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Iron oxide magnetic nanoparticles (MNPs) are crucial in various areas due to their unique magnetic pro- 
perties. However, their practical use is often limited by instability and aggregation in aqueous solutions. 
This review explores the advanced technique of dendrimer functionalization to enhance MNP stability and 
expand their application potential. Dendrimers, with their symmetric and highly branched structure, effec- 
tively stabilize MNPs and provide tailored functional sites for specific applications. We summarize key syn- 
thetic modifications, focusing on the impacts of dendrimer size, surface chemistry, and the balance of 
chemical (e.g., coordination, anchoring) and physical (e.g., electrostatic, hydrophobic) interactions on 
nanocomposite properties. Current challenges such as dendrimer toxicity, control over dendrimer distri- 
bution on MNPs, and the need for biocompatibility are discussed, alongside potential solutions involving 
advanced characterization techniques. This review highlights significant opportunities in environmental, 
biomedical, and water treatment applications, stressing the necessity for ongoing research to fully lever- 
age dendrimer-functionalized MNPs. Insights offered here aim to guide further development and appli- 
cation of these promising nanocomposites. 

 

1. Introduction 

Over the past few decades, iron oxide magnetic nanoparticles 
(MNPs) have been increasingly employed in diverse appli- 
cations ranging from magnetic resonance imaging and drug 
delivery to environmental remediation, thanks to their super- 
paramagnetic properties. However, their practical use is con- 
strained by their susceptibility to aggregation and rapid oxi- 
dation, which compromises their functionality in biological 
and aqueous environments.1 To address these challenges, 
surface modification techniques using polymers such as 
dextran, polyethylene glycol, and chitosan have been 
explored.2,3 Among these, dendrimers stand out due to their 
unique structural and chemical properties. 

 

 

Dendrimers are highly branched, monodisperse macro- 
molecules characterized by their uniform size and three- 
dimensional architecture. Unlike linear polymers, dendrimers 
offer several functional groups on their surface, which can be 
precisely tailored to enhance the physicochemical and biologi- 
cal properties of MNPs. These groups allow for the conjugation 
of various chemical entities including drugs, imaging agents, 
and targeting ligands, making dendrimers a versatile tool in 
nanomedicine and biosensing applications. Moreover, the 
internal cavities of dendrimers can encapsulate therapeutic 
agents, protecting them from the external environment until 
delivery, thus enhancing the biocompatibility and efficacy of 
MNPs in biological systems. The biocompatibility of dendri- 
mer-modified MNPs is particularly notable. Dendrimers can 
be engineered to minimize interactions with cell membranes 
and reduce cytotoxicity, a significant advantage over other con- 
jugating agents which may elicit adverse biological responses. 
Furthermore, dendrimers can improve the stability of MNPs in 
physiological conditions, preventing aggregation and enhan- 
cing solubility, which are critical for biomedical applications 
such as in vivo imaging and targeted drug delivery.4–7 

Understanding the mechanism of conjugation and 
functionalization of MNPs with dendrimers is of paramount 
importance. By working on the underlying processes and inter- 
actions, researchers can optimize the loading of functional 
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groups, enhance dispersibility in solvents, and facilitate the 
attachment of ligands, scavengers, catalysts, and reagents. 

This understanding enables the development of more 
efficient and fitted applications in fields such as biomedicine, 
catalysis, environmental remediation, and nanotechnology as 
a whole. Furthermore, understanding the conjugation and 
functionalization mechanisms can contribute to the design of 
novel materials with enhanced properties and performance. 

In brief, the functionalization and conjugation of MNPs 
with dendrimers provides promising possibilities to develop 
efficient and biocompatible nanomaterials for advanced bio- 
medical applications. This review will further explore the syn- 
thesis techniques, particularly focusing on the divergent and 
convergent methods, and the biomedical applications of den- 
drimer-based MNPs, emphasizing recent advancements and 
the future potential of these complexes. 

 

2. Magnetic nanoparticles pre- 
functionalization with dendrimers 
2.1 Magnetic nanoparticles surface modification using 
anchoring agents 

Surface functionalized MNPs can be categorized into three 
primary types: hydrophobic, hydrophilic, and amphiphilic. 
This classification is based on the distinct surface properties 

of MNPs that are coated with these functional groups. To 
attach various functional groups (e.g., –OH, –COOH, –NH2, or 
–SH) onto the surface of bare MNPs, organic or inorganic 
coupling agents could be employed (Fig. 1). These agents 
facilitate the conjugation of MNPs with dendrimers, imparting 
stability, protection, and functionality enhancement pro- 
perties; this renders them well-suited for diverse research 
domains and applications. Inorganic or organosilane coupling 
agents such as TEOS (tetraethyl orthosilicate), primary amine- 
containing silanes like APTMS (3-aminopropyltrimthoxysilane) 
and APTES (3-aminopropyltriethoxysilane), epoxy modified 
silane like 3-(glycidyloxypropyl) trimethoxysilane (GLYMO),8 
thiol modified silane(3-ercaptopropyltrimethoxysilane),9 and 
carboxyl modified silane such as (OPTBA).10 Various organic 
coupling molecules such as long chain hydrocarbons (octyl11 
and octadecene),12 long chain fatty acids (oleic acid), organic 
acids (succinic anhydride, maleic anhydride, Barium acetate,13 
citric acid),14,15 along with some peptides containing COOH 
like Glutamic acid16–18 and L-arginine19 have been used as 
surface modifiers for MNPs. The coupling between MNPs and 
silane groups takes place when the hydroxyl groups that exist 
on the MNPs initiate an attack on the methoxy or ethoxy group 
(–OCH3, –OC2H5) located on the silane coupling agents 
respectively and replace it by forming a covalent bond (–Si–O–) 
between MNPs and silane coupling agent and another bond 
forms when silane groups crosslink between each other in the 

 
 

 

Fig. 1 (A) MNPs coated with TEOS and APTES,33 (B) fabrication process and thermal decomposition of iron(III) oleate complexes leading to mono- 
dispersed MNPs,26 (C) phosphonate chelation on MNPs surface, (D) carboxylation of MNPs, (E) chelation and bridge dentaion of carboxylate groups 
onto MNPs surface. 



 

 

  
 

form of (Si–O–Si). This process of salinization coats the MNPs’ 
surface with the functional group that the coupling agent has 
(–NH2, –OH, or –COOH), thus resulting in the formation of 
surface functionalized MNPs. Consequently, the coated MNPs 
will be able to form stable coordination with dendrimers or 
their monomers (methacrylate) to propagate further into den- 
drons. The coordination will be covalently through various 
types of chemical bonds depending on the anchored groups 
on the MNPs surface. The chemical bonds will be mentioned 
in section 3.1. Phosphonates are another anchoring group that 
are used as strong covalent binder to connect MNPs with den- 
drimers. Phosphonates groups can bind to MNPs through 
mon-, bis-, or tri-phosphonate dentation in which ate bis and 
tri-dentation they provide a stable nanoparticle colloidal with 
MNPs over a long time. 

Organic molecules that bind to MNPs’ surface have two 
main factors: long hydrocarbon chain to stabilize the surface 
of MNPs, and active functional groups that would help in 
anchoring on MNPs surface from one side and bind to den- 
drimers from the other side of the chain. Oleic acid is a long- 
chain fatty acid that is often used to functionalize the surface 
of MNPs in organic solvent-based processes.20 Oleic acid 
coated MNPs are hydrophobic and, therefore, useful in 
organic solvents and provide a protective coating for the 
MNPs to prevent oxidation and aggregation, thereby enhan- 
cing their dispersion characteristics. In terms of connection 
and binding with MNPs, oleic acid mostly forms a physical 
adsorption layer on the surface of MNPs21–25 as well as chemi- 
cal coordination through thermal decomposition of iron 
oleate.20,26,27 Covalent bonding provides a stable and robust 
linkage between the surface modifier and the MNP, and it 
happens when the carboxylic group of OA binds chemically to 
the centers of MNPs.20 Physical adsorption is weaker than 
coordination and thus can be influenced by the surrounding 
environment. Mainly, the oleic acid on MNPs produced are 
further replaced by other anchoring groups (through ligand 
exchange process) to enable stable functionalization with 
dendrimers for a wide range of biomedical, catalytic, and 
water treatment applications. In some cases, OA is kept as a 
stabilizer to further have dendrimer physically attached to OA 
coated MNPs to manage hydrophobicity or amphoteric 
effects.20,28,29 Carboxylates are other common organic mole- 
cules that are capable of stabilizing MNPs through mon- 
or bi-dentation (Bridging or chelation).26,30 Furthermore, 
depending on the type and connection of the carboxylate 
form, organic compounds with two or more carboxyl groups 
are essential to help MNPs to be coordinated with dendri- 
mers peripheral groups accordingly. For instance, citric acid, 
succinic acid, L-arginine amino acid,14,15 and glutamic 
acid16–19 along with organic salts such as Barium acetate (Ba 
(CH3COO)2),13 sodium citrate14 and trisodium citrate13 are 
examples of the carboxylates that form a bond with MNPs. 
Another form of carboxylation is by using organic acids or 
carboxylate to function dendrimer surface, then coordinating 
with MNPs such as succinic anhydride31 and maleic 
anhydride.32 

2.2 Magnetic nanoparticles surface modification using 
nanocomposites 

 
Magnetic nanocomposites (MNCs) are composite materials 
that incorporate MNPs into a matrix material of core–shell and 
subsequently introduce dendrimers on the top shell of MNCs. 
Their synthesis can be done using a variety of methods, but 
one common approach is to use a mixture of magnetic par- 
ticles and a polymeric matrix. The magnetic core is sur- 
rounded by a polymeric network that provides various benefits 
such as flexibility, control over chemical composition, storage, 
non-toxicity, and allowing the attachment of functional groups 
on the MNPs’ surface. These functional groups can physically 
adsorb bio molecules or metals and can be coupled with 
affinity ligands to modify the surface properties of the super- 
paramagnetic NPs. This surface functionalization enhances 
the biocompatibility between the nanoparticles and aqueous 
medium and safeguards against the oxidation of the particle 
surface. 

A case of a magnetic nanocomposite using 4-methyl- 
styrene (4MS), divinyl benzene (DVB), and glycidyl methyl 
acrylate (GMA) was done by ref. 23 and a similar polymeriz- 
ation with ref. 34. The procedure involved mixing the mag- 
netic particles with a solution of the monomers in a suitable 
solvent. The mixture is then polymerized, typically using a 
radical initiator such as 2,2-azobisisobutyronitrile (AIBN). 
4-Methylstyrene is a vinyl aromatic monomer that can 
improve the solubility of the polymer in non-polar solvents 
and provide thermal stability to the composite. Divinyl 
benzene is a crosslinking agent that can contribute to enhan- 
cing the rigidity and mechanical strength of the nano- 
composite. Glycidyl methyl acrylate is a monomer that con- 
tains epoxy functionality, which can be used to anchor the 
polymer to the surface of the magnetic particles and improve 
the compatibility between the polymer and the particles. The 
chemical structure of poly (4 methyl styrene-co-divinyl- 
benzene-co-GMA) is a random copolymer consisting of three 
monomers: 4-methylstyrene, divinylbenzene, and glycidyl 
methacrylate. The polymer chain consists of repeating units 
of these monomers arranged in a random sequence. The 
structure of the polymer can be represented using a polymer- 
ization formula, such as: –[CH2–C(CH3)Ph–CH2–CH(C6H5)2– 
CH2–CH2–OC(O)CH2CH(CH3)2]–, where “Ph” represents the 
phenyl group, and “C6H5” represents the benzene ring (see 
Fig. 2 and Table 5). 

