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Abstract: Dendrimers are highly branched, monodisperse, three-dimensional macromolecules
possessing a well-defined architecture, consisting of a central core, repetitive branching units, and
numerous terminal functional groups. Since their introduction in the late twentieth century, dendrimers
have attracted considerable attention due to their unique structural characteristics, including controlled
molecular weight, nanoscale dimensions, internal cavities, and high surface functionality. These features
make dendrimers highly suitable for applications in catalysis, drug delivery, diagnostics, imaging, gene
therapy, and tissue engineering.

Different dendrimer generations exhibit distinct physicochemical properties that significantly influence
their catalytic efficiency and biomedical performance. Lower generations generally possess greater
flexibility and easier synthesis, whereas higher generations provide increased functional group density
and encapsulation capability. This review discusses various dendrimer generations, their synthesis,
physicochemical characteristics, and recent advances in catalytic and biomedical applications. The
paper also highlights current challenges, future perspectives, and emerging opportunities in dendrimer-
based technologies.
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L. INTRODUCTION
Nanotechnology has revolutionized material science by enabling the design of highly controlled nanostructures for
industrial and biomedical applications. Among numerous nanomaterials, dendrimers represent one of the most precisely
engineered polymeric architectures. The term "dendrimer" originates from the Greek word dendron, meaning tree,
reflecting their tree-like branched structure.
Unlike conventional polymers, dendrimers possess nearly perfect monodispersed, allowing precise control over
molecular size, molecular weight, and functionality. Their highly branched architecture creates internal voids capable
of encapsulating guest molecules, while numerous surface functional groups facilitate chemical modification according
to specific applications.
Several dendrimer families have been synthesized, including Poly(amidoamine) (PAMAM), Poly(propylene imine),
polyester dendrimers, carbosilane dendrimers, phosphorus dendrimers, peptide dendrimers, and glycodendrimers.
Among these, PAMAM dendrimers remain the most extensively investigated due to their excellent water solubility,
biocompatibility, and versatile chemistry.
In recent years, dendrimers have emerged as multifunctional nanoplatforms for heterogeneous catalysis, homogeneous
catalysis, drug delivery, imaging, antimicrobial therapy, cancer treatment, vaccine development, and regenerative
medicine.

II. STRUCTURE OF DENDRIMERS
A dendrimer consists of three primary structural components:
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1. Core

2. Branching generations

3. Surface functional groups
The central core initiates dendrimer growth, while successive branching layers form higher generations. Terminal
functional groups determine solubility, biological interaction, and catalytic behavior.
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Table 1. Structural Components of Dendrimers
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Component Function Examples

Core Starting point for dendrimer growth Ethylenediamine, Ammonia
Branches Increase molecular size Amide, Amine linkages
Surface Groups Chemical modification NH,, COOH, OH, PEG

DENDRIMER GENERATIONS
Each successive generation doubles or nearly doubles the number of terminal functional groups while increasing
molecular diameter and internal cavity volume.

Table 2. Characteristics of Different Dendrimer Generations

Generation | Approximate Diameter (nm) | Terminal Groups | Major Characteristics
GO 1.0 4 Small, flexible
Gl 1.5 8 Increased branching
G2 2.0 16 Better encapsulation
G3 3.0 32 Drug carrier potential
G4 4.5 64 High loading capacity
G5 5.5 128 Efficient gene delivery
Go6 6.7 256 Excellent catalytic support
G7 8.0 512 Large internal cavities
G8-G10 9-12 1024+ Advanced nanomedicine applications
TYPES OF DENDRIMERS
Table 3. Major Types of Dendrimers
Type Characteristics Major Applications
PAMAM Water soluble Drug delivery, imaging
PPI High amine density Gene delivery
Polyester Biodegradable Tissue engineering
Carbosilane Hydrophobic Catalysis
Phosphorus Flame resistant Catalysis
Glycodendrimers Sugar-functionalized Vaccine delivery
Peptide Dendrimers Biocompatible Antimicrobial therapy

1. Growth begins from the core.

III. METHODS OF DENDRIMER SYNTHESIS
Two major synthetic approaches are commonly used.
L. Divergent Method

2. Branches extend outward.
3. Suitable for large-scale production.
4. May introduce structural defects in higher generations.
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I1. Convergent Method
1. Growth starts from the outer branches.
2. Final coupling occurs with the core.
3. Produces highly pure dendrimers.
4. More suitable for lower generations.
Table 4. Comparison of Synthesis Methods

Feature Divergent Convergent
Growth Direction Core — Surface | Surface — Core
Purity Moderate High
Scalability High Moderate
Structural Defects Possible Minimal
Higher Generation Synthesis | Easier Difficult

IV. PHYSICOCHEMICAL PROPERTIES

Major properties include:

1.  Monodispersity
Nanoscale dimensions
High surface area
Internal cavities
Excellent solubility
Controlled molecular weight
High functional group density
8. Tunable surface chemistry

NSV AE WD

These characteristics make dendrimers superior to conventional linear polymers.

