includ-
ing adaptable nature, increased relaxivities when gadolinium 
is conjugated, the facility of conjugation to a broad diversity 
of diagnostic agents, and potential for targeting [71]. Among 
various types of dendrimers that are available in commercial, 

Fig. 2  Synthesis dendrimers by: a Divergent method, b Convergent method
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Starburst PAMAM dendrimers are most commonly utilized 
[72]. Availability generations 1–9 dendrimers and the pres-
ence of various terminal groups (including amino, succi-
namic acid, amidoethylethanolamine, amidoethanol, and 
carboxylate) on their surface, are advantages of Starburst 
PAMAM dendrimers. One of the main properties for imag-
ing is the great rise in the density of surface groups when the 
increase of the dendrimer generation [73]. The charge of the 
terminal groups affects the intracellular transport route, solu-
bility, and cytotoxicity of dendrimers [74, 75]. All of these 
are design considerations to optimize interactions between 
dendrimers and their microenvironment in the tissue to be 
imaged with MRI [71]. Recently, radical dendrimers have 
developed with the aim to be used as MRI contrast agent. 
Zhang and colleagues have synthesized two generations of 
biocompatible oligoethylene glyco dendrimers containing 
5 and 20 equivalent oligoethylene glycol (OEG) branches. 
The obtained radical dendrimers exhibited high molecular 
relaxivity and full water-solubility at physiological pH [76].

4.3  Dendrimers in Tissue Engineering

The goal of applications of tissue engineering is the regen-
eration of the native extracellular matrix (ECM) and finally 
replacement of the scaffold by using encapsulated cells. 
Hence, the scaffold should be biodegraded at a rate match-
ing the rate of novel ECM biosynthesis [31]. Dendrimers 
are used in tissue engineering because of their capability to 
incorporate lipophilic and hydrophilic drugs and also their 
ability to direct site-specific delivery. They can be produced 
with favorite nontoxic properties in the surface of a 3-D scaf-
fold which serves as a platform for the cells’ growth in the 
ECM comprising the necessary biomolecules, hormones, 
and growth factors [77]. Moreover, the extremely branched 
and multivalent nature of dendrimers is a property that per-
mits them to be applied in tissue engineering. This property 
makes them proper for use in different tissue engineering 
applications, as modulators of surface charge, crosslinking 
agents, and surface chemistry [78]. Dendrimers can have 
more control over their factors such as proliferation rates 
and biodegradation profiles through systematically chang-
ing their terminal group chemistry, generation size, and 
concentration [79]. The dendrimers integration into com-
mon scaffold polymers like proteins, synthetic polymers, 
and carbohydrates, leads to the development of hybrid scaf-
folds that have novel mechanical, physical, and biochemi-
cal properties [77]. Some scaffolds were designed with 
dendrimers, including hydroxyapatite composite contain-
ing poly(caprolactone) chains conjugated to a poly(L-lysine) 
dendritic core [80], linear polycaprolactone/hydroxyapatite 
hybrids [81], dexamethasone-loaded carboxymethyl chi-
tosan/poly(amidoamine) dendrimers [82], and N-hydroxy 

succinimide/1-ethyl-3-(3-dimethyl aminopropyl) carbodi-
imide (NHS/EDC) cross-linked scaffold [10].

