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Abstract  Dendrimers are intricately branched, 

nanoscale polymer structures with well-defined 

architecture, adjustable characteristics, and multiple 

functional groups, positioning them as advantageous tools 

for various biomedical uses. This review explores the 

different classifications of dendrimers, their synthesis 

techniques, structural attributes, and interaction 

capabilities for enhanced drug delivery, diagnostics, and 

therapeutic uses. The distinct features of dendrimers, 

including their nanoscale dimensions, superb solubility, 

biocompatibility, and controlled release mechanisms, 

facilitate substantial progress in targeted treatments, 

particularly in the realms of cancer therapy, gene delivery, 

and vaccine development. Recent research indicates that 

functionalized dendrimers can be utilized for precise drug 

delivery, which leads to better encapsulation efficiency, 

increased bioavailability, and lower systemic toxicity. For 

instance, optimized formulations have demonstrated 

greater drug loading capacity, improved stability, and pH-

responsive release, making them suitable for targeted 

cancer therapies. Additionally, dendrimers are essential in 

diagnostics, as they enhance imaging capabilities and the 

effectiveness of gene therapies. Apart from their 

biomedical uses, dendrimers have also shown effectiveness 

in environmental applications, including wastewater 

treatment and pollutant removal. In summary, dendrimers 

present a flexible and effective means to address the 

shortcomings of traditional drug delivery systems. Their 

ability to provide controlled drug release, customizable 

designs, and multifunctional capabilities highlights their 

importance in progressing nanomedicine and various 

technological advancements. Future studies should aim at 

improving clinical applications while tackling challenges 

like toxicity and large-scale manufacturing.

Keywords  Dendrimers, Nanostructure, Targeted Drug 

Delivery, Carriers, Dendritic, Surface Functional Groups 

1. Introduction

The creation of diverse functional systems at the 

molecular level is known as nanotechnology. These 

systems have unique optical, electrical, and physical 

properties that make them interesting in a wide range of 
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fields, from biology to materials science [1]. 

Nanotechnology that employs the manipulation of matter 

at the nanoscale (usually from 1 nm to 100 nm) is an area 

where scientific knowledge and the skill of technical 

application are well-integrated [2]. Control, manipulation, 

research, and production of structures and devices in the 

"nanometer" size range have all been made possible by 

nanotechnology [3]. Biodegradable polymeric 

nanoparticles are emerging as a promising solution to 

enhance the effectiveness of medications by addressing 

poor pharmacokinetics and bioavailability in oral 

formulations [4]. Since the size, surface modifications, core 

characteristics, and half-life of drug-loaded nanoparticles 

are all regarded as critical elements for drug distribution 

and clearance rate, nanoparticles are more effective than 

free drug [5, 6]. Rather than the traditional rules of physics 

and chemistry, nanomaterials are regulated by the 

principles of quantum mechanics [7]. With their 

sophisticated implants and constructions, nanotechnologies 

transform medicine by advancing imaging, diagnostics, 

medication delivery, and therapies [8]. Various 

nanoparticles, including liposomes, metallic nanoparticles, 

dendrimers, carbon nanotubes, and micelles, are approved 

for use in treatment and play essential roles in medicine [9]. 

Artificial monomers serve as the basis for monodisperse 

framework dendrimers, a hyperbranched macromolecular 

nanomaterial that is innovative, efficient, and meticulously 

structured. These nano formulations include dendritic 

macromolecules such as polydisperse frameworks, for 

instance, dendrigrafts, reticulated macromolecules, 

hyperbranched macromolecules, comb polymers, and stars 

[10]. Dendrimers are a unique division of artificial, three-

dimensional, hyperbranched macromolecules with 

monodispersed arrangements, and in the structure of the 

dendrimer, peripheral groups wrap around the core [11]. 

Greek terms "dendron" (shoot or branch) and "meros" 

(parts) mean the source of the name "dendrimers," also 

known as "cascade molecules" or arborols. These unusual, 

tree-like structures are efficient medication and gene 

carriers [12, 13]. Donald Tomalia [14] and others made the 

initial discovery of these hyperbranched molecules in 1978. 

George et al. [4] also made the discovery at the same time, 

but on his own. Dendrimers are architectural motifs with 

dynamic properties in polyionic forms that change with 

generation in size and shape. They are motifs without 

intrinsic compounds. The physicochemical or biological 

features of these hyperbranched macromolecules can be 

altered due to their customized topologies and mutable 

ends [15]. 

The structural components of dendrimers are as follows: 

1. A nucleus where dendrimer development initiates; 

2. Replicated branching elements that enable spherically 

organized development into successive generations; 

3. Copious end points that can bear a wide variety of 

chemical moieties and are apparent on the superficial 

area of molecules and have special properties, such as 

multivalent cooperativity. 

Figure 1 explains the intricate framework and its 

components. 

 

Figure 1.  Parts and structure of dendrimers 
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Dendrimers are the fourth main architectural class of 

polymers, and are different from the standard polymer 

categories (straight, inter-linked, and simple branched) [16]. 

The number of branch points that a dendritic encounter as 

it moves from its core to its border determines its 

generation (gen-1, gen-2, and gen-3), and compared with 

initial generation dendrimers, upper generation dendrimers 

have greater size, additional branching, and more end 

moieties at their border [17]. Dendrimers have potential in 

biological applications such as drug administration, 

diagnosis, and treatment for many disorders due to their 

well-defined structure and multivalent cooperativity [18]. 

Because of their unique structure and flexible chemistry, 

dendrimers are used in energy transfer, drug delivery, 

molecular identification, and catalysis. Dendrimers are 

very promising for catalysis because of their easily 

tuneable structure, size, and location of catalytically active 

regions [19]. In general, they do not trigger immune 

responses [20]. As tiny, floppy molecules without a distinct 

three-dimensional structure, dendrimers are similar to 

typical organic molecules from the first three generations. 