Other magnetic nanocomposite core–shell structure was 
made out of methacrylate (MA) and N,N0-methyl- 
enebisacrylamide (MBA) with the aid of (AIBN) as the initiator 
producing cross-linked poly (methyl acrylate) that could make 
vacancies to contain MNPs in the core of the polymeric 
matrix.35 The resulting magnetic nanocomposite can addition- 
ally serve as a core for the growth of dendrimers on their sur- 
faces, resembling a tree-branch-like system. PAMAM dendri- 
mer was propagated from both nanocomposites and triblock 
polymeric dendronization7,36 with different generations (G0, 
G1, and G2), refer to Table 6. 



 

 

  

 

Fig. 2  IOMNPs core–shell amino nanocomposite with P (4-MS-co-DVB-co-GMA) and propagation of PAMAM dendrimer on the surface.23 
 

 

Murugan et al. (2018)34 used a straightforward method to 
create four distinct types of magnetic core–shell nano- 
composites, which were stabilized using gold/palladium NPs. 
The initial step involved preparing a matrix of crosslinked 
copolymer that consists of styrene-divinylbenzene-vinylbenzyl 
chloride (ST-DVB-VBC) as coating of MNP@oleic acid. The 
matric was then functionalized with COOH group through 
binding 3-aminobenzoic acid with vinylbenzyl chloride on the 
nanocomposite surface side, followed by conjugation with a 
ready-made PPI-G (2) and PPI-G (3), respectively dendrimers 
through amidation reaction (OvC–NH–). Each core–shell 
matrix was then immobilized separately with AuNPs and 
PdNPs. Due to an increase in active sites for adsorption, the 
grafted dendrimer aids in improving the adsorption and cata- 
lytic capacities of (dendrimers–MNC) matrix in comparison to 
other composites in the elimination of heavy metals,35 degra- 
dation of organic dyes,23 or cleaving abilities of biomolecules.34 

 
 

3. Magnetic nanoparticles bonding 
type with dendrimer 
3.1 Chemical bonding (covalent bonding) 

To efficiently conjugate magnetic nanoparticles (MNPs) with 
dendrimers, several covalent bonding strategies have been 
developed. These methods ensure the stability and function- 
ality of the conjugated system across various conditions, 
making them ideal for a wide range of applications from bio- 
medical imaging to water remediation. Table 1 summarizes 
the different types of covalent bonds utilized in the conju- 
gation process, along with their respective advantages and 
applications. 

3.2 Physical bonding 

Alternatively, dendrimers can also be physically attached to 
MNPs through electrostatic interactions. For example, dendri- 
mers with positive charges can interact with negatively 
charged MNPs through electrostatic attraction, forming a 
stable electrostatic complex. The attachment of dendrimers to 
MNPs can be tuned by adjusting the size, surface functionali- 
zation, and concentration of both the dendrimer and MNP. 
The charge of MNPs can vary depending on several factors, 
such as the surface chemistry, pH of the solution, and the type 
of coating. MNPs can be positively charged, negatively 
charged, or neutral. When the surface of MNPs is functiona- 
lized with cationic groups (e.g., amine or quaternary 
ammonium), the nanoparticles tend to become positively 
charged. On the other hand, when the surface is functiona- 
lized with anionic groups (e.g., carboxylate or sulfonate), the 
nanoparticles tend to become negatively charged. In both 
cases, the charge on the nanoparticle surface is due to the 
presence of ionizable functional groups. Generally, the electro- 
static interactions between MNPs and other charged particles 
or surfaces are complex and depend on several factors, such as 
the magnitude and distribution of surface charge, the distance 
between the particles, and the ionic strength of the solution. 

3.2.1 Encapsulation. The mechanism of encapsulation of 
MNPs in dendrimers involves the use of electrostatic inter- 
actions and hydrogen bonding between the dendrimer and the 
MNP. In the case of electrostatic interactions, positively 
charged dendrimers can encapsulate negatively charged 
MNPs, while negatively charged dendrimers can encapsulate 
positively charged MNPs. Hydrogen bonding occurs between 
the functional groups of the dendrimer and the surface of the 
MNP. Different types of dendrimers can be used to encapsulate 



 

 

 
Table 1 Types of covalent bonds used in literature to conjugate MNPs with dendrimers 

 

Bond type Reaction Advantages Structure Ref. 

Amide Carboxyl groups react 
with amino groups 

Stable 37 and 
38 

 

Peptide linkage Carboxyl groups react 
with amino groups 
(amino acids involoved) 

Thiol bonding Thiol groups react with 
functional groups 

Biocompatible 10, 21 
and 39 

 
Efficient bonding 22, 40 

and 41 
 

Silane coupling Alkoxysilane groups react 
with OH groups on MNPs 

Effective bonding and 
optimized surface 
coverage 

Tetraethyl orthosilicate (TEOS) 13 and 
41–43 

Aminopropyltriethoxy silane (APTES) 41 and 
44–50 

3-(Glycidoxypropyl)trimethoxy silane (GLYMO) 8 
4-Oxo-4-(3-(triethoxysilyl)propylamino) butanoic acid 10 
(OPTBA) 

Epoxy Epoxy groups react with 
the hydroxyl groups 

 
Carbodiimide Carboxylic acid groups 

react with amino groups 
using a carbodiimide 
coupling agent 

Cyanate Isocyanate groups react 
with hydroxyl groups 

Reacting with 
multiple functional 
groups 

Robust and stable 
conjugates, 
optimized surface 
coverage 
Rapid and efficient 
under mild 
conditions 

3-Mercapto propyltrimethoxy silane 9 
8, 23 
and 51–
53 

4, 10, 
46 and 
54–57 

58–60 

 
Esterification 
(carboxylic 
linkage) 

Carboxyl groups react 
with hydroxyl groups 

Relatively stable 16, 22, 
61 and 
62 

 
 

 

MNPs, including poly(amidoamine) (PAMAM),62,63 poly( propy- 
lene imine) (PPI),5,64 and other types of dendrimers as 
coatings65–67 The choice of dendrimer depends on the size 
and shape of the MNP, as well as the desired application. The 
generation of the dendrimer also plays a crucial role in encap- 
sulation efficiency and stability. Generally, higher-generation 
dendrimers have more cavities for interaction with the MNP, 
resulting in higher encapsulation efficiency. However, higher- 
generation dendrimers also have a higher degree of branching, 
which can lead to steric hindrance and reduce the stability of 
the encapsulated MNPs. Therefore, the optimal generation of 
dendrimer for encapsulating MNPs depends on the specific 
application and the size and surface chemistry of the MNP. In 
general, MNPs that are smaller than the diameter of the den- 
drimer cavities can be encapsulated. For example, for a 
PAMAM dendrimer of generation 4 (G4) with an internal dia- 
meter of approximately 3 nm, MNPs with a diameter of less 
than 3 nm can be encapsulated. However, larger MNPs may be 
encapsulated by attaching them to the surface of the dendri- 
mer or by using a dendrimer with a larger internal diameter. 
The size of the dendrimer is also important for efficient encap- 
sulation. Dendrimers with larger internal diameters can 
accommodate larger MNPs, but they may also have a higher 

degree of branching, which can lead to steric hindrance and 
reduce the encapsulation efficiency. The optimal size for 
encapsulating MNPs in dendrimers also depends on the 
desired application. For example, for biomedical applications, 
the size of the dendrimer and MNP should be small enough to 
allow for efficient cellular uptake while also being large 
enough to avoid rapid clearance by the kidneys. Therefore, the 
size of MNPs and dendrimers that allows encapsulation of 
MNPs in dendrimers varies depending on multiple factors and 
needs to be optimized for each specific application. 

One example of MNPs encapsulated in dendrimers is the 
encapsulation of MNPs within a poly( propylene imine) (PPI) 
dendrimer.5,68 The encapsulation was achieved through a 
three-step synthesis process conducted in a dry THF solution 
under an argon atmosphere. In the first step, iron hydroxide 
was formed within the dendrimer matrix as an intermediate 
product. Subsequently, oxidation of the intermediate product 
was carried out in the presence of oxygen, resulting in the con- 
version of iron hydroxide (Fe(OH)2) to iron oxide (Fe3O4). 
Oxygen bubbling was performed at room temperature and 
atmospheric pressure. After the completion of the final stage, 
the reaction mixture was filtered and washed with dry tetra- 
hydrofuran. In some cases, two types of dendrimer-encapsu- 



 

 

 

lated magnetic nanoparticles (DENPs) were obtained. Type 1 
DENPs corresponds to MNPs being encapsulated within the 
dendritic structure, with particle sizes not exceeding 4 nm. 
These particles exhibited solubility in tetrahydrofuran, 
benzene, chloroform, and methylene chloride. On the other 
hand, type 2 DENPs represented dendrimers surrounded by 
larger MNPs (20–30 nm) and were insoluble. The completion 
of the oxidation reaction was confirmed by changes in the UV 
spectra, indicating the absence of iron ions in the final 
products. 

Another form of encapsulation is dendrimer entrapping 
iron magnetic ions in the form of iron(II)69 and iron(III).70 The 
potential coordination of dendritic sites allows the entrapping 
of these ions, thus creating magnetic phase transitions and 
generating dendritic magnetic fields. They are scientifically 
named “magnetic mesogens”. These mesogens can be found 
in mesophase (liquid crystalline form) and possess the charac- 
teristics of low viscosity, high orientation control, and huge an- 
isotropy of magnetic susceptibility.69,70 

3.2.2 Layer by layer assembly. The MNPs can be coated 
through a layer-by-layer (LbL) assembly technique. In this tech- 
nique, the MNPs are alternately dipped into solutions of oppo- 
sitely charged polyelectrolytes which results in the formation 
of multilayer coatings of different charges on the surface of the 

MNPs. Once the desired number of layers is achieved, the 
MNPs can be functionalized with dendrimers through a 
surface modification process. This process was initiated when 
MNPs were coated with polystyrene sulfonate (PSS) salt by ref. 
71 (Fig. 3) and similar to it done by ref. 57 with slight modifi- 
cations. In this technique, the MNPs were alternately dipped 
into solutions of PSS, which resulted in the formation of a 
multilayer coating of PSS with fluorescein isothiocyanate-folic 
acid (FITC-FA) functionalized PAMAM G5 dendrimers through 
a surface modification process. The FITC-FA functionalized 
PAMAM G5 dendrimers were then adsorbed onto the surface 
of PSS-MNP through electrostatic attraction between the posi- 
tively charged amine groups on the PAMAM dendrimer and 
the negatively charged sulfonate groups on the surface of the 
MNP. The excess dendrimer was then washed away, leaving 
behind a layer of FITC-FA functionalized PAMAM G5 dendri- 
mers on the surface of the PSS-MNP. Afterward, a multilayer 
coating was tested with polypeptides polyglutamic acid (PGA) 
and poly L-lysine (PLL) on the surface of the MNPs.57 (PGA) 
and (PLL) are two oppositely charged polyelectrolytes com- 
monly used in layer-by-layer (LbL) assembly techniques to coat 
and functionalize MNPs. In LbL assembly, the first layer of 
PGA is adsorbed onto the MNPs due to electrostatic inter- 
actions between the negatively charged carboxylic acid groups 

 
 

 

Fig. 3 Layer by layer assembly of MNPs with different polymeric materials through electrostatic interactions then modification with FITC-FA func- 
tionalized PAMAM dendrimer G5.57,71 



 

 

 
 
 

Table 2 Various types of dendrimers and dendritic systems conjugated with MNPs based on the reviewed literature 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

delivery 
Triazin-based dendrimers ■ Ethanolamine-tricholorotriazine ■ Incorporate triazine rings into their 

 
Covalent bonding, 

 
Triazine groups offer unique 

 
4.5 

■ Diethanolamine-triazine 
■ Diethylenetriamine-triazine 
■ Cyanuric chloride-triazine 

structure explored for applications like drug 
delivery and nanocomposite materials. 

surface adsorption electronic properties beneficial in 
drug delivery systems 

Peptide dendritic MNPs ■ Poly L-lysine ■ Dendrimers functionalized with peptides 
specific targeting of cells or tissues 