4.4  Dendrimers in Gene Transfection

The ability to deliver genetic material to the required parts 
of eukaryotic cells can permit treatment of a diversity of 
genetic disorders [31]. However, there are several challenges 
for gene delivery into the nucleus and cytoplasm of a cell. 
The main challenge is the successful delivery of genes utiliz-
ing safe and efficient vectors without deactivating or dam-
aging the DNA [83]. Dendrimers can be used as suitable 
vectors for the transfection of gene. The dendrimers unique 
properties such as flexible and hyperbranched structure, 
tunable surface functional groups, the high charge density, 
and ability to deliver cells without induction of toxicity, 
make them capable of directing gene delivery [33]. These 
properties allow dendrimers to form nanostructures with 
DNA, which are known as “dendriplexes”. Dendriplexes 
(dendrimer–nucleic acid complexes) protect nucleic acids 
from being degraded by nuclease as they are able to con-
dense them. Nucleic acids conjugate with dendrimers by 
electrostatic interactions and then they are entered into the 
internal structure by various endocytic mechanisms [84]. 
PAMAM dendrimers have been examined as genetic materi-
als vectors. They possess terminal amino groups which inter-
act with phosphate groups of nucleic acids. These tertiary 
amino groups due to their great density are responsible for 
the “proton sponge” effect which eventually results in the 
endosomal escape of dendriplexes [83]. Several reports have 
been published about the utilization of PAMAM dendrimers 
as gene delivery systems. TEA-cored PAMAM dendrimers 
are greatly flexible which enhances their binding with DNA. 
The G2 PAMAM is highly effective in delivering as well as 
it is less cytotoxic [56]. Recently, Gorzkiewicz et al. have 
synthesized the two new lysine-based dendrimers (D3K2 
and D3G2) and have investigated their transfection potential 
in two cell line models. They showed that cationic D3K2 
dendrimer possess high transfection efficiency, so that it is 
able to enhance intracellular accumulation of large nucleic 
acid molecules like plasmids [85].

4.5  Dendrimers in Drug Delivery

Dendrimers have been proved as an ideal drug-delivery sys-
tem because of a particular kind of their structure which can 
be controlled, as well as their terminal functional groups 
which showed higher chemical reactivity compared with 
other polymers [86]. Dendrimer with positively charged 
surface possesses well features to interact with negatively 
charged cell membranes that resulting in the dendrimer’ 
applicability for intracellular delivery of drugs [87]. The 
ability of dendrimers to conjugate or encapsulate high 
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molecular weight drugs and their high uptake by cells are 
the main properties of dendrimers that make them suitable 
drug carriers [88]. In addition, dendrimers have the ability to 
extend the circulation time of the drugs, increase the drugs’ 
stability, protect drugs from the environment, and target the 
drugs into the tissue [89].

4.5.1  Mechanism of Drug–Dendrimer Interactions

The interactions of the drug molecules with dendrimers are 
chiefly by interactions with dendrimers’ exterior surfaces. 
The structure of the dendrimers determines the number and 
type of drug molecule which can be complexed with den-
drimers or incorporated into them. The dendrimer loading 
capacity can be extremely increased through moderating 
the relation of drug molecules with end groups of dendrim-
ers [90]. The generation number of dendrimers affects the 
drug loading potential: a high number of generations pro-
vides more space for guest molecule and possesses a larger 
number of functional groups for interaction with the guest 
molecule [91]. Drugs can be covalently conjugated to the 
dendrimer terminal groups or enclosed within the core by 
hydrogen bonding, electrostatic interaction, or hydropho-
bic linkage [92]. PAMAM and PPI dendrimers have been 
mostly evaluated for efficient drug delivery. These are useful 
drug carriers because of the availability of a great density of 
amine groups on their surface [84]. Biodegradable dendrim-
ers are the most proper ones for the progression of new drug-
delivery systems for efficient targeting. These dendrimers 
show high importance and use in drug delivery because of 

their biodegradable nature [93]. Biodegradable dendrimers 
offer the following virtues as drug delivery carriers:

a. Enhancement of the drugs’ residence time through 
inhibiting their excretion.

b. The ability to design drug delivery systems with con-
trolled release.

c. Improvement of the hydrophobic drugs’ solubility and 
their permeation, and inhibition of their degradation in 
the internal fluids.

d. The ability to target the tumor for its removal.
e. The ability to modulate the pharmacodynamics of drugs 

by their conjugating or entrapping.
f. The probability to decrease side effects and to relieve the 

patients’ pain, therefore preparing a painless platform in 
the form of a drug carrier [93].

The drugs molecules interact with dendrimers through 
various mechanisms, covalent conjugation, physical encap-
sulation, and electrostatic interaction (Fig. 3).