The shift towards a spherical form and a desired three-

dimensional structure, however, starts at generation four 

(G4), and by generation five (G5), a consistent and 

particular three-dimensional structure is reached. 

Dendrimer generation numbers differ; G0 is often the core. 

Dendrimers can acquire charged, hydrophilic, or 

hydrophobic surfaces by modification. The surface groups 

of dendrimers dissolved in organic media contain lipophilic 

groups, whereas those dissolvable in water have 

hydrotropic groups. Inducer nucleus multiplicity (Nc) and 

branch juncture multiplicity (Nb) as functions of 

generation count (G) directly affect dendrimer 

characteristics, such as the number of endpoint divisions 

(Z), repeating unit count (RUC), branching entities (NBE), 

and molecular weight (M). Molar mass of terminal groups 

(Mt). These features may be expressed mathematically as: 

Z = (Nc Nb G), 

M = Nc + Mc [MRU-RUC] + Mt [G Nb +1], 

RUC = Nc [G Nb+ 1/Nb-1], and 

NBE = Nc [G Nb-1/Nb-1], 

which together provide a framework for predicting the 

optimal dendrimer system [21]. 

2. Fabrication of Dendrimers 

There are several methods for forming dendrimers such 

as divergent, convergent, Hypercores’ and ‘branched 

monomers’ growth, click chemistry, lego chemistry and 

many more [22]. 

2.1. Divergent Method 

Ethylenediamine and ammonia initiator cores were 

employed as the starting materials when this technology 

was first utilized in the creation of dendrimers [23]. 

Dendrimers are synthesized by Michael addition from the 

initiator core outward in the divergent method (Fig. 2). The 

nucleus particle produces the primary generation 

dendrimer by reacting with monomeric units that have one 

chemically reactive moiety and two inert moieties. 

Deficiencies in the dendritic molecule's structure result 

from incomplete and adverse responses of the end groups. 

A significant excess of reagents is required at each stage to 

accelerate reactions to completion and prevent side 

reactions. Additionally, to generate the desired result, 

significant purification procedures must be undertaken. 

Michael addition was used to create polyamidoamine 

(PAMAM) dendrimers by combining diamine, also known 

as ethylenediamine, with methyl acrylate. Following that, 

ethylenediamine was added dropwise in an exhaustive 

amidation process (G-1). The same procedure was used to 

prepare subsequent generations in each generation (G-x). 

This approach has the benefit of allowing the dendrimer 

molecule's surface to be altered. It is possible to tailor the 

dendrimer's overall chemical and physical characteristics to 

meet particular requirements by altering the end groups at 

the outermost generation [24, 25]. 

2.2. Convergent Method 

This methodology was reported by Tomalia et al [26]. 

The dendrimer synthesis technique commences with a core 

that has different binding groups and grows the dendrimer 

part by part. The size of the dendrimer's systematic 

expansion over several generations is dictated by certain 

sequences and is achieved by sequential reactions [27]. The 

convergent method of synthesis is step by step, starting 

with end groups and working towards the core (Fig. 2). A 

multifunctional core molecule is joined to the expanding 

branching polymeric arms, known as dendrons, after they 

reach a certain size [28]. The outermost functional groups 

are essentially attached to an inner generation using this 

mechanism, while the inner generations are attached to the 

core. The term "wedge" refers to the structural components 

that come before the last link to the core. Typically, the core 

is attached to three or four wedges, and different functional 

groups may be present at the margin of each wedge [25]. 

The synthesis of convergent dendrimers offers accurate 

control by reducing structural imperfections and 

simplifying the separation of impurities, which often differ 

significantly in terms of size, structure, and physical 

characteristics from the synthesized dendrimers. But only 

for low-generation dendrimer preparations; as the 

dendrimer generation increases, the sensitivity towards the 

internal core decreases [29], as shown in Fig. 3. 
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Figure 2.  Dendrimer creation using a divergent technique 

 

Figure 3.  Dendrimer creation using a convergent technique 

2.3. Double Exponential Growth 

Parallel to fast growth techniques for straight polymers, 

the double exponential development strategy for 

dendrimers also involves creating divergent and 

convergent development molecules from a starting material. 

Dendrimer development is facilitated by the formation of a 

trimer protected in an orthogonal way through the reaction 

of the products. This function allows a fast and easy 

integration with divergent or convergent development 

methods [30]. 

2.4. Hypercores and Branched Monomers Growth 

Hypercores and branching monomers were created to 

overcome faults in divergent and convergent algorithms. 

By pre-assembling oligomeric species, this method enables 

dendrimer production in fewer stages or with greater yields 

via branch-to-branch linkage. To start the procedure, the 

core is reacted with a reagent that contains one protective 

branching site. 

2.5. Click chemistry 

Rapid and stable dendrimer synthesis may be achieved 

with the click chemistry method. In the click chemistry 

process, heteroatoms are employed to connect smaller units. 

Various selective techniques exist, such as 1, 3-dipolar 

cycloadditions, nucleophilic replacements for ring opening 

of strained electrophilic heterocycles, and reactions 

involving carbon-carbon multiple bonds like epoxidation. 

Click chemistry is characterized by its high chemical 

performance, simple reaction conditions, easily accessible 

chemicals, and safe solvent usage [31, 32]. This process 

yields high-quality, pure dendrimers with distinct 

peripheral groups [33]. 

2.6. Lego Chemistry 

Using lego chemistry, phosphorus dendrimers are being 

constructed employing highly functional monomers and 

groups. Phosphines and hydrazines are used to create the 

end groups. Another benefit of this technique is that it uses 

a small amount of solvent, making purification simple and 

producing by-products that are good for the environment, 

such as nitrogen and water [31]. 