APPLICATIONS IN CATALYSIS
Dendrimers have become versatile nanoreactors and catalyst supports because of their internal cavities and functional
surface groups.

V.MAJOR CATALYTIC APPLICATIONS

I. Homogeneous Catalysis
Metal nanoparticles encapsulated within dendrimers improve catalytic efficiency while minimizing aggregation.
Examples include:

1. Palladium

2. Platinum

3. Gold

4.  Ruthenium

I1. Heterogeneous Catalysis
Immobilized dendrimers provide:
1. Catalyst recyclability
2. High stability
3. Easy product separation

I11. Green Catalysis
Dendrimers reduce solvent consumption and improve reaction selectivity.
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Applications include:
1. Suzuki coupling
2. Heck reactions
3. Hydrogenation
4. Oxidation reactions
Table 5. Catalytic Applications of Dendrimers

Catalyst Supported Metal | Reaction
PAMAM Pd Suzuki coupling
PAMAM Pt Hydrogenation
PPI Au Alcohol oxidation
Phosphorus dendrimer | Ru Olefin metathesis
Carbosilane Cu Click chemistry

VI. BIOMEDICAL APPLICATIONS
I. Drug Delivery
Dendrimers enhance:
1. Drug solubility
2. Controlled release
3. Target specificity
4. Bioavailability

Drugs delivered include:
a. Doxorubicin

b. Paclitaxel
c. Methotrexate
d. Cisplatin

II. Gene Delivery
Positively charged dendrimers efficiently bind DNA and siRNA.
Advantages include:

1. High transfection efficiency

2. Protection against enzymatic degradation

3. Controlled intracellular release

II1. Cancer Therapy
Functionalized dendrimers enable targeted chemotherapy by exploiting receptor-mediated uptake and reducing
systemic toxicity.

IV. Medical Imaging
Dendrimers serve as carriers for:
1. MRI contrast agents

2. CT imaging probes
3. Fluorescent dyes
4. PET imaging agents
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V. Antimicrobial Activity
Cationic dendrimers disrupt microbial membranes, exhibiting activity against bacteria, fungi, and some viruses.

VL. Tissue Engineering
Dendrimers improve:
1. Cell adhesion
2. Scaffold properties
3. Growth factor delivery
4. Bone regeneration
Table 6. Biomedical Applications

Application Dendrimer Used Benefit

Drug delivery PAMAM Controlled release

Gene delivery PPI Efficient DNA transport
Cancer therapy PEG-PAMAM Targeted delivery

MRI imaging Gadolinium dendrimers | Enhanced imaging
Antimicrobial Peptide dendrimers Broad-spectrum activity

Tissue engineering | Polyester dendrimers Improved scaffold performance

VII. ADVANTAGES OF DENDRIMERS
Precise molecular architecture
High drug loading capacity
Excellent water solubility
Controlled synthesis
Biocompatibility after surface modification
Targeted drug delivery
High catalytic efficiency
Recyclable catalyst support
. Reduced toxicity through functionalization
10. Easy surface engineering

e A o B

Table 7. Advantages and Limitations
Advantages Limitations
Controlled size Expensive synthesis
High functionality | Cytotoxicity
Drug encapsulation | Complex purification
Targeted delivery Scale-up challenges
Efficient catalysis | Regulatory approval requirements

VIII. FUTURE PERSPECTIVES
Future research should focus on biodegradable, stimuli-responsive, and multifunctional dendrimers with improved
biocompatibility and reduced toxicity. Artificial intelligence and computational modeling are expected to accelerate
dendrimer design by predicting optimal architectures for catalysis and biomedical applications. Hybrid dendrimer—
nanoparticle systems, personalized nanomedicine, and theranostic platforms integrating diagnosis and therapy represent
promising directions. In catalysis, dendrimer-supported single-atom catalysts and environmentally friendly catalytic
systems are likely to play an important role in sustainable chemical synthesis. Continued advances in scalable
manufacturing, regulatory frameworks, and interdisciplinary collaboration will be essential for translating dendrimer

technologies from laboratory research to widespread industrial and clinical applications.
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IX. CONCLUSION

Dendrimers are among the most versatile nanoscale macromolecules developed in modern materials science. Their
well-defined architecture, tunable surface chemistry, internal cavities, and high density of functional groups enable a
wide range of applications across catalysis and biomedicine. Different dendrimer generations exhibit distinct structural
and functional properties, allowing researchers to tailor them for specific purposes, from catalyst supports and
nanoreactors to targeted drug delivery, gene therapy, diagnostic imaging, antimicrobial treatment, and tissue
engineering. While challenges such as synthesis cost, cytotoxicity, and large-scale production remain, ongoing
advances in surface modification, biodegradable dendrimer design, and precision nanotechnology continue to expand
their potential. As research progresses, dendrimers are expected to become increasingly important in sustainable
catalysis and next-generation biomedical therapies, bridging the gap between advanced nanomaterials and real-world
clinical and industrial applications.
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