4.5.1.1 Physical Encapsulation Dendrimers can encapsu-
late guest molecules within their branches because of the 
open nature of the dendritic structure [94]. The poorly solu-
ble drugs can hydrophobically interact with internal cavi-
ties of dendrimers because these cavities are hydrophobic 
in nature [95]. As an outcome of this physical relationship 
between the drug molecules and the internal cavities of 
dendrimers, the encapsulated drugs release in an aqueous 
environment is controlled via hydrophobic forces or elec-
trostatic interactions or hydrogen bonding between ionic 

Fig. 3  Schematic view of the three mechanisms of drug–dendrimer interaction: a Physical encapsulation, b Electrostatic interactions, and c 
Covalent binding
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groups of drugs and oppositely charged surfaces of den-
drimers [30]. To maximize the drug-loading potential inside 
the dendrimer, characteristics of internal cavities should be 
carefully considered in the design of polymer architecture 
[22]. The primary investigates of dendrimer as a drug deliv-
ery system concentrated on its utilization as dendritic box 
and unimolecular micelle for drug molecule encapsulation 
[96, 97]. Dendritic boxes are potential hosts to incorporate 
hydrophilic/hydrophobic molecules that can be produced 
through constructing a densely-packed shell on dendrimer 
surface [98, 99]. The number of guest molecules which can 
be entrapped in dendritic boxes is dependent on the shape 
of the molecules and the box structure and its internal voids 
[100]. The unimolecular dendritic micelles are constructed 
from hydrophobic cores surrounded with hydrophilic shells. 
These have an important advantage compared to typical pol-
ymeric micelles so that the micellar structure is retained at 
all concentrations since the hydrophobic parts are connected 
covalently [101].

4.5.1.2 Electrostatic Interactions The dendrimers surface 
includes ionizable functional groups (like carboxyl and 
amine groups) with high density, that attract drug molecules 
possessing opposite charges and hence provides an elec-
trostatic bonding. Electrostatic interaction can increase the 
solubility of hydrophobic drugs [102]. For instance, such 
interaction can happen between carboxyl groups of ibupro-
fen and amine groups of PAMAM dendrimers. It was evalu-
ated that almost 40 molecules of ibuprofen are conjugated 
with G4 PAMAM dendrimers at pH 10.2 leading to a sig-
nificant enhancement of ibuprofen solubility [103]. In addi-
tion to ibuprofen, other drugs such as benzoic acid [104], 
indomethacin [105], and piroxicam [106] have been shown 
to interact electrostatically with various dendrimers for the 
formation of steady complexes.

4.5.1.3 Covalent Conjugation Drugs can be conjugated 
covalently or noncovalently to dendrimers. When drugs are 

covalently attached to dendrimers, their release happens by 
enzymatic or chemical cleavage of hydrolytically unstable 
bonds [107]. Some chemical inserts such as paminobenzoic 
acid and polyethyleneglycol (PEG) or biodegradable link-
ages like ester or amide bonds are being used for the forma-
tion of covalent bonding between terminal groups of den-
drimer and drug molecules. This type of binding enhances 
the stability of drugs and provides their better controlled 
release [108]. Several drugs have successfully conjugated 
with PAMAM dendrimers. For example, Yang et al. conju-
gated penicillin V with G2.5 and G3 PAMAM dendrimers 
by a PEG spacer via amide and ester linkages, respectively 
[109]. The findings of researchers have shown increased 
solubility of drugs and their controlled release from den-
drimer-drug complexes than to the plain drug. Apart from 
these, the epirubicin anticancer drug was formulated as a 
prodrug through conjugating it with PEG dendrimers con-
taining aminoadipic acid. The resulting conjugated system 
through enhancement of stability of the drug reduced its 
degradation, also improved therapeutic action of the drug 
by the increase of blood residence time [94]. Some of the 
disadvantages of physical encapsulation of drugs can be 
decreased through their covalent conjugation to the den-
drimers by utilizing a chemical approach that will also be 
causing a selective release of drug in vivo. Such an approach 
can produce a structure with pre-measured drug concentra-
tion and increased stability. The release of the drug can be 
achieved through a change in the biological microenviron-
ment like change in temperature, pH, or special enzyme 
concentration [110].