3. Properties of Dendrimers [28, 34] 

Various properties of dendrimers, such as water 

solubility, lipid solubility, dispersibility, and other 

parameters, were listed in Table 1. 
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Table 1.  Various parameters of dendrimers 

Sl.No parameters Dendrimer 

1 Format Tightly packed 

2 Appearance Round 

3 Size 1-100nm 

4 Architecture Regular 

5 Structural governance Extremely high 

 Crystallinity Amorphous, non-crystalline materials and lower glass temperatures 

6 Water solubility Superior 

7 Lipophilic solubility Superior 

8 Thickness Nonlinear link between the mass of molecules 

9 Dispersity Narrow or monodisperse 

10 Compressibility Lesser 

 

4. Classification of Dendrimers [30, 35, 
36, 37, 38, 39] 

Dendrimers are classified based on their bonding, 

chirality, solubility, configuration, composition, 

arrangement, branching, and structure (Fig. 4). Dendrimers 

are fabricated by monomeric units that have the benzene 

tricarboxylic acid ester substituted. With a molecular 

diameter of 45Å, the benzene rings are symmetrically 

connected at locations 4, 10, 22, and 46. 

 

Figure 4.  Classification of dendrimers 

4.1. Crystalline Dendrimers 

Dendrimers are formed from organic monomers by the 

formation of mesophases that are liquid crystalline. 

Calamitic (rod-like) or discotic (disk-like) molecules are 

the most common shapes of these compounds. Sensitivity-

enhancing functional groups like cholesteryl and 

cyanobiphenyl are found in carbosilane dendrimers. 

4.2. Chiral Dendrimers 

Dendrimers are chiral because their chiral nucleus is 

formed by branching around it, resulting in structures that 

are chemically identical but constitutionally unique. 

4.3. Micellar Dendrimers 

Micellar are soluble in water, hyperbranched, 

polyphenylene unimolecular micelles. 

4.4. Hybrid Dendrimers 

These are dendritic and linear polymer hybrids, often 

known as block or grafted polymers. 

4.5. Amphiphilic Dendrimers 

These polymers have two different chain end sites, each 

with one end serving as an electron-donating half and the 

other end serving as an electron-withdrawing half. 

4.6. Metallodendrimers 

Combining metal ions with the dendritic skeleton is 

known as metallodendrimers. In dendritic scaffolds, the 

availability of metal ions can result in the fabrication of 

new or improved characteristics known as 

metallodendrimers. 

4.7. Tectodendrimers 

These are made up of a central dendrimer, containing 
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different generations of dendrimers (each step design), 

carrying out a particular function for a smart therapeutic 

nanodevice. There are various compounds for which they 

carry out different roles, including signaling the patient's 

diseased cells, diagnosis of disease condition, drug delivery, 

reporting the compound locality, or therapy reporting 

outcome. 

4.8. Multilingual Dendrimers 

Various copies of a certain functional group are available 

on the top layer of these dendrimers. 

5. Dendrimer Classification Based on 
Property 

5.1. Hydrophilic Dendrimers 

PAMAM dendritic polymers are known as the most 

highly synthesised and commercially available hydrophilic 

dendrimers [39]. Tomalia and associates developed, 

described, published, and marketed the first family of 

absolute PAMAM dendrimers in 1984. These molecules 

attach amine or amide entities on the periphery after 

starting with an ethylenediamine (C2H8N2) or ammonia 

(NH3) core. Branching units appear when "wedges" or 

"dendrons" radiate outward from the central core. Half 

generation (0.5, 1.5, 2.5...9.5) refers to commercial 

PAMAM dendritic with terminal carboxylic groups, and 

full generation refers to amino-terminated dendritic [40]. 

The Michael addition procedure, which includes reacting 

methyl acrylate with ammonia to produce a primary 

triamine and then treating the resulting ester with an excess 

of ethylenediamine, is used to manufacture dendrimers. By 

repeating the reaction cycle, dendrimers up to the tenth 

generation are produced [41]. 

5.2. Biodegradable Dendrimers 

Under physical circumstances, biodegradable 

dendrimers, which are mostly made of biodegradable 

repeat units, break down into smaller pieces that may be 

eliminated by metabolic processes [38]. To prevent 

nonspecific toxicity, these dendrimers achieve high tissue 

deposition and enable rapid urine clearance of the 

fragments. The systematic preparation of these dendrimers 

involves the addition of ester groups to the polymer 

backbone. This strategic modification boosts eventual 

enzymatic and/or chemical cleavage in physiological 

solutions [39, 40, 42]. 

5.3. Asymmetric Dendrimers 

A symmetrical dendritic structure is the result of 

carefully regulated repetitive synthesis procedures. 

However, a group of asymmetries can be added to the 

dendritic structure to create unique structures that might 

improve pharmacokinetic profiles. Usually, to create them, 

dendrons from several generations are joined to a linear 

core molecule. A non-uniform orthogonal dendritic 

architecture is formed by the final construction. This kind 

of dendrimer allows tuning of its molecular weight, 

structure, and amount of functional groups [42]. 

5.4. Amino Acid-Based Dendrimers 

Based on amino acids, these dendrimers use the intrinsic 

features of amino acid building blocks, such as asymmetry, 

hydrotropic/lipophilicity, bio-identification, and optical 

attributes, for diverse applications. The asymmetry of 

amino acid-based dendritics is determined by the 

stereochemistry of their terminal surface groups, branching 

units, and core, which impact the surface group 

arrangement and the dendrimer's overall form. Optically 

active protein-mimetic dendrimers originate from 

phenylalanine, glutamic acid, aspartic acid, leucine, and 

valine, among other amino acids. Amino acid building 

blocks have a unique internal architecture that provides 

stereospecific locations for noncovalent relationships with 

medication and foreign molecules. Methods of creation of 

these dendrimers are either by amino acid grafting or the 

attachment of amino acid to an organic or peptide core [43]. 

5.5. Glycodendrimers 

The name "glycodendrimer" refers to a broad class of 

dendrimers with varying architectural configurations that 

include carbohydrates. Glycodendrimers are distinguished 

by the location of the carbohydrate moiety within the 

structure, named as carbohydrate-coated (the peripheral 

portion of these dendrimers has a carbohydrate moiety), 

carbohydrate-centered (the carbohydrate moiety is a core) 

and carbohydrate-based (only carbohydrate moieties are 

found in dendrimers) [44]. 