■ Polyglutamic acid (glutamate) ■ Targeted drug delivery, diagnostics, and 

Covalent bonding, 
peptide interaction 

Peptide surfaces designed for 
targeted delivery and diagnostics, 
enhancing cellular uptake 

4.6 

■ L-Arginine imaging 
Polyglycerol (PG) ■ Glycidol ■ Biocompatibility Covalent bonding, Hydroxyl groups offer multiple sites 4.7 
dendrimers 

 
Dendritic hyperbranched 
polyesters (HBPE) 

 

 
■ 2,2-Bis(hydroxymethyl) propionic acid 
(bis-MPA) 
■ Citric acid 

■ Applications like drug delivery, 
bioconjugation, and as stabilizers for 
nanoparticles 
■ Highly branched, macromolecular 
structures applications, including drug 
delivery, nanocarriers, and as contrast 
agents in imaging 

surface adsorption 

 
Covalent bonding, 
surface 
modification 

for bioconjugation, improving 
biocompatibility and solubility 

Ester groups provide biodegradable 
options for drug delivery systems, 
enhancing payload control 

 

 
4.8 

Pyridyl phenylene 
dendrimers 

■ Phenylene ■ Contain pyridylphenylene units in their 
structure 

■ Pyridylene ■ They are explored in fields like catalysis, 
molecular recognition and nanotechnology 

Covalent bonding, 
surface 
modification 

Pyridyl groups enhance molecular 
recognition and binding, useful in 
sensors and catalysis 

4.9 

Carbosilane dendritic ■ Amine ■ Contain silane in their dendritic systems Covalent bonding, Silane groups contribute to strong 4.10 
systems ■ Allyl group, iisocyanate ■ Well-defined structures and 

biocompatibility 
■ 3-Mercaptopropionic acid ■ Used in drug delivery, gene therapy, and 

as carriers for bioactive molecules 

electrostatic 
interaction 

covalent bonds with MNPs, 
enhancing stability and functionality 

Methoxyphenyl triallyl- 
based catalytic dendrons 

■ Cyclo- and 
dicyclohexyldiphosphinopalladium 

■ Designed for catalytic applications and 
can be functionalized to enhance catalytic 
activity. They are used in various catalysis 
processes 

Covalent bonding, 
surface 
modification 

Allyl groups can be utilized to anchor 
catalytic sites, enhancing the 
reactivity of MNPs 

4.11 

 

 
 
Type of dendrimer 

 
 

Monomers 

 
 

Description 

Common 
conjugation 
method with MNPs 

 
 

Functionality 

 
 

Section 

Polyamidoamine (PAMAM) ■ Methyl acrylate ■ Widely studied Covalent bonding, High density of amine and ester 4.1 
dendrimers ■ Methylene diamine ■ Well-defined branching structures electrostatic groups facilitating versatile  
  ■ Used for various applications interaction bioconjugation and stability in bio-  
    applications  
Polypropylenimine (PPI) ■ Butylenediamine ■ Commonly used type Electrostatic Amine groups enhance interaction 4.2 
dendrimers ■ Ethylenediamine ■ Highly branched structures interaction, surface with negatively charged biological  
  ■ Employed in applications such as gene adsorption molecules and MNPs  
  delivery and drug encapsulation    

Poly(N-propylethane-1,2- ■ Reduced forms of methyl acrylate and ■ Derived from PAMAM reduction Covalent bonding, Reduced amine groups lead to less 4.3 
diamine) (PNPEDA) methylene diamine ■ Tailored as stabilizing agents for surface reactivity but improved  
dendrimer  nanoparticles modification biocompatibility and solubility  
Polyethyleneimine (PEI) ■ Ethylenediamine (EDA) ■ High amine density Electrostatic High amine content provides strong 4.4 
dendrimers  ■ Excellent binding and encapsulation interaction, surface nucleic acid binding for gene  
  properties adsorption delivery applications  

  ■ Useful for gene transfection and drug    

 



 

 

  

 
of PGA and the positively charged surface of the nanoparticles. 
The excess PGA is then rinsed off to leave behind a monolayer 
of PGA on the surface of the nanoparticles. Next, a layer of PLL 
is adsorbed onto the PGA-coated nanoparticles via electrostatic 
attraction between the amino groups of PLL (i.e., carrying a 
positive charge) and the carboxylic acid groups of PGA (i.e., 
carrying a negative charge). The resulting PGA/PLL-coated 
MNPs could be functionalized with FITC-FA functionalized 
PAMAM G5 dendrimers through electrostatic attraction 
between the positively charged amine groups on the PAMAM 
dendrimer and the negatively charged carboxylate groups on 
the surface of the PGA/PLL-MNP. The FITC label on the 
surface of the PAMAM dendrimer provides fluorescence for 
imaging and tracking the MNPs in vivo. The FA moiety on the 
surface of the dendrimer binds specifically to folate receptors 
on the surface of specific targeted molecules, allowing for tar- 
geted delivery of drugs or imaging agents to the tumor site. 
(Acetylation process follows up to enhance surface function by 
carboxyl group.) 

 

4. Dendrimer types and monomers 
variations (Table 2) 
4.1 Polyamidoamine (PAMAM) dendrimers 

Polyamidoamine (PAMAM) dendrimers stand out as the predo- 
minant choice of dendrimers employed for the conjugation 
and stabilization of MNPs. PAMAM renowned for their intri- 
cate three-dimensional structures, are synthesized from amide 
and amine groups within their branches and terminal sites. 
The commonly employed monomers for crafting PAMAM den- 
drimers are ethylenediamine and methyl acrylate. These 
monomers undergo a stepwise series of reactions, encompass- 
ing Michael addition and amidation reactions, which ulti- 
mately lead to the formation of the dendrimer structure. The 
conjugation between MNPs with PAMAM can be done through 
various strategies, as illustrated in Fig. 4. 

■ Grafting assembly of PAMAM to MNPs: The most preva- 
lent approach involves grafting MNP-cored PAMAM, which is 
propagated from MNP cores through amino silane bonds as 
binding agents. This process, often utilizing silane anchoring 
groups such as TEOS, APTES, APTMS, and silanes with 
different tails (SH–COOH, and CHvCH), has been employed 
extensively to create different generations of PAMAM-coated 
MNPs,44,48,51,72–78 refer to Table 3. 

■ MNPs assembled and stabilized by PAMAM: In this 
method, PAMAM serves as a protective coating for MNPs, with 
MNPs being generated in situ79,80 This process involves attach- 
ing functionalized PAMAM onto preformed MNPs through 
specific physical8,11,31,57,71,81,82 or chemical interactions,83,84 
ensuring their stability and functionality (Table 4). 

■ MNPs entrapped and shielded by PAMAM: Different gen- 
erations of PAMAM, such as G3, G5, and G6, act as templates 
for the synthesis and encapsulation of MNPs in situ.17 This 
encapsulation not only enhances the stability of MNPs but 
also provides a platform for further functionalization (Table 4). T
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Fig. 4 Various conjugation possibilities of PAMAM dendrimer with MNPs. (A) The common divergent synthesis (grafting from) of PAMAM dendrimer 
from covalent bonding through silane coupling agent, (B) nanocomposite divergent propagation of PAMAM from polymerized tails on MNPs,35 (C) 
MNPs encapsulated within PAMAM dendrimer96 (D) MNPs conjugated with PAMAM dendrimer through covalent and physical assembly and stabiliz- 
ation of MNPs’ surface using various linking and coupling agents. 



 

 

 

Fig. 4 (Contd). 
 

 

Additionally, for Stabilization and encapsulation methods, 
it is essential to note that the core of PAMAM comprises open- 
chain molecules with primary amines, and the core multi- 
plicity corresponds to the number of branches. For instance, a 
core multiplicity of three is found in the case of core molecules 
like ammonia (NH3), whereas ethylenediamine (H2N–CH2– 
CH2–NH2) core molecules have a core multiplicity of four.85 
PAMAM dendrimers exhibit remarkable versatility as ligands 
for different ions, leading to high adsorption capacity. The 
efficiency of PAMAM dendrimers in adsorption and electro- 
static attractions is affected by numerous factors such as the 
dendrimer generations, pH, temperature, and surface modifi- 
cations, which alter PAMAM’s behavior and application 
potential.24,86 

The PAMAM macromolecules are terminated with multi- 
functional chemical groups, which provide the dendrimer 
with several physiochemical features. Notably, ester- or car- 
boxyl-terminal groups are typically used for PAMAM half-gen- 
erations such as G0.5, G1.5, and G2.5, while primary amine 
groups are used for the termination of PAMAN full gener- 
ations such as G1, G2, and G3. Through synthetic manipu- 
lation, these reactive terminal groups can be altered to incor- 
porate various functionalities like carboxyl groups, alkyl 
groups, hydroxyl groups, and other diversified end groups, 
customizing the dendrimer’s performance to suit specific 
applications (see section 5.4).85,87 This adaptable material 
has found extensive utility in various scientific domains, 
including gene therapy,78,88,89 drug delivery,7,17,36,77 bio- 
imaging,90 catalysis,91 dye degradation,23,92–94 heavy metals 
and pollutants removal,43,86,95 as well as probes and sensors 
for biomedical applications (Boni et al., 2015).29 Researchers 
often make minor modifications to adapt PAMAM dendri- 
mers to suit the unique requirements of each application. 

4.2 Polypropylenimine (PPI) dendrimers 
 

PPI dendrimers, a type of cationic dendrimers, have proven to 
be valuable in the functionalization of MNPs, offering 
enhanced stability and improved effectiveness across a range 
of applications. Synthetic approaches of MNPs with PPI quite 
differ from encapsulation5,64,68 to covalent conjugation with 
the aid of functionalized MNPs with silanes104 or other 
anchoring groups.34 The synthesis of magnetic NPs involved 
the preparation of maghemite ferrofluid through a controlled 
alkaline coprecipitation method of Fe(II) and Fe(III) ions, fol- 
lowed by oxidation to maghemite (γ-Fe2O3). This sequential 
process ensured consistent iron oxide cores, avoiding vari- 
ations from magnetite to maghemite. To achieve covalent 
grafting of dendrimers onto the γ-Fe2O3 NPs, reactive func- 
tional groups such as –Si(OEt)3 were introduced via optimized 
reaction conditions using partially silylated dendritic precur- 
sors. This enabled the subsequent formation of covalent 
bonds with the Fe–OH groups present on the MNPs’ surface. 
The surface modification of γ-Fe2O3 NPs was accomplished 
using a sol–gel process based on wet-chemistry techniques in 
a basic pH environment, resulting in the formation of core– 
shell hybrid structures.104 

In a separate study, superparamagnetic γ-Fe2O3 NPs, with a 
mean diameter of 2.5 nm, were effectively encapsulated within 
poly( propylene imine) dendrimers and analyzed using 
Electron Magnetic Resonance (EMR). The recorded EMR 
measurements, conducted at different temperatures, indicated 
that an S = 30 spin value model, representing the total mag- 
netic moment of the nanoparticles, successfully interpreted 
the experimental results, providing compelling evidence of the 
quantum behavior exhibited by γ-Fe2O3 nanoparticles.68,105 
PPI dendrimers of varying generations (ranging from 1 to 4) 



 

 

 
 

 
Table 3 Summarized details of magnetic PAMAM dendritic systems in a grafting assembly procedure (grafting from) found in literature. (Main monomers are Methacrylate (MA) & 
Ethylenediamine (EDA).) 

 

Dendrimer 
generation/ 
size 

 

 
Dendrimer core 

Dendrimer 
terminal 
group 

 
MNPs 
synthesis 

 
MNPs pre-surface 
functionalization 

Dendritic 
attachment 
approach 

Bond type 
between MNPs 
& dendrimer 

 
Dendritic MNPs post- 
surface modification 

 
Targeted 
application 

 

 
Ref. 