4.5.2  Mechanisms of Drug Delivery Through Dendrimers

Because of globular morphology and multiple functional 
groups on the surface, dendrimers can be utilized for for-
mation of covalent/ electrostatic bonds between their termi-
nal functional groups and drugs or for drugs encapsulation 
within the dendritic structure [111]. The covalent bonds are 

Fig. 4  In vivo degradation of 
drug–dendrimer
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made between the drugs and the dendrimers’ exterior sur-
faces that are introduced as potential sites of interaction. The 
structural design of a dendrimer is important for the deter-
mination of the number of drug molecules that can incorpo-
rate into it. The loading potential of dendrimers is enhanced 
through the formation of a complex with several functional 
groups on the dendrimers’ surface [112]. The number of 
functional groups existent on the surface of a dendrimer is 
enhanced by increasing its generation [113]. The dendrimers 
are delivered drugs through two mechanisms:

(1) In vivo degradation of the covalent bonds between 
drugs and dendrimers, that is dependent on the exist-
ence of enzymes or an environment able of breaking 
bonding (Fig. 4).

(2) Releasing of the drugs from dendrimers because of 
alterations in physical conditions like pH and tempera-
ture that are independent of the external factors [114].

4.5.3  Dendrimers as Carriers of Different Drugs

4.5.3.1 Non‑steroidal Anti‑inflammatory Drugs 
(NSAIDs) The use of dendrimers as carriers of NSAIDs 
is increased during the last two decades. Although these 
drugs are one of the most commonly applied groups, their 
utilization is restricted due to significant cytotoxicity and 
side effects. Moreover, NSAIDs are hydrophobic molecules 
(poor soluble in water), therefore, dendrimers soluble in 
water because of the existence of terminal amino groups are 
the proper candidates for their solubilization. Indeed, this 
is done through the encapsulation of NSAIDs within the 
structure of dendrimers [115]. It should be noted which the 
higher solubility of drugs is contributed to their higher bioa-
vailability [116]. The interaction between NSAIDs and den-
drimers is a thing that happens between carboxylate groups 
of NSAIDs and amine groups on the surface of dendrimers 
[117]. Hydrogen bonding, hydrophobic interactions, and 

micellar solubilization are other ways for the increase of 
the dendrimer-mediated solubility. The many factors such 
as the size of the generation, dendrimer concentration, core, 
temperature, pH, surface groups, and internal branching 
units can affect the process of NSAIDs’ solubilization [87]. 
Several NSAIDs have been successfully complexed with or 
encapsulated into different types of dendrimers and results 
these studies are presented in Table 2.

Apart from unmodified dendrimers, dendrimers modi-
fied with PEG on their surface also could be applied for 
design drug-delivery and solubilizing systems. Conjugation 
of PEG moieties into the surface of the dendrimer provides a 
hydrophilic shell around a hydrophobic dendritic core [129]. 
The site-specific drug delivery can be increased by modi-
fied dendrimers with a targeting moiety like folic acid (FA) 
[130]. For example, FA was conjugated to amino groups on 
G4 PAMAM dendrimers surfaces by a carbodiimide reaction 
for encapsulation of indometacin drug. The findings demon-
strated that encapsulation capacity, targeting efficiency, and 
controlled release profile of the drug, were enhanced with 
the increase of FA content [131]. In general, the complexa-
tion of NSAIDs with dendrimers results in greater biological 
activity, increased bioavailability, enhanced solubility, and 
controlled or prolonged release of the tested drugs than to 
the pure drugs.

4.5.3.2 Anticancer Drugs Cancer therapy is one of the 
important biological applications of dendrimers [132]. 
The dendrimers are utilized to overcome the formulation 
difficulties of drugs and improve their pharmacokinetic 
and physical properties [133]. When drugs are conjugated 
with dendrimers, they are characterized by higher solu-
bility and stability, efficient therapeutic time, extended 
half-life, and reduced antigenicity and immunogenicity. In 
addition, dendrimers enable passive targeting of drugs into 
solid tumours [134]. The results of scientific studies relat-
ing to unmodified and modified dendrimers application 