6. Dendrimers for Therapeutic 
Transport 

Genetic material and pharmaceutical agent transport is 

made flexible by dendrimers, an important family of 

nanostructured carriers in nanomedicine. Utilizing 

dendrimers with a hydrophilic center and a hydrophobic 

peripheral that act as unimolecular micelles, their structural 

variety enables the solubilization of hydrophobic 

medicines by trapping them in the intramolecular cavity 

[45]. Dendrimers with an electropositive charged outer 

layer have the capacity to interact with negatively charged 

cell membranes, which makes them appropriate for drug 

delivery [46]. Dendrimers are outstanding vehicles for 

drugs due to their rapid cellular absorption and ability to 

conjugate or encapsulate large molecular weight medicines 

[47]. Different methods, including chemical conjugation 
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and physical encapsulation, have been used to insert 

medicines into dendrimers. They are increasingly 

significant and used in medication distribution because of 

their biodegradable nature [48]. 

7. Mechanism of Drug Dendrimer 
Interaction 

The binding of drugs to the exteriorly located groups of 

dendrimer structures is the phenomenon that forms the 

basis for drug binding. The drug loading of dendrimers is 

dependent on their terminal functional groups and structure 

[48]. Dendrimers can bind drug molecules through a wide 

range of mechanisms e.g. covalent conjugation, 

physicochemical encapsulation, and electrostatic 

association. 

7.1. Physical Encapsulation 

Dendrimers are multifunctional molecules that serve as 

both hydrophobic and hydrophilic carrier molecules, and 

work as dendritic boxes and unimolecular micelles. An 

efficient transport around the core is achieved by host-guest 

interactions [49]. Through highly defined internal fissures, 

dendrimers’ distinct design enables drug loading through 

hydrophobic contacts, hydrogen bonding, or electrostatic 

interactions with the outer layer that are oppositely charged. 

Dendrimer’s ability to solubilize a vast range of medicines, 

for example, anti-swelling, anti-AIDS, and anticancer, 

makes them readily dissolvable in the bloodstream [50], as 

shown in Fig. 5. 

7.2. Covalent Conjugation 

Dendrimers can be covalently connected to the binding 

groups of pharmaceuticals if they have an abundance of 

functional moieties on their surface. There are three 

methods of conjugation: conjugation with internal 

chemical groups of dendrimers, conjugation via 

intermediates (ester, amides, and reducible disulphide), and 

straight chemical conjugation of the chemical entity and 

dendrigrafts. pH and temperature are the 

physicochemicalstimuli and in vivo breakage of 

hydrolytically unstable bonds that disturb the covalent 

connection, and allow the drug molecule to be released 

from the dendrimer. This method may be used to achieve a 

prolonged release pattern of the medication from the 

dendrigrafts. Furthermore, intermediates like amide or 

ester linkages or biodegradable bonds like PEG, PABA, P-

amino Hippurate, and lauryl chains can be used to 

conjugate the drugs to dendrimers. The prodrug method has 

shown a considerable impact on the release kinetics of 

medicines and improved their stability. These conjugates 

exhibit extended blood half-life and enhanced therapeutic 

activity. The development of PEG dendrimers as prodrugs 

for large molecules shows promise since they improve the 

stability of drugs against chemical degradation [51, 74] 

(Fig. 5). 

7.3. Electrostatic Interactions 

Due to electrostatic interactions, lipophilic drugs may 

become more soluble due to a large number of chemical 

groups (such as amine and carboxyl compounds) on the 

outer layer of dendrimers [52]. Nonsteroidal anti-

inflammatory medicines (NSAIDs) with carboxyl groups, 

such as indomethacin, ibuprofen, diflunisal, ketoprofen, 

and naproxen, are electrostatically complex with 

dendrimers. Furthermore, research on other medications, 

such as antibacterial and anticancer medications, has been 

published [53]. 

 

Figure 5.  The dendrimers’ drug interaction includes physical encapsulation, covalent conjugation, and electrostatic interaction 
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8. Drug Dendrimer Complexes' Routes 
of Administration 

8.1. Intravenous Drug Delivery 

Building the intravenous drug deliveries based on 

dendritic polymers projects the potential in overcoming the 

major pillars of resistance such as harmful side effects and 

solubility in water, based on the most recent scientific 

literature. For example, antineoplastic agents are 

administered intravenously by using dendrimers as carriers 

[33]. Clinically dendrimers display the remarkable 

property of improving the solubility of water insoluble drug 

while lowering their toxicity. For example, Flurbiprofen 

(FB), which is known to have low solubility and toxicity, 

benefited from being encapsulated in G4 PAMAM 

dendrimers, resulting in improved and focused distribution 

to inflammatory regions. Compared to free flurbiprofen, 

the PAMAM-FB complex had a fivefold higher dispersion 

[54]. 

8.2. Oral Drug Delivery 

Because it is easy to use, is comfortable, and empowers 

patients, oral administration is preferred for bioactive 

delivery. Compared to parenteral methods, oral 

administration lowers costs, improves patient compliance, 

and minimizes the risk of disease transmission. It is perfect 

for long-term therapy since it allows for regulated and 

flexible doses. In addition to its benefits, oral medication 

administration has drawbacks such as the mucous barrier, 

which restricts absorption, low solubility, and unstable 

conditions in the stomach [55]. Leading approaches to 

overcoming the primary disadvantages of oral drug 

delivery now focus on drug-loaded polymeric systems, 

such as dendrimers [33]. Dendrimers are shown to have the 

capability for different application purposes in multiple 

studies as oral medication delivery systems [48]. For 

example, Yellepeddi et al., [56] concluded that oral 

dendrimer-N-acetyl-L-cysteine (D-NAC) formulation 

shows promise for treating paediatric neuroinflammation 

since it improves oral absorption when coupled with 

Capmul and is constant in simulated gastrointestinal fluids. 