G1–G15 MNPs@SiO2 NH2 Coprecipitation Amino-silane (TEOS with Grafting MNP–O–Si–O– G10-aminophenol Nonylphenol 97 
    (3-mercaptopropyl) assembly Si–SH    

    trimethoxysilane (MTPMS))      

G3 MNPs@SiO2 NH2 Coprecipitation (3-Aminopropyl) Grafting MNP–O–Si– G3–4-mercaptobenzoic acid PAHs 46 
    triethoxysilane (APTES) assembly NH2    
— MNPs@SiO–SH — Coprecipitation 3-Mercaptopropyl- Grafting MNP–O–Si– Allyl glycidyl ether PAHs 98 
    trimethoxysilane (MTPMS) assembly NH2    

G10 MNPs@SiO2 NH2 Coprecipitation Tetraethylorthosilicate (TEOS) Grafting MNP–O–Si–O– Benzaldehyde Naphthalene 43 
    & aminopropyl triethoxysilane assembly Si–NH2    
    (APTES)      

G3 MNPs@SiO2 NH2 Coprecipitation 3-Aminopropyltriethoxysilane Grafting MNP–O–Si– — Chlorophenol 99 
    (APTES) assembly NH2    
G1 & G2 MNPs@SiO2 NH2 Coprecipitation Tetraethylorthosilicate (TEOS) Grafting MNP–O–Si–O– Murexide (Mu) Lead Pb(II) 100 
    & aminopropyl triethoxysilane assembly Si–NH2    
    (APTES)      

G1 MNPs@SiO2 NH2 Coprecipitation 3-Aminopropyltriethoxysilane Grafting MNP–O–Si– — Lead Pb(II) and 101 
    (APTES) assembly NH2  cadmium Cd(II)  

G3 MNP@chitosan NH2 Coprecipitation Chitosan Grafting MNP–O–NH2 — Reactive Blue 2 92 
     assembly   Dye  

G2 (MA & MNP@SiO NH2 Coprecipitation 3- Grafting MNP–O–Si– Carboxylated chitosan Methylene blue, 54 
EDA) × 1    Aminopropyltrimethoxysilane assembly NH–PAMAM–  methylene  

    (APTMS)    orange  

G3 MNP@SiO NH2 Coprecipitation Sol gel process with TEOS & Grafting MNP–O–Si–O– COONa Pb(II), Cd(II), and 86 
    (3-aminopropyl) assembly Si_NH–  Cu(II)  

    triethoxysilane  PAMAM–    

G3 MNP@SiO2@SNH2 NH2 Coprecipitation TEOS and (3-aminopropyl) Grafting MNP–O–Si–O– Sulfamic acid, OS3H Aminophosonate 91 
    triethoxysilane (APTES) assembly Si–NH–  reaction  

      PAMAM–OS3H    

G0–G3 MNP@SiO2@Si– NH2 Coprecipitation TEOS and (3-aminopropyl) Grafting MNP–O–Si–O– DNA fragments (herring Mercury Hg(II) 95 
 NH2   triethoxysilane APTES assembly Si–NH– sperm DNA) and  
      PAMAM–DNA  methylmercury(I)  
G6 MNP@Si@NH NH2 — APTMS Grafting MNPs–O– DNA fragments (pGL-3 and For 90 
 (G0)    assembly Si_NH– pEGFP-C1 plasmids) & PEI magnetofection  

     (conventional PAMAM–NH2–    
     method) (DNA-PEI)s    

G1–G5 MNP@Si@NH NH2 Coprecipitation 3-Aminopropyl- Grafting MNP–O–Si– — Reactive Black 5 102 
    trimethoxysilane (APTMS) assembly NH–PAMAM  (Dye)  

     (sonication)     

G1 MNP@Si@NH NH2 Coprecipitation (3-Aminopropyl) Grafting MNP–O–Si– Encapsulation of Ag Catalytic 44 
    triethoxysilane (APTES) assembly NH–PAMAM nanoparticles reduction of  

     (sonication)   4-nitrophenol  

G1 MNP@Si@NH Diethyl Coprecipitation 3-Aminopropyl- Grafting MNP–O–Si– TiO2 nanoparticles Photocatalytic 73 
 (G0) carbonate  trimethoxysilane APTMS assembly NH–PAMAM–  decolorization of  

  (DEC)   Sonication TiO2  methyl orange  
        (MO)  

G0–G5 (G3 MNP@Si@NH NH2 Coprecipitation 3-Aminopropyl- Grafting MNP–O–Si– — Zinc(II) 74 
was (G0)   trimethoxysilane APTMS assembly NH–PAMAM    

chosen)          



 

 

 

  

 
have been employed in the preparation and stabilization of fer- 
rimagnetic Fe2O3 NPs. This involved the reduction of Fe(III) 
and subsequent oxidation of Fe(II), leading to the creation of 
iron oxide nanocomposites (MNCs) that are highly soluble and 
well-dispersed within the dendrimer structure. These nano- 
composites demonstrated remarkable stability over a wide 
temperature range. The synthesis process yielded two types of 
dendrimer-encapsulated MNPs: one type featured MNPs 
encapsulated within the PPI dendrimer, while the other type 
involved MNPs gathered around the PPI dendrimer5 (see 
Fig. 5). 

Additionally, innovative magnetic core–shell nano- 
composites were stabilized using gold/lead NPs and syn- 
thesized through a simple process. The resulting nano- 
composites exhibited catalytic activity in the cleavage of 
certain aptamers ( pBR322 DNA).34 The synthesis process 
involved the initial preparation of Fe3O4-poly(styrene-divinyl- 
benzene-vinylbenzyl chloride) (ST-DVB-VBC) nanocomposites 
via suspension polymerization. The resulting matrix was then 
functionalized with 3-aminobenzoic acid, followed by separate 
grafting of PPI-G(2) and PPI-G(3) dendrimers onto the matrix. 
The successful grafting of dendrimers onto the matrix was 
confirmed by Fourier-transform infrared spectroscopy. 
Subsequently, each core–shell matrix was immobilized with 
either Au NPs or Pd NPs. The matrix grafted with PPI-G(3) 
dendrimer exhibited a thick shell, which effectively reduced 
magnetic attraction on the outer layer. Notably, Fe3O4-poly 
(ST-DVB-VBC)-PPI-G(3)-AuNPs displayed the highest activity 
for DNA cleavage compared to the other four candidates 
studied.34 

4.3 PNPEDA ( poly(N-propylethane-1,2-diamine)) dendrimer 

Poly(N-propylethane-1,2-diamine) dendrimer is a derivative 
dendrimer from PAMAM that has been used for the 
functionalization of MNPs. PNPEDA dendrimer is made 
according to the basic propagation of PAMAM dendrimer 
from ethylenediamine and methacrylate monomers up to 
3 generations from silane-coated MNPs. The amide groups of 
PAMAM are then reduced into amine groups using a strong 
reducing agent (lithium aluminum hydride (LAH)) by remov- 
ing all oxygen from the dendrimer branches along with 
amine functional groups on the surface (see Fig. 6). The 
resultant polyamine dendrimer is named poly(N-propy- 
lethane-1,2-diamine). PNPEDA has the capability of capturing 
heavy metals from water through the chelation mechanism 
either from the carboxylic peripheral groups or by entrapping 
the metal ions in the cavities using the secondary amine 
groups.24 

4.4 Polyethyleneimine (PEI) dendrimers 

PEI dendrimers are cationic dendrimers that can bind to 
anionic MNPs electrostatically (in main cases) or covalently 
(with the aid of anchoring agents), resulting in stable coatings 
and functionalization. MNPs can be coated with PEI through 
various synthesis methods, such as the one-pot hydrothermal 
route,106–108 solvo-thermal method,109 and chemically by 
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Table 4  Summarized details of magnetic PAMAM dendritic systems (stabilization, grafting onto, encapsulation) procedure in literature 
 

 

 
Dendrimer 

generation/size 

 
Dendrimer 

monomers 

 
 
 

Dendrimer core 

 
Dendrimer terminal 

group 

 
 
 
MNPs size 

 
 
 

MNPs synthesis 

 
MNPs pre-surface 

functionalization 

Dendritic 

attachment 

approach 

 
Bond type between MNPs 

& dendrimer 

 
MNPs : dendrimer 

ratio 

 
Dendritic MNPs post- 

surface modification 

 
Targeted 

application 

 
 
 
Ref. 

G4 & G4-lipid Methacrylate & Ethylenediamine NH2, and lipid 2-hydro- TEM 8.3 nm, Thermal Oleic acid (2 : 1 MNPs) Stabilization MNP–COO–OA– Diameter 9 nm; ratio, Fluorescein Water dispersal 20 

2-hydroxydodecyl Ethylenediamine (EDA) xydodecyl (C12) moi- DLS: 70 nm decomposition in  hydrophobic (electrostatic interactions 2.5 : 1 isothiocyanate (FITC) of hydrophobic  

(C12) moieties (EDA)  eties (25%)  the presence of  interactions on the surface)-then  & Rhodamine B MNPs  

     oleic acid   hydrophobic interactions  Isothiocyanate (RITC)   

        with PAMAM     

G4–(C12) Methacrylate & Ethylenediamine NH2, and lipid 2-hydro- 2.6–14.1 nm Thermal Oleic acid (2 : 1 MNPs) Stabilization Hydrophobic interactions 13 mg MNPs– Gadolinium or Atto Probes for 29 
 Ethylenediamine (EDA) xydodecyl (C12) moi-  decomposition in  hydrophobic  OA : 0.25 mL 633 labelled NPs biomedical  

 (EDA)  eties (25%); N-hydroxy  the presence of  interactions  PAMAM–C12 
 applications  

   succinimide (NHS)  oleic acid        

G4 (25% C12) Methacrylate & Ethylenediamine NH2 and (25%) lipid 2.6–14.1 nm Thermal Oleic acid (2 : 1 MNPs) Stabilization Hydrophobic interactions 1 : 1 ratio Carboxy-derivatized Selective 55 

labeled with Ethylenediamine (EDA) 2-hydroxydodecyl and  decomposition in  hydrophobic   peptide (T-7: delivery of  

rhodamine (EDA)  rhodamine  the presence of  interactions   HAIYPRH-amide) doxorubicin to  

     oleic acid      cancer cells  

G2–G4  1,4-Diaminobutane Succinamic acid Crystallography Hydrothermal Direct with PAMAM–SAH Stabilization; PAMAM (electrostatic 1 : 1 ratio Succinamic acid — 79 
  core (4-carbon core) surface groups open database (in situ with modified surface hydrothermal interactions on the  surface groups   

   NHCOCH2CH2COOH (COD), 4 nm PAMAM–SAH),   surface)     

     SAH: succinamic        

     acid        

G5 Methacrylate & Ethylenediamine Fluorescein 8.4 nm Coprecipitation Polystyrene sulfonate sodium Stabilization Electrostaticinteraction 5 mg MNPS : 1 mg Acetylation to Targeting and 71 
 Ethylenediamine (EDA) isothiocyanate (FITC) &  (oleic acid) salt (PSS) (ligand exchange between PSS@MNPs and PAMAM neutralize the imaging of  

 (EDA)  folic acid (FA)    & Electrostatic PAMAM  remaining amine cancer cells  

       LbL assembly)   groups of G5.NH2-   

          FI-FA dendrimer   

G5 Methacrylate & Ethylenediamine Fluorescein 8.4 ± 1.4 nm Coprecipitation Poly(glutamic acid) (PGA) Stabilization Electrostatic interaction 5 mg MNPs : 1 mg Acetylation to Magnetic 57 
 Ethylenediamine (EDA) isothiocyanate (FITC) &  (oleic acid) and poly(L-lysine) (PLL) (ligand exchange between Glu@Lys@MNPs PAMAM neutralize the resonance  

 (EDA)  folic acid (FA)    & Electrostatic and PAMAM  remaining amine imaging of  

       LbL assembly)   groups of G5.NH2- tumors  

          FI-FA dendrimer   

G3, G5, and G6 Methacrylate & Ethylenediamine PEG 10 to 15 nm Soft chemical Glutamic acid Stabilization Electrostatic interaction 1 mg mL−1 Poly (ethylene glycol) Drug loading 17 
 Ethylenediamine (EDA)   route   between Glu@MNPs and Glu@MNPs : 0.1 mg PEG and doxorubicin and retention  

 (EDA)    coprecipitation   PAMAM–PEG mL−1 PEG–PAMAM (DOX)   

     (in situ with        

     glutamic acid)        

G2 Methacrylate & Diethylenetriamine NH2 
 Coprecipitation Direct stabilization by Stabilization MNP–O⋯NH PAMAM — — Electron 80 

 Ethylenediamine (DETA) core with   (in situ with NH– PAMAM–NH2 
    storage  

 (EDA) redox centers   PAMAM)        

G0.5–G6.5 Methacrylate & 

Ethylenediamine 

Ethylenediamine 

(EDA) 

NH2 5.4 ± 1.2 nm Coprecipitation Octylamine and 

trioctylamine then (13,13-bis- 

Stabilization MNP–O–NH⋯ 
(electrostatic with 

∼10 mg mL−1 

MNPs : 1.5 × 10−3 M 

— — 11 

 (EDA)     hydroxymethylpentacosane)  PAMAM) PAMAM    



 

 

Table 4 (Contd.) 
 