Table 2  Dendrimers as carriers of NSAIDs

Drug Type of dendrimer Effects of conjugation

Indometacin 4-Carbomethoxy-pyrrolidone PAMAM Increased anti-inflammatory properties [118, 119]
Ibuprofen Resorcinarene- PAMAM dendrimers Increased therapeutic efficacy [120]
Ketoprofen Peptide dendrimers Increased transdermal permeation [121]
Celecoxib (COX-2 

inhibitor)
Biotinylated PAMAM G3 dendrimers High drug-targeting efficiency [122, 123]

Ketoprofen PAMAM dendrimers Increased transdermal permeation [124]
Diclofenac Polyamidoamine dendrimer Enhanced permeation of drug through the skin [125]
Ibuprofen Cationic carbosilane dendrimers Improved anti-inflammatory efficacy [126]
Piroxicam PPI dendrimers Increased solubility, sustained release, and improved biocompatibility [106]
Ketoprofen PAMAM dendrimers Increased solubility [127]
Flurbiprofen Poly(epsilon-lysine) dendrimers Improved transport of the drug across the blood–brain barrier [128]
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in the anticancer drugs delivery are presented in Table 3. 
The use of dendrimers as carriers of anticancer drugs in 
targeted therapy of cancer has high importance, because, 
in this method, the drug is guided only to pathological tis-
sues. In this method, a drug therapeutic index is increased 
due to enhancing its efficacy and reducing its side effects. 
By engineering the surface groups and branching units 
of dendrimers, they can be prepared for targeted delivery 
of drugs by both active and passive targeting [87]. The 
properties that make dendrimers proper for targeted deliv-
ery are their monodispersity, their terminal groups, and 
their well-defined architecture [2]. Dendrimers can pas-
sively target a tumor by the “enhanced permeation and 
retention” (EPR) effect. Conjugation of specific target-
ing ligands of cancer cells (such as folic acid, antibodies, 
polyunsaturated fatty acids, polysaccharides, oligosac-
charides, and oligopeptides) to the surface of dendrimers 
provides targeting of drug to its suitable site of function 
[135]. A preferentially binding of dendrimers conjugated 
with FA to tumor cells with overexpressed folate receptor 
was reported [136]. The high specificity of FA-targeted 
methotrexate conjugates for human epithelial cancer-
ous cells with overexpressed folate receptors showed by 
Kukowska-Latallo and Baker. These conjugates delivered 
the drug by receptor-mediated endocytosis [137]. In sev-
eral studies, PAMAM dendrimers have been conjugated 
with monoclonal antibodies and tested for special target-
ing of tumour cells with overexpressed specific antigens 
[138–140]. The glycosylation is another way for targeted 
delivery of drugs, that is related to the incorporation of 
sugar moieties into the structure of dendrimers [141–143].

4.5.4  Route of Administration of Dendrimer‑Drug 
Complexes

The drugs conjugated or incorporated with dendrimers can 
be applied in various administration routes.

4.5.4.1 Dendrimers in  Transdermal Drug Delivery Trans-
dermal drug delivery is a delivery system via the skin which 
provides a stable blood concentration of the drug. The use 
of this method facilitates the dosing schedule and eliminates 
degradation in gastrointestinal tract [150]. Nonetheless, 
because of the low penetration abilities of drugs and sub-
sequently slow rate of delivery, their transdermal delivery 
is restricted. Dendrimers have been found to provide advan-
tages like improved drug solubility, increased plasma circu-
lation time, and controlled release of drugs, because of their 
water-solubility and biocompatibility. The dendrimers per-
meability through the skin is distinguished by parameters of 
physicochemical, including composition, size of the genera-
tion, concentration, molecular weight, and surface charge 
[151]. Dendrimers are proved to be efficient as a transder-
mal delivery system of the drug for anticancer, antiviral, 
antimicrobial, NSAIDs, or antihypertensive drugs. Several 
researchers have indicated which the PAMAM dendrimer 
complex with NSAIDs can increase the permeation of drugs 
through penetration enhancers (Table  2) [121, 124, 125]. 
By encapsulation of cisplatin anticancer drug into PAMAM 
dendrimers, dendrimer-drug conjugates are obtained, which 
offered greater accumulation in solid tumours, less toxicity, 
and slower release than the free drug [152].