One more Investigation of PAMAM Dendrimer-

Encapsulated Simvastatin in the Treatment of 

Hyperlipidaemia suggested that the respective 

compositions have better performance in vivo than 

simvastatin alone [57]. 

8.3. Transdermal Drug Delivery 

TDDS has been recognized as one of the best techniques 

among the non-invasive routes of drug administration into 

the skin, and the transportation of many active ingredients 

is significantly affected by TDDS, especially in the fields 

of hormonal treatments, relieving pain, and the treatment 

of conditions pertaining to the CNS and cardiovascular 

systems [58]. Standard dosing techniques, such as oral or 

intravenous delivery, cause fluctuations in medication 

levels, and TDDS provides stable levels. Long-term 

administration eases related discomfort and streamlines 

dosage regimens. The main drawback of transdermal 

medication administration is its poor rate of skin absorption 

[52]. Dendrimers improve skin permeability by 

temporarily altering skin structure to promote drug 

diffusion, making them useful chemical penetration 

enhancers (CPEs) for more than ten medications. Strong 

dendrimer-phospholipid interactions are the mechanism by 

which cationic PAMAM dendrimers cause nanoscale pore 

development on phospholipid bilayers. Their globular form 

is more efficient than a flexible linear structure at 

enhancing membrane permeability. Bioactive compounds 

have been trans dermally delivered using PAMAM 

dendrimers and dendritic PEGylated polyglycerol amine 

[59, 60]. Transdermal administration of drugs through 

dendrimers has been the focus of several investigations, for 

instance, combining dendrimer with isotretinoin to deliver 

drugs trans dermally under control, which concludes that 

the 13cRA-D demonstrated better transdermal penetration 

than free isotretinoin [61]. Another study showed that 

chlorhexidine di gluconate increased skin permeability by 

dendrimer-mediated delivery [62]. This study effectively 

showed how adding 1 mM Gen3 PAMAM-NH2 dendrimer 

and 4% w/v chlorhexidine Di gluconate (CHG) to a gel 

formulation raises the depth of penetration. 

8.4. Ocular Drug Delivery System 

One of the hardest tasks for pharmaceutical experts is 

still delivering drugs to the eyes. The eye is distinguished 

by its complex structure and resistance to medications and 

other external substances. Due to poor bioavailability 

caused by factors such as tear dynamics, drainage, and 

limited corneal membrane permeability, conventional drug 

delivery techniques are ineffective in treating ocular 

disorders. However, eye drops intended to treat anterior 

segment eye problems make up more than 90% of 

ophthalmic formulations [62]. As polymers, dendrimers 

have special qualities making them perfect for 

administering drugs through the eyes. They can maintain 

the regulated release of active components and dissolve 

hydrophobic medications within the ocular cavity. Certain 

dendrimers interact with the corneal epithelium's mucins, 

which contain negatively charged sialic groups, and carry 

a cationic charge that is essential for ocular delivery. 

Because of this electrostatic connection, dendrimers can 

function as mucoadhesive polymers, extending the amount 

of time the active medication is in contact with the eye 

surface [63]. Some research reveals dendrimer gel particles 

for ocular drug delivery, which is an effective topical 

medication administration for glaucoma [45]. This study 

results in particles (nDHPs) with customisable 

characteristics through scalable synthesis utilizing the 
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IEaMA approach. In glaucoma models, nDHPs showed 

improved corneal permeability and prolonged drug release, 

which led to more potent intraocular pressure-lowering 

effects. Another study found that improving glaucoma 

neuroprotection by using dendrimer-drug conjugates [64]. 

This study reveals that in glaucoma, activated ocular and 

nerve roots macrophages were specifically targeted by 

hydroxyl PAMAM dendrimer nanoparticles. Exhibiting 

fast post-injury uptake and retention for as long as 28 days. 

8.5. Pulmonary Delivery 

The lung is a feasible drug delivery pathway because it 

has a vast surface area that allows quick absorption and 

both local and systemic drug action. First-pass metabolism 

is also overcome by pulmonary delivery [65]. When 

inhaled the weakly soluble steroid beclomethasone 

dipropionate (BDP) successfully stops asthma. The study 

explored using PAMAM dendrimers as nanocarriers to 

deliver aerosol pharmaceuticals to the pulmonary system 

through nebulization [66]. PAMAM dendrimers were 

effectively used to complex BDP, and it was discovered 

that the pH of the solvent system, the generation and 

concentration of dendrimers affected the complexation 

process. Full-generation PAMAM dendrimers are potential 

delivery systems for poorly soluble medications like BDP, 

according to a study. Ester-terminated (half-generation; 

Gen4.5) dendrimers do not form as stable complexes with 

BDP as do amine-terminated dendrimers (Gen3, Gen4, and 

Gen4). Dendrimers show promise as efficient nanocarriers 

for pulmonic administration of BDP using aerosolizers, as 

evidenced by their prolonged release profile, high aerosol 

production, and fine particle fraction (FPF). One more 

study using lesser versions of polyamidoamine dendrimers 

as a carrier, rifampicin microspheres were delivered to the 

lungs via dendrimers [67]. This research investigates the 

co-spray drying of rifampicin for pulmonary administration 

using low-generation PAMAM dendrimers (G1-G3). 

9. Mechanisms of Action of 
Dendrimers 

Drugs can be carried by dendrimers either by being 

encapsulated in the dendritic structure, and the disruption 

of cell membranes by the positively charged dendrimers 

leads to cell lysis. The magnitude of interchange and the 

usefulness of the amine determine the toxicity of 

dendrimers with increased generations, and with respect to 

tertiary or secondary amines, primary amines are more 

hazardous. Stronger affinities and selectivity of cellular 

receptors to PAMAM dendrimers' extremely branched 

architectures and exterior functional designs indicate 

enhanced activity towards microbes. The major 

mechanisms of dendrimer biocides that are suggested by 

the quaternary ammonium functional group of extremely 

dense to dendrimers' surface include the destruction of 

multivalent connections and the collapse of 

microorganisms' cell membranes [53, 68]. 