 

 
Dendrimer 

generation/size 

 
Dendrimer 

monomers 

 
 
 

Dendrimer core 

 
Dendrimer terminal 

group 

 
 
 

MNPs size 

 
 
 

MNPs synthesis 

 
MNPs pre-surface 

functionalization 

Dendritic 

attachment 

approach 

 
Bond type between MNPs 

& dendrimer 

 
MNPs : dendrimer 

ratio 

 
Dendritic MNPs post- 

surface modification 

 
Targeted 

application 

 
 
 
Ref. 

G3 Methacrylate & Ethylenediamine NH2 8.4 ± 1.4 nm Coprecipitation — Stabilization Electrostaticinteraction 5 mg MNPS : 1 mg Succinic anhydride Intracellular 31 
 ethylenediamine (EDA)     (shaking, with COOH of PAMAM PAMAM G3 SAH COOH (100%) uptake  
 (EDA)      sonication)   Folic acid FA3. SAH 

(COOH) 

  

 
 
 
 
 
 
G0–G3 

 
 
 
 
 
 

Methacrylate & 

 
 
 
 
 
 

Ethylenediamine 

 
 
 
 
 
 

NH2 

 
 
 
 
 
 

300 nm 

 
 
 
 
 
 

Purchased and 

 
 
 
 
 
 

COOH-modified poly-styrene 

 
 
 
 
 
 
Stabilization 

 
 
 
 
 
 

MNP–PS–COOH–NH– 

 
 
 
 
 
 

1 MNPs : 0.2, 0.5, 1, 

Glycidol (GlyOH)15 

FA3, SAH 

(GlyOH)15 SAH 

(GlyOH)15 NH2 

Ferrocenecarboxylic 

 
 
 
 
 
 

Electron 

 
 
 
 
 
 
4 

 
 
 
G5 5.4 nm 

ethylenediamine 

(EDA) 

Methacrylate & 

(EDA) 

 
Ethylenediamine 

 
 
 

NH2 then reacted with 

 
 
 

45 nm ± 5 nm 

used as it is 

 
Oxidative 

shell 

 
TEOS 

(chemisorption) 

 
Stabilization 

PAMAM–NH2–Fc 

 
MNP–O–Si–O–Si⋯NH– 

and 2 PAMAM 

 
15 mg of 

acid (Fc-conjugated 

MNPs) 

Anisotropic Au 

transfer 

 
Optical sensors 

 
 
 
8 

 ethylenediamine 

(EDA) 

(EDA) 3-(glycidy-loxypropyl) 

trimethoxysilane 

 hydrolysis   PAMAM–NH2–Au NP MNP@SiO2 : 150 mg 

(1 : 10) 

nanoparticles   

   (GLYMO)          

G2 (10NH2) Methyl acrylate Diethylenetriamine NH2 — Coprecipitation — Stabilization — 2.5 g MNPs : (7 ml in Bisphenol A (DGEBA) Improving 82 
 (MA), (DETA)     (sonication)  10 ml) Dend epoxy resin thermal and  
 ethylenediamine          mechanical  
 (EDA)          properties of  
           DGEBA/IPD  
           epoxy networks  

 
 
 
 
 
 
 

 
Table 5 Summarized details of nanocomposite magnetic PAMAM dendrimer in literature 

 

Dendrimer 
generation/ 
size 

 

 
Dendrimer monomers 

 

 
Dendrimer core 

Dendrimer 
terminal 
group 

 
MNPs 
size 

 
MNPs 
synthesis 

 
MNPs pre-surface 
functionalization 

Dendritic 
attachment 
approach 

Bond type 
between MNPs 
& dendrimer 

Dendritic MNPs 
post-surface Targeted 
modification application 

 

 
Ref. 

G0–G2 4-Methylstyrene (4-MS), MNP@MS@DVB@GMA NH2 8 nm Coprecipitation Oleic acid Grafting PAMAM MNP–O–CH2– Encapsulation Rhodamine 23 
 

 
G3 

divinylbenzene (DVB), 
glycidylmethacrylate 
(GMA) 
Methacrylate (MA), N,N′- 

(core–shell 
nanocpompsite) 

MNPs@MA@MBA (core– NH2 

 

 
10–15 nm Coprecipitation Composite of 

onto 
nanocomposite 
(sonication) 
Grafting PAMAM 

@CH@CH@O– 
PAMAM 

MNP–O–Si–O– 

of gold 
nanoparticles 
AuNP 
— 

B (Dye) 

Pb(II) 35 
 methylenebisacrylamide 

(MBA) 
shell nanocpompsite) TEOS, APMTS, onto 

nanocomposite 
Si–NvC⋯vN– 
PAMAM 

  



 

 

  

 
amide reaction.14 The covalent conjugation by functionalizing 
MNPs with citric acid (CA) before binding them to PEI. The 
amide interaction between the terminal amino groups of PEI 
and the carboxyl groups of citric acid (CA) present on the 
surface of MNPs allows for the creation of MNPs-PEI.14 The 
binding between PEI and MNPs allows for the conjugation of 
other molecules, such as fluorescein isothiocyanate (FI) and 
folate-conjugated polyethylene glycol (PEG),106 folic acid 
(FA),108 polyethylene glycol (PEG), acetic anhydride, and succi- 
nic anhydride.107 The binding of MNPs to biomacromolecules, 
such as DNA, can be achieved through ion exchange 
binding.110 These dendrimers have found various applications: 
the PEI-coated Fe3O4 NPs can be multi-functionalized with 
other biological ligands for MR imaging of different biological 
systems.106 PEI-MNPs have shown promise as a delivery system 
for plasmids encoding CRISPR/Cas9 and template DNA, 
enhancing the safety and utility of gene editing.110 PEI-coated 
MNPs have demonstrated efficient removal of emulsified oil 
from aqueous systems, with the potential for multiple 
reuse.109 PEI-MNPs serve as a potential non-viral vector for 
gene delivery.14 MNPs coated with PEI and folic acid (FA) are 
suitable for magnetic field hyperthermia and active target- 
ing.108 PEGylation and acetylation of Fe3O4-PEI NPs can sig- 
nificantly reduce macrophage cellular uptake and make them 
suitable for targeted cancer imaging and therapeutics 
(Table 7).107 A summary of the synthesis and modification pro- 
cesses is represented in Fig. 7. 

4.5 Triazin-based dendrimers 

Triazin-based dendrimers are a class of dendrimers that 
contain triazine units as the core and can have amine or car- 
boxylic acid functional groups on the surface. The use of a tri- 
azine-based dendritic structure provides numerous benefits as 
it allows for chemical functionality diversification without 
requiring protective groups. Additionally, the nucleophilic aro- 
matic substitution process occurs in a sequential and tempera- 
ture-dependent manner on the ring, eliminating the need for 
manipulating functional groups. These dendrimers have been 
shown to be useful for the adsorption of heavy metals alone116 
and were successfully conjugated with MNPs to provide high 
stability, biocompatibility, and functional groups on the 
surface. Triazine dendrimers can be synthesized in different 
generations and sizes, allowing for tunable properties and 
enhanced binding to MNPs. Functionalization of MNPs with 
triazine dendrimers can be achieved through different 
methods, such as covalent conjugation or electrostatic adsorp- 
tion.117 Their performance was impressive in terms of attach- 
ing to metal ions Pb(II) and Cd(II), with a strong ability to filter 
these contaminants from water-based substances (with an 
efficiency of 93.6% and 98.5%, respectively). Their mechanism 
of adsorption is realized by using both the hydroxyl and amine 
functional groups of the ethanolamine component, as well as 
the triazine amine groups, to coordinate and capture the heavy 
metal ions, along with utilizing electrostatic interactions.118 
(Monomers: ethanolamine-tricholorotriazine, diethanolamine- 
triazine, diethylenetriamine-triazine and cyanuric chloride-tri- T
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Fig. 5 Synthesis of PPI-MNPs (A) ref. 104, (B) ref. 34, and (C) ref. 5, 68 and 105. 
 
 

azine,117 triethanolamine-melamine with carbon disulfide 
bridges, etc.) 

Ref. 13 used Barium-iron oxide as the MNPs core and con- 
jugated it with melamine as triazine-based dendrons to 
remove lead(II) and rhodamine B (RB) dyes from water. The 
dendrite structure contained three primary functional groups 
(N, O, and S) that were capable of capturing Pb(II) ions. It was 
claimed that the hydroxyl groups interacted with Pb(II) ions 
through an electrostatic attraction or ion exchange. However, 
the sulfur and amine groups formed complexes with Pb(II) 
ions, as these functional groups serve as soft ligands for the 
adsorption of lead ions. The results showed that the adsorp- 
tion efficiency of RB is high (75%) in acidic solutions due to 
multiple mechanisms acting simultaneously, including hydro- 
phobic interactions between the outer surface of the dendrite 
and RB, as well as the π–π interactions between the bulk π 
systems on the dendrite and RB molecules. The π–π bonds are 

formed between the RB having π electrons (benzene ring) and 
the dendrite structure since the melamine contains π electron 
orbit. Furthermore, the density of electrons is increased due to 
the presence of carboxylate groups in the structure of RB, thus 
enhancing the π–π bonding capacity with the dendrite’s tri- 
azine rings The hydrogen bonds present between the func- 
tional groups on the dendrite’s surface also contribute to pro- 
moting the adsorption capacity of Pb(II) ions Overall, the den- 
drite structure can either act as an electron-donor or acceptor, 
and the adsorption efficiency relies upon the tendency of the 
dendrite and RB to accept or donate electrons.119,120 A 
summary of the conjugation of triazine-based dendrimers with 
MNPs can be found in Fig. 8 and Table 8. 

4.6 Peptide dendritic MNPs 

Peptide dendritic MNPs are a nanocomposite type consist- 
ing of MNPs coated with peptide dendrimers. These dendri- 



 

 

  

 

Fig. 6  Synthesis of poly(N-propylethane-1,2-diamine) dendrimer from PAMAM and functionalization with succinic anhydride. 
 