4.5.4.2 Dendrimers in  Oral Drug Delivery This type of 
delivery is preferred by patients and clinicians. In gen-
eral, for anticancer drugs, the oral route is preferred since 
it decreases administration costs and simplifies utiliza-
tion of more chronic treatment regimes. Nonetheless, poor 
solubility of the drug and its low permeability across the 
cell membranes restrict its intake [153]. To overcome this 
drawback and to guaranty high oral absorption, the usage 
of efficient oral delivery systems of drugs is important. An 
efficient oral delivery carrier should possess the capabil-
ity to preserve drug from degradation. The carrier might 
decrease non-specific interactions with proteins of food and 
permit increased absorption via intestinal epithelium [154]. 

Table 3  Dendrimers as carriers of anticancer drugs

Drug Type of dendrimer Effects of conjugation

Docetaxel Trastuzumab-grafted PAMAM dendrimers Selective accumulation in solid tumours, high antiproliferation activity, 
and reduced systemic toxicity [144]

Docetaxel or Paclitaxel PAMAM-trastuzumab dendrimers High selectivity for HER-2-positive cells [138]
Cisplatin PAMAM dendrimers Decreased drug release [145]
Paclitaxel PEGylated PAMAM dendrimers Improved cellular translocation, higher cytotoxicity compared to free 

drug, higher accumulation in tumor [146]
Paclitaxel Octa-arginine modified PAMAM dendrimers Increased cytotoxic potential and higher induction of apoptosis than 

free drug [147]
5-Fluorouracil PAMAM dendrimers Increased drug-loading capacity [148]
Methotrexate Glycosylated one-step PAMAM dendrimers Higher anticancer effectiveness than free drug [141]
Doxorubicin β-cyclodextrin-decorated PAMAM dendrimers Enhanced therapeutic efficacy [149]
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The potential application of dendrimers as oral drug deliv-
ery vehicles have been proved by several studies [155–157]. 
These studies have demonstrated that unmodified and modi-
fied dendrimers possess capacity to enhance transepithe-
lial permeability [87]. For example, Jevprasesphant et  al. 
evaluated permeation of unmodified and surface-modified 
PAMAM dendrimers across Caco-2 cells monolayers and 
showed that both dendrimers could effectively traverse epi-
thelial monolayers through transcellular and paracellular 
pathways [158]. The delivery of dendrimer-drug conjugates 
across intestine membrane has been investigated in several 
studies. For instance, it was observed which dendrimer-pro-
pranolol conjugate had the ability to decrease the effect of 
the glycoprotein P efflux transporter, hence, could simplify 
the oral administration of drugs [159].

4.5.4.3 Dendrimers in  Ocular Drug Delivery Two main 
problems of ocular drug delivery are poor bioavailability 
of drugs because of rapid drainage through tear turnover or 
nasolacrimal duct that results in the elimination of formula-
tion, and their short residence time on the cornea, corneal 
epithelia, and conjunctiva. Moreover, formulation which is 
to be used through the ocular route must be biocompatible, 
biodegradable, non-sensitive, isotonic, and non-irritative 
with proper maintenance within eyes [111, 160]. Therefore, 
researchers applied from dendrimers for ocular delivery of 
drugs. Applicability of PAMAM dendrimers with hydroxyl 
or carboxyl surface groups for ocular delivery of pilocar-
pine has been reported by Vandamme and Brobeck. They 
have been shown that dendrimers can enhance the residence 
time of pilocarpine and its bioavailability within the eyes 
[161]. Yavuz et al. developed conjugates based on PAMAM 
dendrimers and dexamethasone for investigation of the ocu-
lar absorption of dexamethasone. The resulting conjugate 
indicated increased transport of the drug across sclera and 
cornea tissues [28]. Dendrimers are suitable candidates to 
synthesis the hydrogels, cross-linked networks of polymers 
in water. Hydrogels which possess applications for seal-
ing ophthalmic injuries and for the production of cartilage 
tissue are created through conjugating of dendrimers with 
PEG. These hydrogels effectively deliver ocular drug mol-
ecule attached to dendrimer, to eyes [162, 163].