10. Applications of Dendrimers 

Applications for dendrimers may be found in many 

different domains, including medicine and dynamic 

diagnostics. Genomic therapy and chemo sensors, drug 

transportation system, adhesion and covering, radiant 

energy collector, inducer, automated applications 

separating agents, and many more [24, 69]. 

10.1. Targeted Drug Delivery 

It is a method of administering the therapeutic agent to a 

particular cell or tissue type and even to a single site-

specific [70]. Among numerous carriers, it has been 

demonstrated that dendrimers work best for delivering 

medicinal and diagnostic substances. Dendrimers have 

particular features that make them beneficial as drug 

carriers, such as greater cell uptake, several functions, the 

capacity to conjugate or absorb huge molecular weight 

substances, and longer circulation time [30]. PAMAM 

dendrimers were developed as a drug carrier with certain 

specific properties. The terminal primary-Amino groups 

inherently occurring on the PAMAM surface provide these 

ligands with an ideal handle. Another, receptor-ligand 

interaction stimulated cellular internalization occurs 

through receptor-mediated endocytosis [71]. Dendrimer 

drug delivery methods were the subject of various 

investigations, such as Adapalene follicular aimed and skin 

administration using PAMAM dendrimers [72]. This 

research evaluated PAMAM dendrimer nanocarriers with 

ADA as their payload, penetrating the skin to reach hair 

follicles. In comparison to commercial products, the two 

formulations, PAMAM-AQ and PAMAM-Gel, were 

shown to have superior permeability and delivery 

capacities. When given systemically, the dendrimer-

rapamycin combination (D-Rapa) efficiently targeted 

tumor-associated macrophages (TAMs) associated with 

glioblastoma, improving systemic treatment for 

glioblastoma. In vitro, in vivo D-Rapa has an anti-

proliferative impact on gliomas and inhibits tumor-

promoting expression in TAMs [73]. 

10.2. Dendrimers in Cancer Treatment 

Cancer is another of the most common death reason 

worldwide; it is due to uncontrolled cell proliferation via 

mutations and signal route disruptions. Cancer diagnoses 

and treatments have made great strides over the past few 

decades, but the death rate still holds [74]. Dendrimers as 

the polymers having nanostructures with high precision, 

bring potential for creating nanocarriers that may have the 

capacity to not only improve cancer diagnosis and 

treatment but also overcome existing drug carrier 
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disadvantages. Conjugation of dendrimers with agents such 

as drugs and imaging agents is possible in the light of their 

unique properties, facilitating their chemical changes. 

Being easy to adjust, dendrimers present an attractive 

nanotheranostic platform [75]. The solubility issue with 

bortezomib (BTZ) can be resolved by dendrimer platforms, 

which may lead to improved drug delivery methods [76]. 

PAMAM dendrimers can impart improved solubility and 

effectiveness of BTZ against cancer cells, with improved 

in vivo pharmacokinetics. PEG modification enhances the 

biocompatibility and encapsulation of BTZ. Another study 

by Aleanizy FS et al [77] about Trastuzumab-conjugated 

dendrimers loaded with Neratinib Den PolyAmino Amide 

as a Breast Cancer therapy states that the Trastuzumab-

conjugated dendrimers loaded with Neratinib show 

enhanced cell uptake and cytotoxicity compared to the 

plain Neratinib. Above investigations prove that 

dendrimers are able to make the treatment of cancers to be 

better and it solves the lack of various neoplastic drugs. The 

majority of dendritic polymers used in chemotherapy for 

cancer include PAMAM, PPI, poly-L-lysine, carbosilane 

dendrimers, phosphorous dendrimers and glycodendrimers. 

Dendrimers are used to fix the low solubility challenge, for 

example, anticancer medications such as tamoxifen, 

docetaxel (DTX), and paclitaxel. In addition to this, the 

empty space serves as an isolated region as well. An 

environmental factor protects the drug from enzymatic 

degradation. In addition, the dendrimer has the capacity to 

track the dropping of its payload [76]. 

10.3. Dendrimers in Gene Delivery 

A recombinant technique called genetic engineering 

makes use of genetic information to create potential future 

medications. This technique can be used to correct a 

disorder instead of treating it with drugs or surgery by 

inserting a functional gene into patients’ cells. This therapy 

entails infusion of the gene, which has therapeutic effects 

on the diseased cells, precisely and efficiently, by the 

vector called a carrier. Dendrimers are suitable polymers 

for the process of gene delivery as they form more compact 

complexes through a nonviral mechanism with DNA, 

aptamers, oligonucleotides, genes, siRNA etc. Gene 

delivery has complex steps, starting from the formation of 

dendriplexes, when the therapeutic genes are loaded into 

dendrimers. They bind to cell surfaces, enter cells via 

endocytosis, and escape from endolysosomal vesicles to 

reach the cytoplasm, and they may have an alternative way 

to the nucleus. Finally, the dendriplexes release the 

embedded or cross-linked gene at the target site. 

Dendrimer-mediated gene delivery is based on multiple 

complicated interactions that are determined by polymer 

characteristics, environmental factors, and physiological 

conditions. Success depends on the dendrimer's charge, 

hydrophilicity, and weight in molecules as well as the 

target site's pH, serum obstruction, and ionic strength [78]. 

The goal of this study was to efficiently transport genes by 

synthesising and characterizing a new PAMAM dendrimer 

nanocarrier that has been modified with hyaluronic acid 

[79]. In this work, hyaluronic acid, PAMAM G4, and Gen5 

were used to create gene delivery nanocarriers that target 

malignant cells via the minimal permeable protein route. 