 

mers are composed of amino acid monomers linked 
together in a branched structure, allowing for the creation 
of a variety of functional groups on the surface. Peptide 
dendritic MNPs have been shown to be useful for bio- 
medical applications such as drug delivery, imaging, and 
biosensing. The binding between peptide dendrimers and 
MNPs occurs through electrostatic interactions, hydrogen 
bonding, and coordination between the amino acid resi- 
dues on the dendrimer and the surface of the IOMNPs 
(Table 9). The lysine–arginine dendrimer conjugated with 
Glutamic acid coated IOMNPs,18 lysine–glutamic acid 
dendrimers10,21 (Fig. 9). (Monomers: glutamic acid (Glu), 
di-Boc-L-lysine, di-Fmoc-arginine.) Poly-L-lysine (PLL) den- 
drimers: PLL dendrimers are cationic dendrimers that 
can interact with anionic MNPs through electrostatic inter- 
actions. These dendrimers have been used for drug 
delivery and imaging applications. Another type of peptide 
dendritic coating was done using Arginylglycylaspartic acid 
(RGD).121,122 The acyclic form of RGD dendritic peptide 
gets attached onto the surface of modified IOMPs (with 
4-methylcatechol (MC)). The ring structure of 4-MC can 
directly bond with an amine group through a chemical 
reaction known as Mannich reaction when placed around 
Fe3O4 nanoparticles.121 

4.7 Polyglycerol (PG) dendrimers 
 
Glycerol-based polymers are a member of the aliphatic poly- 
ether family and are often prepared as linear or branched 
structures (hyperbranched, dendritic) using anionic ring- 
opening polymerization. Branched dendritic polyglycerols 
(dPG) are obtained through a synthetic procedure that uses the 
latent hydroxyl group in glycidol. Dendritic polyglycerols have 
a high number of hydroxyl groups, which can be utilized for 
crosslinking, labeling, and incorporating targeting and graft- 
ing moieties. These hydroxyl groups can also be modified 
before or after polymerization to adjust the physical and 
chemical properties of the polymer. Polyglycerol dendrimers 
are neutral, highly water-soluble, and biocompatible. When 
PGs are grafted onto MNPs, they exhibit an excellent dispersi- 
bility of the nanoparticles in water, resulting in water-based 
stable and non-toxic ferrofluids suitable for further bio-appli- 
cations. Moreover, these PG@MNPs can be further modified 
with various moieties (sulfate groups,12 folate, fluorescents 
(FITC),41 and methotrexate functionalities22) for different func- 
tionalities. This modification will enable the targeting of par- 
ticular molecules (e.g., proteins, antibodies, drugs, etc.) for bio- 
logical-related applications,123,124 and heavy metals and dyes 
for water remediation purposes.125–127 The conjugation 



 

 

 
 
 
 
 
 
 
 
 
 
 

Table 7 Summarized details of magnetic PEI dendritic and hyperbranched systems in literature (the main monomer used was Ethylenediamine (EDA)) 
 

 

 

 
Dendrimer 
core 

 
Dendrimer 
terminal 
group MNPs size MNPs synthesis 

 
 

MNPs pre-surface 
functionalization 

 
Dendritic 
attachment 
approach 

 
Bond type 
between MNPs 
& dendrimer 

 
 

MNPs : dendrimer 
ratio 

Dendritic 
MNPs post- 
surface 
modification 

 
 

Targeted 
application Ref. 

MNPs@COOH NH2 TEM 68 nm Coprecipitation Sodium citrate 
(citric acid CA) 

Stabilization 
(grafting onto) 

Covalent 
interaction 
(EDC/NHS) 

100  mg 
MNPs : 200 mg PEI 

DNA fragments Gene delivery 14 

MNPs@PEG NH2–COOH 11 nm (Oil/water) 
single emulsion/ 
solvent and 
evaporation 
method 

3,4-Dihydroxy-L- 
phenylalanine 
(DOPA) 
subsequently 
conjugated with 
poly(ethylene 
glycol) (PEG) 

Stabilization 
(grafting onto) 

Carbodiimide 
coupling 
chemistry 
(EDC) 

PEI : MNPs, 0.1 : 1, 
0.5 : 1, 1 : 1 or 5 : 1, 
respectively 

Small 
interfering 
RNASi–RNA 

Intracellular 
siRNA delivery 

111 

EDA NH2 Various 
sizes 

Crystallization 
and entrapping 
within PEI 

— Encapsulation Electrostatic 
interaction 

PEI 0.7, 1.0, 1.25 Plasmid DNA MNPs size control 
and stabilization 
synthesis 

113 

MNPs NH2, NHAc, 
COOH 

13.5 nm One-pot 
hydrothermal 
route with PEI 

— Encapsulation Electrostatic 
interactions 

1.25 g Fe 
precuresor : 0.5 g 
PEI 

Fluorescein 
isothiocyanate 
(FITC), folic 
acid PEG 

In vivo magnetic 
resonance (MR) 
imaging of 
tumors 

106 

MNPs NH2 12–18 nm One-pot 
hydrothermal 
method in the 
presence of PEI 

— Encapsulation Electrostatic 
interactions 

1.25 g Fe 
precuresor : 0.54 g 
PEI 

mPEG–COOH, 
acetic 
anhydride, 
succinic 
anhydride 

Magnetic 
resonance 
imaging and 
therapy. 

115 

MNPs NH2 DLS 259 nm One-step 
solvothermal 

Carboxylate groups 
on Fe3O4 

Grafting onto Amide 
bonding H–N– 
CvO 

2g Fe 
precuresor : 3 g PEI 

— Demulsification 
of oil 

109 

MNPs NH2 20 nm Co-precipitation — Encapsulation 
(circular 
coating) 

(Nitrogen in 
PEI-coated 
MNPs/ 
phosphorus in 
DNA) 

100 μl of bare MNP 
(200 μg mL−1): 50 μl 
of PEI (40 μg 
mL−1) : 2 µg of DNA 

CRISPR/Cas9 Genome editing 
(plasmids 
encoding 
CRISPR/Cas9 and 
template DNA) 

110 

MNPs NH2 DLS 
190–250 nm 

One-pot 
solvothermal 
method in the 
presence of PEI 

Sodium acetate 
(NaAc) electrostatic 
stabilizer (to 
prevent particle 
agglomeration) 

Grafting onto 
and 
stabilization 

Aminated 
MNPs by PEI 

1g  Fe 
precuresor : 2 g PEI 

Magnetic field 
hyperthermia and 
active targeting 

108 

 



 

 

  

 

Fig. 7 Synthesis and modification processes of MNPs-PEI dendritic and branched systems (a) DNA attached and encapsulated on magnetic PEI,106 
(b) ref. 108, (c) ref. 109, (d) & (e) MNPs synthesized within PEI and encapsulted with DNA and si-RNa entrapped on the prephiral sites for gene 
editing and delivery.14,107,111–114 



 

 

  

 

Fig. 8  Triazine-based dendrimer conjugated with MNPs. (a) ref. 118 and 119, (b) ref. 120, (c & d) ref. 117, and (e) ref. 13. 
 

 

between PG with MNPs can be done either by growing PG 
from MNPs through glycidol polymerization40,41,125,128,129 or 
stabilizing the MNPs by grafting the polymerized dendron 
onto their surface.12,22 The grafting-from process starts with 
the initial coating of MNPs with anchoring groups that allow 
the linkage between the hydroxyl group of glycidol and the 
anchored groups on the MNPs’ surface. Anchoring groups 
such as amine-containing groups (APTES)-,41,128 and 
Hexanediamine125 have been used to link with PG by opening 
the ring of glycidol and binding via direct N-alkylation of 
amines. Li et al. (2013) used an acrylate silane(3-(trime-thoxysi- 
lyl)propylmethacrylate) to bind with thiol functionalized PG to 
form a C–S via “thiol–ene” click reaction.22 The phosphonate- 
containing groups (sodium( prop-2-ynyloxy)methyl- 
phosphonate) have been investigated as linkers with mono 
and trivalent chelation to test the stability of PG@MNPs. It 
was found that the binding affinity of multivalent ligands con- 

taining more than one phosphonate binding site per polymer 
surpasses that of monovalent ligands. This effect is primarily 
maintained when three phosphonate ligands are present, as 
the spatial extension of both ligands provides significant steric 
stabilization. Consequently, such ligands exhibit colloidal 
stability in ultrapure water for more than a year.12 In Jafari 
et al. (2010)40 work, gold nanoparticles (AuNP) were used 
efficiently as a shell of MNPs to provide nontoxic coated 
MNPs. PG and Au-MNPs were connected through 2-mercap- 
toethanol, where the thiol site is linked to AuNP surface, 
forming Au–S bonds. Then, the glycidol is linked by opening 
the ethoxy ring and forming S–O bond.40 Large quantity pro- 
duction of MNPs@PG for various utilization was achieved in a 
simpler approach through a direct one-pot polymerization 
reaction of glycidol on MNPs surface by thermally decompos- 
ing ferric oxalate pentahydrate precursor with the aid of tri- 
ethyleneglycol (TEG) and then polymerizing glycidol directly 



 

 

 
 

 
Table 8 Summarized details of magnetic triazine-based dendrimers in literature 

 

 

 
Dendrimer 
generation/size 

 

 
Dendrimer 
monomers 

 
 

 
Dendrimer core 

 
Dendrimer 
terminal 
group 

 

 
MNPs 
size 

 

 
MNPs 
synthesis 

 
MNPs pre- 
surface 
functionalization 

 
Dendritic 
attachment 
approach 

Bond type 
between 
MNPs & 
dendrimer 

Dendritic 
MNPs post- 
surface 
modification 

 

 
Targeted 
application 

 
 

 
Ref. 

G1, G2 Cyanuric chloride MNPs@Si–NH2 –NH  Co- (Aminopropyl) Grafting MNPs–Si– — Drug 117 
 (CC), piperazine (p)    precipitation trimethoxysilane assembly NH–CC–P  delivery  

 Cyanuric chloride     (APTMS)  MNP–Si–    
 (CC),       NH–CC–    
 diethylenetriamine       DETA    
 (DETA)           

G3 poly Cyanuric chloride MNPs@SiO2@PrNH2 –OH 21 nm Coprecipitation TEOS, Grafting MNPs–Si– — Removal of 118 
(-aminoethanol) (CC) &     (aminopropyl) assembly O–Si–NH–  Cadmium  

(PAMET) Ethanolamine (EA)     triethoxysilane  CC–EA  Cd(II), and  
      APTES (PrNH2)    lead Pb(II)  
  MNPs@SiO2@Si–    TEOS, APTES    Drug 119 
  NH2        delivery  

Polytriazine- Melamine (M), MNPs@Ba@Si–NH2 –NH 50 nm Combustion BaFe2O4, (APTES) Grafting MNPs–Ba– — Removal of 13 
thiourea G2 carbon disulfide      assembly Si–NH–M–  rhodamine  

 (CS)       CS  B (RB)–Pb  

G2 Cyanuric chloride MNPs@SiO2@Si– NH2 46 nm Coprecipitation APTES   Folic acid (II) 120 
 (CC), bis(3- NH2       (FA) &   
 aminopropyl)        methotrexate   

 amine        (MTX)   

 

 
Table 9 Summarized details of magnetic peptide dendrimers in literature 

 
 

 
Dendrimer 
generation/ 

 
 

Dendrimer 

 
 

Dendrimer 

 
Dendrimer 
terminal 

 
 

MNPs 

 
 

MNPs pre-surface 

 
Dendritic 
attachment 

Bond type 
between 
MNPs & 

 
 

MNPs : dendrimer 

Dendritic 
MNPs post- 
surface 

 
 

Targeted 
size monomers core group MNPs size synthesis functionalization approach dendrimer ratio modification application Ref. 