4.5.4.4 Dendrimers in  Pulmonary Drug Delivery PAMAM 
dendrimers for assessment of pulmonary absorption of 
enoxaparin were used by Bai et al. Their results showed that 
G2 and G3 PAMAM dendrimers (dendrimers with a posi-
tive charge) enhanced the bioavailability and pulmonary 
absorption of enoxaparin. In contrast, G2.5 PAMAM den-
drimers with carboxyl end groups (dendrimers with a nega-
tive charge) did not influence the enoxaparin bioavailability 
[164]. In another study, the role of G3 and G4 PAMAM 
dendrimers is demonstrated in the solubility increase of 

beclometasone. The sustained release of beclometasone 
in complex with dendrimers proved by in  vitro studies. 
Nebulization studies indicated which aerosol efficiency was 
not related to the generation of dendrimer but the type of 
nebulizers, that means which PAMAM dendrimers possess 
the capacity for beclometasone pulmonary delivery [165]. 
Applicably of dendrimers for inhalable chemotherapeutic 
nanomedicines proved by Kaminskas et al.. When doxoru-
bicin conjugated to PEGylated polylysine dendrimers, its 
exposure to lung metastases is increased [166].

4.5.5  Dendrimers as Nano‑drug

A clear example of the use of dendrimers as nano-drug is 
their utilization as an antiviral drug on herpes simplex virus. 
So that, poly(lysine) dendrimers modified with sulfonated 
naphthyl groups can inhibit virus adsorption in early-stage 
and replication of the virus in the later stage through inter-
fering with integrase and/or reverse transcriptase enzyme 
actions. Therefore, these dendrimers have the ability for pre-
vention/reduction of transmission of HIV and other sexu-
ally transmitted diseases (STDs) [167]. Strong antibacterial 
effects of PPI dendrimers modified with tertiary alkylammo-
nium groups against Gram-negative and Gram-positive bac-
teria have been proved. Application of chitosan–dendrimer 
hybrids as antibacterial agents has also been found [168].

5  Conclusions and Future Perspectives

Dendrimers are characterized by properties, including struc-
ture with a great degree of branching, well-defined molecu-
lar weight, globular shape, and nanoscale size. Dendrim-
ers have different types based on their structural properties 
that providing novel platforms for the delivery of various 
therapeutic agents. Dendrimers offer attractive properties 
such as high control over branching length, size, and shape, 
and great flexibility in design, which make them an ideal 
candidate for nanomedicine, particularly drug delivery. 
Because of the promising structure of dendrimers, drugs 
can be effectively incorporated into their structure through 
various interactions between drug and dendrimer. Bioavail-
ability, biocompatibility, permeability, toxicity, and solubil-
ity of drugs can be improved by using of dendrimers. The 
advantages offered by the dendrimers nano-structures have 
received significant attention from researchers not only in 
the delivery of drug but also in diagnosis and therapy of 
the diseases. Recently, patents and scientific publications 
on dendrimer-based nanomedicines have enhanced widely. 
A number of these nanomedicines have been commercial-
ized or under clinical trials. With rapid progress in the field 
of nanomedicines based on dendrimers, some products are 
expected to enter clinical trials in the future. However, there 
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are some challenges in the use of dendrimer-based nanomed-
icines such as the analytical characterization and scale-up 
generation of dendrimers and their products. The complex 
structure of dendrimer and its complexes or conjugates with 
ligands or drugs may need advanced analytical techniques to 
completely characterize the obtained product. Besides, the 
scale-up producing process exhibits another important chal-
lenge in the development of dendrimer-based nanomedicines 
because the production of dendrimer usually needs multiple 
processes. Great reproducibility and stability of dendrimer 
production are needs for scale-up manufacturing. Hopefully, 
this review of applications of dendrimers in nanomedicine 
obviously explains the potential of dendrimers and reaffirms 
a greater level of optimism for dendrimers’ future role in 
delivery of drug, diagnosis, and therapy.
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