They exhibit encouraging bioacceptability, cellular toxicity, 

gene packaging capability, and ability to target carcinoma 

cells. One more study PMAM generation-2 dendrimer 

modified with histidine-arginine (PG2HR), was 

synthesized and used to deliver therapeutic genes to the 

cerebrum. Studies conducted under physiological 

conditions have shown that histidine, together with its 

arginine alteration of PG2, increased the transmission 

performance [80]. Effective transfection without 

cytotoxicity is the main advantage of dendrimers. An 

attractive vector for delivering drugs to particular to genes, 

due to its cytotoxicity, PEI is regarded as one of the most 

promising positively charged polymers for genetic 

transport. Because native PAMAM has a low effectiveness 

of carrying genes, other ligands, fats, and protein molecules 

are added to its membrane to enhance the efficacy of gene 

transmission [81]. 

10.4. Dendrimers in Diagnosis 

Medical diagnosis is the procedure of finding out the 

disease or the condition by seeing the patient’s symptoms 

and signs. Several kinds of diagnostic imaging are also 

carried out during the process to get the result. Today in-

vivo imaging is one of the leading focuses of medical 

research. Imaging modalities that are often applied in 

preclinical research and clinical applications include 

different modalities. The following methods are used for 

diagnosis [82]. 

Magnetic resonance imaging: It is a painless vacuum 

biochemical imaging technology that is mostly used for 

neoplasm diagnosis, classification, separation and future 

outcomes, and therapy assessment. It uses radio signals 

(radiofrequency energy) and a strong magnetic field to 

portray anatomical components. In addition to helping with 

nanomedicine research, MRI supports drug release 

measurement as well as pharmacokinetic and 

biodistribution assessments. Magnetic resonance imaging 

(MRI) uses a signal that is produced by the relaxation of 

magnetically active nuclei under the influence of a 

magnetic field [75]. The goal of the development and 

evaluation of synthetic and natural metal-free 

macromolecules is to overcome the gadolinium (Gd) in 

magnetic resonance imaging by using compatible 

oligoethylene glycol dendrimers fully customized with 5 

and 20 natural radicals (OEG Gn-PROXYL (n = 0, 1) 

radical dendrimers) as MRI contrast agents [83]. 

Ct: The currently used classical small molecular contrast 

agents, for instance, iodine-based computed tomography, 

for diagnostics. [CA] (contrast agent, Omnipaque) 

manifests its own critical features, e.g. kidney toxicity, lack 

of specificity, short imaging period and low signal-to-noise 
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ratio. Dendrimer-based nano platforms have been 

developed, which resulted in improved biocompatibility, 

sensitivity and specificity of targeting. Enhanced tumor CT 

imaging was done by using metal NPs wrapped up or 

stabilized in a dendrimer. For example, because of their 

improved properties due to the instance of dendrimer, Au 

DENPs have prospective applications in the field of CT 

scanning. Because of the fact that AuNPs are loaded by 

dendrimer, it resulted in the higher x-ray attenuation 

property and prolonged lifetime. A blood circulation time 

is longer than the conventional iodinated contrast agent’s 

supply [84]. For sensitive tumour RT and precise tumour 

hypoxia imaging, the artificially produced dendrimer-

based nanohybrids were designed to target hypoxia. Can be 

used as contrast agents and nano sensitizers. Fan Y et al. 

[85] developed multipurpose dendrimer-based nano 

photosensitizers that integrated CT scanning elements of 

Au NPs and MR imaging compounds of Gd (III)-chelator 

couples inside the dendrimer platform, allowing dual-mode 

CT/MR imaging-guided RT of neoplastic hypoxia. For 

sensitive tumour RT and precise tumour hypoxia imaging, 

the synthesized nanohybrids can be used as contrast agents 

and nano sensitizers. 

Positron emission tomography: PET (positron emission 

tomography) is an outstanding nonsurgical imaging 

technique that has a broad spectrum of medical and 

scientific uses in examining the neurological functions of 

the human brain as well as brain disorders, such as 

neurodegenerative, infectious, and mental health disorders. 

With tracer radioactive compounds at low levels that have 

no noticeable physiological or pharmacological effects, 

PET is a very sensitive imaging method that offers 3D 

imaging [86]. PET technology uses positron and gamma-

emitting radionuclides that produce a signal for the body 

scan in a single session. The most often used tracer in 

oncology is 2-18F-fluoro-2-deoxy-D-glucose (FDG), a 

PET tracer.150 It is utilized as a radiotracer that has shown 

efficacy in imaging of head and neck cancer, non-

Hodgkin's lymphoma, brain and lung tumours, and breast 

cancer. The dendrimers were chelated and Cu was 

successfully labelled with positron-emitting isotopes. With 

such a technology, the possibility of PET is becoming a real 

one. The (LYP-1)4-dendrimers were labelled with the 

isotope Cu and were enhanced using different targeting 

peptides to make PET imaging studies for disease diagnosis 

or delivery of therapeutic reagents possible [87]. 

10.5. Dendrimers in Vaccine Delivery 

Vaccination has shown to be an incredibly efficient dual 

strategy for managing infectious illnesses brought on by 

microbial pathogens at an affordable cost. Dendrimers have 

optimal features to be used as immunostimulating 

compounds (adjuvants) for a more efficient vaccine. 

Dendrimers can also be utilised as chemically specified 

diverse frameworks to combine antigens and tiny-molecule 

immunostimulators to generate sophisticated combinations. 