L-Lysine, L-Lysine & MNPs@Oleic Lys–NH2, >30 nm by Thermal Dopamine, catecholamine Stabilization MNP–O–NH– 2: 1, — — 21 
polypeptide 
G1–G3, and 
L-glutamic 
acid, 

L-glutamic 
acid 

acid (ligand 
to be 
replaced) 

Glu–COOH DLS decomposition (ligand 
exchange), 
(grafting 
before 

L-lysine–NH2 
& MNP–O– 
NH–L-gluta- 
mic acid– 

dendrimer : MNPs@OA 

polypeptides 
G1–G3 

coordination) COOH 
 

EDA-KR2 L-Lysine, EDA Lys–NH2 8–12 nm by Coprecipitation Glutamic acid-modified Stabilization, NH–CvO 2 mg ml−1 Glu– (DOX) Potential 18 
dendrimer polypeptide,   TEM  iron oxide nanoparticles grafting onto peptide MNPs : w/w ratios of 1,  drug  

G2 and     (Glu–MNPs)  bonding 2, 4, 6, 8 and 10 of  carriers  

 L-arginine,        EDA–KR2    

 polypeptides            

AuBP1 and AuBP1 and MNP@Si– COOH 70 nm Hydrothermal 3- Grafting from EDC/NHS — — Gold 10 
AuBP2 AuBP2 COOH   reaction Aminopropyltriethoxysilane  carbodiimide   mining  

      (APTES) into 4-oxo-4-(3-       

      (triethoxysilyl)propylamino)       

      butanoic acid (OTPBA) via       

      succinic anhydride       
      conjugation,       

L-Arginine- — MNPS@MC — TEM-4.5 nm — 4-Methylcatechol (MC) —  Estimation 100–200 — — 121 
(RGD)    core     peptides per particle.    

    DLS-10 nm         

 



 

 

  

 

Fig. 9 Peptide dendrimers grafted on or stabilizing MNPs. 
 

 

on produced nanoparticles from the reaction.129 Considering 
the OH groups from TEG connecting with the open ring of gly- 
cidol establishes a stable coordination for further application 
(Fig. 10). Arsalani et al. initiated PG from APTES functionalized 
MNPs using n-butyllithium as an initiator128 (see Table 10). 

4.8 Dendritic hyperbranched polyesters (HBPE) 

Magnetic nanoparticles were synthesized through a coprecipi- 
tation method, where iron oxide was precipitated from iron 
slats ( precursors) and coated with poly citric acid (PCA) den- 
dritic macromolecules using a bulk polymerization strategy. To 
enhance their properties for tumor cell targeting, the surface 
of the nanoparticles was further functionalized with poly(ethyl- 
ene glycol) (PEG), followed by the incorporation of folic acid 
through a coupling reaction. This modification was achieved 
by reacting the hydroxyl end group of PEG with the carboxyl 
group of folic acid.89 Another study developed a biocompatible 
magnetic drug carrier based on hyperbranched polyester 
(HBPE) modified with (2-dodecen-1-yl)succinic anhydride 
(DDSA) functional groups. The HBPE was modified to intro- 
duce hydrophilic –COOH groups and serve as efficient accep- 
tors of small MNPs (Fe3O4 and γ-Fe2O3) and isoniazid (INH). 
However, the carrier exhibited low loading capacity and encap- 
sulation efficiency, likely due to the inhomogeneous structure 
of Fe3O4/HBPE-DDSA/INH nanoparticles. A one-step method 
was developed to synthesize Fe3O4/HBPE-DDSA/INH nano- 
particles with controlled drug release characteristics. 
Orthogonal experiments were conducted to optimize the 
loading capacity and encapsulation efficiency of the 

nanoparticles.65,67 In another approach, magnetite (Fe3O4) 
nanoparticles were covalently functionalized with a Polyester 
bis-MPA dendron, specifically a 2-hydroxyl, 1-azide dendrimer 
known as polyester dendron hydroxyl acid (PEDHA). The pres- 
ence of C–H–O covalent bonds between the Fe3O4 nanoparticle 
and PEDHA dendrimer was confirmed by IR-absorption ana- 
lysis.130 Additionally, further investigation was carried out on 
the synthesis approaches and their influence on the mor- 
phology, chemistry, and magnetization of iron oxide nano- 
phases within a highly branched polymer matrix. Various 
methods, including chemical reduction, polyol thermolysis, 
sonochemistry, and hybrid sonochemistry/polyol processes 
were employed to develop magnetically active iron oxide-based 
nanocomposites in a highly branched polyol matrix.131 The 
hyperbranched polymer was found to be an excellent stabilizer 
for iron oxide nanophases in all the different four samples 
that were prepared. Moreover, throughout the hybrid method 
and thermolytic process, the hyperbranched polyol exhibited 
favorable reducing agent properties. By utilizing these diverse 
synthesis approaches, it became feasible to precisely regulate 
the iron-based nanophases’ shape, size, composition, and dis- 
persity, enabling the creation of materials with high stability, 
low hemolytic activity, and favorable magnetic activity. The 
feasibility of deploying the synthesized composites as tomo- 
graphic probes was demonstrated through NMR relaxation 
analysis.132 Another form of magnetic nanocomposite (NC) 
was created by incorporating magnetically responsive nano- 
particles (Fe3O4) into a sunflower oil-modified hyperbranched 
polyurethane (HBPU) matrix. This was achieved using an 



 

 

  

 

Fig. 10 Hyperbranched dendritic polyglycerol grafted MNPs. (a) Wang (2009),53 (b) Wang (2013),129 (c) Arsalani (2012),128 (d) Nordmeyer (2014),12 
(e) Jafari et al. (2010),40 (f ) Wang (2011),41 (g) Li et al. (2013).22 

 

 

in situ polymerization technique, which allowed for better 
mixing of the nanoparticles throughout the HBPU due to its 
lower viscosity compared to other methods. Ultrasonication 
was employed to break up agglomerates, resulting in a 
uniform dispersion of the nanoparticles in the HBPU matrix. 
The uniform distribution was confirmed through imaging 
techniques, which showed small spherical particles of Fe3O4 
with a mean diameter of 7.65 nm. The presence of void struc- 
tures and surface functionality facilitated the interaction and 
encapsulation of the nanoparticles, leading to their stabiliz- 
ation within the HBPU matrix. The interaction between Fe3O4 
and HBPU was primarily due to electrostatic and hydrogen 
bonding interactions, along with possible interactions between 
the carbonyl groups of urethanes and absorbed hydroxyl 
groups on the nanoparticles (Fig. 11 and Table 11). The result- 
ing nanocomposite exhibited superparamagnetic-like behavior 
and demonstrated discernible improvements in terms of bio- 
compatibility, antimicrobial properties, biodegradability, and 
shape recovery in comparison to the original HBPU 
material.133 

4.9 Pyridylphenylene dendrons and dendrimers 

Polyphenylene pyridine dendrimers (or Pyridylphenylene) are 
cyclic dendrimers formed from phenylene and pyridine 
embeds repetitive units. They are characterized by their rigidity 
and minimal conformational changes by exceptionally allow- 
ing rotation around the C–C bonds of the inter-ring. These 

dendrimers possess a high degree of thermal and chemical 
stability comparable to linear polyphenylenes but with 
enhanced solubility due to their ability to prevent the typical 
intermolecular packing observed in linear poly-p-phenylenes. 
A convergent synthesis approach of a polyphenylene dendri- 
mer was first achieved by employing transition-metal-catalyzed 
aryl–aryl coupling reactions, whereas the earliest divergent 
preparation method was accomplished through repetitive 
Diels–Alder cycloaddition.135–137 The study involves the cre- 
ation of multicore iron oxide mesocrystals through the thermal 
decomposition of iron acetyl acetonate with the aid of 
Pyridylphenylene dendron and dendrimer. MNPs colloidal 
clusters can also form mesocrystals, which are composed of 
individual nanocrystals arranged in a common crystallo- 
graphic fashion without coalescing individual cores. The self- 
assembly of dendron/dendrimer leads to the formation of mul- 
ticore morphologies (Fig. 12a). These mesocrystals exhibit 
cooperative magnetic behavior due to their single-crystalline 
ordering, and they have ambient blocking temperatures, which 
allow for fine-tuned control of magnetic properties through 
minor temperature changes. When the concentration of super- 
saturation is achieved, the nucleation of particles begins to 
form and grow to a specific size while aligning with each other 
to create larger structures. If particles merge through oriented 
attachment, they form individual crystals. However, if capping 
molecules or other factors prevent fusion, mesocrystals will 
form instead.138 



 

 

 
 
 
 
 
 

 
Table 10 Summarized details of magnetic polyglycerol dendritic and hyperbranched systems in literature 

 
 

 

 
Dendrimer 
monomers Dendrimer core 

 
Dendrimer 
terminal 
group MNPs size MNPs synthesis 

 
 

MNPs pre-surface 
functionalization 

 
Dendritic 
attachment 
approach 

Bond type 
between 
MNPs & 
dendrimer 

 
 

MNPs : dendrimer 
ratio 

 
Dendritic MNPs 
post-surface 
modification 

 
 

Targeted 
application Ref. 

Glycidol MNPs@OA OH 12 nm Coprecipitation (Ligand exchange), 3- Stabilization MNP–O–Si–S– 3 MNP : 20 HPG Methotrexate (MTX) Targeted 22 
in situ with Oleic (trime-thoxysilyl) (“thiol–ene” HPG–O–MTX & folic acid anticancer 
acid propylmethacrylate 

(3-TMSPMA) (MPS) 
click 
reaction) 

(separately) effects 

Glycidol MNPs@OA OH Thermal 
decomposition 

(Ligand exchange), 
6-hydroxy caproic acid 
& aluminum 
isopropoxide 

Grafting 
assembly 

MNPs–(OO)– 
R–O–HPG–OH 

— — Magnetic 53 
resonance 
imaging 
contrast 
agent 

Glycidol Core–shell iron– 
gold (MNPs@Au) 
@S 

OH TEM9 nm 
to 20 nm 

Reduction of Fe 
& Au salts 

2- Mercaptoethanol Grafting 
assembly 

MNPs–Au–S– 
O–PG–OH 

30 nm — — 40 
Non-toxic 

Glycidol MNPs@OA OH 12 nm Thermal (Ligand exchange), Grafting MNP–O–Si–O– — N- Real-time 41 
(monodispersed) decomposition 

(nanocrystals) 
TEOS, APTES, & FITC assembly Si–NH–FITC– 

HPG–OH 
Glycinylmaleimide 
& folic acid (folate- 
SH) 

imaging in 
ovarian 
cancer 
resection 

Glycidol MNPs@APTES OH coprecipitation APTES, then 
butyllithium (n-BuLi) 
to ionize amine group. 

Grafting 
assembly 

MNP–O–Si– 
NH–HPG–OH 

— — Liver and 
kidney 
imaging/ 
scaffold for 
cellular and 
molecular 
imaging 

128 

Glycidol MNPs@OH OH 10 nm 
HPG- 
grafted 
MNPs 

Thermal 
decomposition 

Triethylene glycol Grafting 
assembly 

MNPs–O– 
HPG–OH 

— — — 129 

Glycidol MNPs@OA OH 11 ± 1 nm Thermal 
decomposition 

(Ligand exchange), 
phosphonate group 
(sodium(prop-2- 
ynyloxy) 
methylphosphonate) 

Stabilization 
(dendron 
grafted to 
MNPs) 

MNP-Pn1- 
dPG-OH/ 
MNP-Pn3- 
dPG-OH/ 
MNP-Pn1- dPG-OSO − 

10 mg 
MNPs : 6 mM dPG 

76% sulfate groups 
(statically), OSO3− 
Na+ 

Selective 12 
MRI contrast 
agent 

3 
Na+ & 
MNP-Pn3- dPG-OSO − 

3 
Na+ 

Glycidol MNPs@RNH2 OH — Solvothermal Hexanediamine Grafting 
assembly, 
(from MNPs) 

MNPs–O–R– 
NH2–HPG– 
OH 

TEM: 21–30 nm, 
DLS: 22.0 ± 3.0 nm 

— Removal of 
(Ni, Cu and 
AL) 

125 

 



 

 

 

  

 

Fig. 11 Synthesis and modification of MNPs with HBPE; (a) ref. 65, (b) ref. 89, (c) ref. 67, and (d) ref. 131. 
 