These compounds may be used to transport tiny antigens, 

allowing the synthesis of multimeric antigens with precise 

molecular attributes for human use. Moreover, when 

administered, these molecules do not cause unfavourable 

host reactions, such as immunological or allergic reactions 

[88]. However, traditional adjuvants may have some 

drawbacks; for example, they are non-controllable and 

systemically inducing. Toxicity is a limiting factor limiting 

their broad applicability [89]. Dendrimers are the nonviral 

vectors that have been studied for their efficiency and 

safety in gene delivery. Dendrimers carry genetic materials 

in a tight complex that guards them from degradation 

among different kinds of dendrimers, and the most likely 

candidates for both in vivo and in vitro gene transfection 

are polyamidoamine (PAMAM) dendrimers for DNA 

transfection. In the study of a transdermal DNA vaccine 

delivery system based on polyamidoamine (PAMAM) 

dendrimers conjugated with HIV trans activator of 

transcription (TAT) was created [90]. The incorporation 

with TAT/PAMAM NPs facilitated transdermal delivery 

and intracellular uptake of pDNA, exhibiting low toxicity 

and ease of preparation, indicating its suitability as a 

nonviral vector for in vivo application. In another study by 

Zhao K A et al., [91], delivery of DNA vaccine using poly-

L-lysine dendrigrafts against H9N2 avian influenza virus 

infection in chickens. 

10.6. Dendrimers in Waste Water Treatment 

Industrialization and overpopulation lead to water 

pollution from pollutants, which affects human and wildlife 

health. Dyes and pigments, which are abundantly used in 

the textile and paint industry, are among the main troubles 

due to their contamination of water resources. There are 

industrial dyes such as indigoid, phthalocyanine 

derivatives, and sulfur anthraquinone, which are very 

stable and water soluble; thus, their removal or degradation 

poses a big challenge. The techniques utilized include 

adsorption, membrane technology, catalytic degradation 

and microbial degradation in addressing this environmental 

issue [92, 93]. Utilization of dendrimer complexes for 

selective dye adsorption and catalytic degradation is one of 

the more interesting approaches, followed by immobilizing 

magnetic beads onto dendrimers which provides a faster 

processing of dye-loaded complexes from the target 

solution. Dendritic polymers have also been doped with 

other metallic nanoparticles in order to improve dye-

removal from effluents by multivalent interaction. For 

instance, a titania nanocomposite with amines terminal 

PAMAM dendrimer generation has been reported to have 

outstanding performance in the removal of DR80 and 

DB78 [94]. Dendritic nanopolymers can absorb such 

soluble heavy metals, polluting anions and organic 

compounds from water, including Cu (II), Ag, Au, and 

U(IV) as ions and ClO4, NO3, and PO4 as anions. Nanomer 

polymer dendrites can act as nanoscale reactors and 

catalysts. They also perform binding and in-activating 
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function of bacteria and viruses [95]. 

10.7. Dendrimers in Cosmetics 

The application of dendrimers for drug delivery is well 

established. This technology was recently demonstrated in 

cosmetics. Dendrimers can be applied in the preparation of 

cosmetic products. Cosmetic formulations undergo 

solubility, stability and skin penetration challenges. This 

process is primarily restricted by the release of active 

components, which are contingent upon the carrier system 

and the skin barrier selectivity. Research has demonstrated 

that a lot of active ingredients in skin care products are 

unable to get through the stratum corneum layer of the skin 

[96]. In the workby Pentek T et al., [97], a dendrimer-

resveratrol complex was created, optimized, and assessed 

to improve its solubility and stability in both solution and 

cream dosage forms. A multifunctional dendrimer was 

utilized to solve the solubility and stability problems of 

resveratrol. 

11. Commercial Centres of 
Dendrimers 

The commercial activities of the dendrimers are listed in 

Table 2. 

Table 2.  Commercial activities of dendrimers 

Sl 

no 

Companies Product and services 

1 Dendritech PAMAM dendrimers and derivatives 

2 Sigma-Aldrich PAMAM dendrimers, PPI dendrimers, 

various derivatives 

3 Polymer 

Factory 

PAMAM dendrimers, PPI dendrimers, 

other types 

4 Dendritech Inc. Dendrimers for research and industrial 

applications 

5 Dendritech AB Dendrimer-based drug delivery systems 

12. Conclusions 

This review emphasizes the considerable promise of 

dendrimers across a variety of uses, including drug delivery, 

diagnostics, gene therapy, and solutions for environmental 

challenges. Dendrimers possess unique nanoscale 

dimensions, precise structural designs, and multivalent 

surface features that provide noteworthy benefits such as 

improved drug solubility, stability, bioavailability, and 

targeted delivery. Their capability to encapsulate 

therapeutic agents or bond with bioactive molecules 

renders them highly effective for cancer treatment, gene 

delivery systems, and vaccine development. In targeted 

cancer therapy, dendrimers facilitate accurate drug delivery 

to cancerous cells, reducing systemic side effects while 

enhancing therapeutic efficacy and improving patient 

outcomes. Moreover, dendrimers have exhibited 

significant potential in diagnostic and biosensing 

technologies, facilitating early disease identification and 

imaging with improved sensitivity and precision. Their 

precisely defined structure and modified surfaces offer 

remarkable possibilities in biosensors, contrast agents, and 

bioimaging instruments. In addition to their medical 

applications, dendrimers function as effective catalysts and 

carriers in environmental fields, including wastewater 

treatment, pollutant elimination, and sustainable energy 

initiatives. Although dendrimers hold great potential, 

issues like cytotoxicity, biocompatibility, immune 

reactions, and scalability pose significant challenges for 

their application in clinical settings. Ongoing studies aim 

to refine dendrimer structural designs, alter surface groups 

to boost biocompatibility, and minimize toxicity to ensure 

safe applications. Advances in synthetic methods and 

functionalization approaches will continue to improve their 

efficacy in various domains. In conclusion, dendrimers 

serve as a groundbreaking and adaptable nanotechnology 

platform with extensive applications in medicine, 

diagnostics, and environmental science. Their 

multifunctional characteristics and tailored properties 

position them as excellent candidates for advanced 

therapies and industrial applications. Ongoing research and 

innovation could enable dendrimers to transform targeted 

drug delivery, disease treatment, and sustainable 

technologies, tackling worldwide healthcare and 

environmental issues. 
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