 

In further studies, MNPs were developed to serve as a 
support for catalysts that are magnetically retrievable. To 
achieve this, polyphenylene pyridyl dendrons were used to coat 
the MNPs, which allowed for coordination between catalytic 
Pd species and pyridyl groups, followed by PdNP formation 
upon reduction. The formation of Pd NPs was precisely con- 
trolled by both the generation and number of dodecyl chains 
on the dendron periphery. Additionally, it was found that the 
dendron generation had an impact on the internal structure of 
iron oxide multicore mesocrystals (Fig. 12c), providing sensi- 
tive nanoscale control of the associated magnetic properties. 
The size of the immobilized Pd NPs was found to be a deter- 
mining factor in catalytic activity, leading to the proposal of an 
intelligent design strategy for novel catalysts. These nano- 
materials demonstrated remarkable catalytic characteristics, 
accompanied by their facile recovery, recyclability for multiple 
cycles, and high stability, thereby rendering them immensely 
viable for hydrogenation and numerous other catalytic reac- 
tions that utilize Pd catalysts.139 

In Sorokina et al. (2019) study, the pyridylphenylene den- 
drons (D) were attached to the surface of magnetic silica 
(Fe3O4–SiO2, MS) through the creation of ether or amide 
bonds. The type of bond formed depends on the structure of 
the flexible linkers present on the MS surface and the focal 

groups of the dendrons.50 Later, Kuchkina et al. (2020)140 
group were able to synthesize magnetic silica (MS) samples by 
incorporating magnetite (Fe3O4) nanoparticles (NPs) within 
commercially available mesoporous silica, where the NPs 
exhibited a size suitable for fitting into the pores. The X-ray 
diffraction (XRD) pattern confirmed the presence of a cubic 
spinel structure after using ethylene glycol as a reducing 
agent, with a mean crystallite size of 13.2 nm. The intercon- 
nectedness of the NPs along the pores resulted in the for- 
mation of larger crystals through oriented attachment. 
Subsequently, MS was functionalized with iodine (MS-I) and 
NH2 groups (MS-NH2) through reactions with IPTMS and 
APTES, respectively. The design of flexible linkers aimed to 
enhance the accommodation of rigid aromatic dendrons on 
the MS surface. For example, the preparation of MS-D1 
involved the Williamson reaction between MS-I and D1, result- 
ing in the formation of an inert ester group (Fig. 12e). On the 
other hand, MS-D2 was synthesized via peptide bonds utilizing 
standard peptide coupling with D2. The complexation of 
MS-G3 with Pd acetate resulted in the formation of different 
Pd forms, such as Pd2+ ions and Pd0 nanoparticles. The inter- 
action of MS-G3–PdAc with Pd acetate probably resulted in the 
creation of bidentate pyridine complexes at the outer part of 
the dendron. Meanwhile, the development of complexes 

 

 



 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 11 Summarized details of magnetic hyperbranched polyester (HBPE) systems in literature 
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generation/ 
size 
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Dendrimer 
terminal 
group 

 
 
 

MNPs 
size 

 
 
 
 
MNPs synthesis 

 
 
 
MNPs pre-surface 
functionalization 

 
Dendritic 
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approach 

Bond type 
between 
MNPs & 
dendrimer 

 
 
 

MNPs : dendrimer 
ratio 

Dendritic 
MNPs post- 
surface 
modification 

 
 
 
Targeted 
application 

 
 
 
 
Ref. 

Poly citric Citric acid MNPs@COOH COOH 10–49 nm Coprecipitation Citric acid (CA) Grafting Esterification — Poly(ethylene Drug targeting 89 
acid (PCA)       assembly   glycol) (PEG), and delivery  
       (from)   folic acid (FA)   

HBPE-DDSA Tri-methylamine Tri-methylamine –OH, 10 nm Coprecipitation — Encapsulation Electrostatic MNPs : HBPE, Isoniazid Drug-loading 67 
 (TMP), (TMP) dodecenyl    and entrapping interactions 0.1 g : 0.05 g (INH) and delivery  
 dimethylolpropanoic  succinic          
 acid (DMPA)  anhydride          
 Trimethylolpropane Trimethylolpropane (DDSA) 26 nm One-step —     Drug-loading 65 
 (TMP) and (TMP) and   fabrication      and delivery  
 Dimethylolpropanoic    in situ within        
 acid (DMPA)    HBPE-DDSA        

PEDHA Bis-MPA dendron, 
2-hydroxyl, 1-azide 
dendrimer. 

MNPs –OH — Coprecipitation — Grafting onto –O–CvO 
covalent 
linkages 

3.5 g of 
MNPs : ∼25 mg 
and 50 mg of 

— Demulsification 
of crude oil 

130 

G2 Aminocellulose MNPs –NH2 10 nm — Amino cellulose 
coating 

Grafting 
assembly 

Amide 
bonding 

— PEG & 
niclosamide 

Niclosamide 
delivery 

131 

       (from)      

G2 2,2-Dimethylol 2,2-Dimethylol –OH 30 nm Chemical reduction — — — Tomographic 132 
BOLTORN propionic acid (Bis- propionic acid (Bis-   Polyol thermolytic process, probes  

(BH20) MPA) MPA)   Sonochemistry   
     Hybrid sonochemistry/polyol process   

G4 Boltorn 2,2-Dimethylol 2,2-Dimethylol –OH 15–25 nm Coprecipitation — Grafting onto Electrostatic 1:1 — Pb and Cu 134 
(BH40) propionic acid (Bis- propionic acid (Bis-    interaction removal  
 MPA) MPA)    and physical  

      attachment  



 

 

 

  

 

Fig. 12 Various conjugations and coordination of MNPs with poly( pyridyl phenylene) dendrons and dendrimers (a) ref. 141, (b) ref. 141, (c) ref. 139, 
(d) ref. 50 and 140. 

 

 

within the interior of the dendron possibly involved the colla- 
borative action of an electron donated by a lone pair of pyri- 
dine nitrogen and the π-electrons from an aromatic ring.140 
Further details are summarized in Table 12. 

4.10 Carbosilane dendritic systems 

Carbosilanes are a class of organosilicon compounds that 
contain both carbon and silicon atoms in their molecular 
structure. They are composed of a central silicon atom bonded 
to carbon and hydrogen atoms, and other functional groups. 
Carbosilanes can be synthesized through various methods, 
including the reaction of silicon hydrides with organic com- 
pounds containing carbon–carbon double or triple bonds, the 
reaction of dichlorosilanes with organolithium compounds, 
and the hydrolysis of alkoxysilanes. Regarding their connec- 
tion with MNPs, carbosilanes can be functionalized with 
various organic molecules, such as amines or carboxylic acids, 
to provide reactive groups that can bind to the surface of 
MNPs. This allows for the creation of hybrid materials that 
simultaneously exhibit magnetic and organic properties143,144 
(check Fig. 13). In addition, carbosilane dendrons decorated 
with carboxyl groups and alkoxysilane functional groups at the 
focal point were proven effective for the stabilization of MNPs 
using the co-precipitation technique. These dendrons are 
named according to the nomenclature “XGnYm”, where X, Gn, 
Y, and m refer to the focal point, the generation of carbosilane 
dendron, the nature of peripheral groups, and the number of 
these groups, respectively. By reacting NH2GnAm (A = allyl; n = 

1, m = 2; n = 2, m = 4) with nearly equimolar amounts of 
3-isocyanatopropyltriethoxysilane, a chemically stable urea 
group is formed, providing the necessary group at the focal 
point for grafting onto the MNPs surface. This results in the 
formation of compounds (EtO)3SiGnAm [n = 1, m = 2 (1); n = 2, 
m = 4 (2)]. Additionally, two cationic CBS dendrons, 
(EtO)3SiGn(S–NMe3+)m (G2, n = 2, m = 4 (1); G3, n = 3, m = 8  
(2)), were synthesized to assess the impact cationic groups’ 
number on the ligand. Furthermore, a cationic CBS dendri- 
mer, G1Si(S–NMe3+)7(S–Si(OEt)3)(G1 3), was utilized to investi- 
gate the influence of the dendritic structure on the MNPs 
functionalization and their associated activity. The functionali- 
zation process occurs through the reaction between ligands 
containing a triethoxysilyl moiety and the hydroxyl groups 
existing on the MNPs’ surface. This study employed three 
different CBS dendritic systems that were functionalized with 
ammonium groups (–NMe3+).145,146 The resulting hybrid 
materials exhibited enhanced magnetic properties and can be 
used in a variety of applications, such as protein extraction 
and purification,147 viruses,146 and bacteria145 capturing (see 
Table 13). 

4.11 Methoxyphenyl triallyl-based catalytic dendrons 

Cyclo- and dicyclohexyldiphosphinopalladium catalytic den- 
drons are a unique type of dendrons where they are formed 
from Methoxyphenyl triallyl and phosphine monomers. Their 
work involves the synthesis of core–shell γ-Fe2O3/polymer 
superparamagnetic nanoparticles (MNPs), which were then 

 

 



 

 

 
 
 
 
 
 
 
 
 
 
 

Table 12 Summarized details of magnetic poly( pyridyl phenylene) dendrons and dendrimers in literature 
 

 

 

 
Dendrimer 

 
 

Dendrimer 

 
 
Dendrimer 

 
Dendrimer 
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MNPs 

 
 

MNPs pre-surface 

 
Dendritic 
attachment 

Bond type 
between 
MNPs & 

 
 
MNPs : dendrimer 

Dendritic 
MNPs post- 
surface 

 
 

Targeted 
generation/size monomers core group MNPs size synthesis functionalization approach dendrimer ratio modification application Ref. 

G3 poly Phenylene Tetrakis(4- Pyridyl 23 nm Thermal Poly Stabilization 0.353 g (1 mmol) — Iron oxide 138 
(phenylenepyridyl) 
dendron and 
dendrimer 

& 
pyridylene 

ethynylphen- periphery 
1-yl) 
methane 
(Td) 

decomposition 
(Fe(acac)3) in 
presence of 
dendrimer 

(phenylenepyridyl) 
dendron 
Poly 
(phenylenepyridyl) 
dendrimer 

Fe NP of Fe(acac)3, 
0.607 g 
(0.055 mmol) 
dendrimer 

mesocrystals 
stabilization 

G2, G3 dendrons Phenylene 
& 
pyridylene 

COOH focal 
group 

Pyridyl 
periphery 

18–30 nm 
(1.2 nm 
PdNP) 

Thermal 
decomposition 
(Fe(acac)3) in 
presence of 
dendron 

Poly 
(phenylenepyridyl) 
dendron 

Stabilization MNP–O– 
COO– 
Dend 

1 mmol Fe 
(acac)3 : 0.2 mmol 
dendron 

Dodecyl 
periphery/ 
palladium 
NP. 

Control 
nanoparticle 
formation and 
catalytic 
hydrogenation 

141 

G2, G3 dendrons 
and dendrimers 

Phenylene 
& 
pyridylene 

COOH focal 
group (for 
dendrons) 

Pyridyl 
periphery 

21.8 nm Thermal 
decomposition 
(Fe(acac)3) in 
presence of 
dendron 

Poly 
(phenylenepyridyl) 
dendron 

Stabilization MNP–O– 
COO– 
dendron 

0.353 g (1 mmol) 
of Fe(acac)3, 
0.140 g 
(0.11 mmol) of 
dendron 

Palladium 
NP. 

Catalytic 
hydrogenation 

142 

G2, G3 dendrons Phenylene 
& 
pyridylene 

COOH focal 
group 

Pyridyl 
periphery 

21.8 ± 
3.3 nm 

Thermal 
decomposition 
(Fe(acac)3) in 
presence of 
dendron 

— Stabilization MNP–O– 
COO– 
dendron 

0.353 g (1 mmol) 
of Fe(acac)3, 
0.140 g 
(0.11 mmol) of 
dendron 

Palladium 
NP. 

Continuous- 
flow Suzuki 
cross-coupling 
reactions 

139 

G2 dendrons Phenylene OH focal Pyridyl 13.2 nm Reduction of Mesoporous silica Stabilization Fe3O4– 0.36 g MS-I : 0.56 g Palladium Catalytic 50 
& 
pyridylene 

group/COOH periphery 
focal group 

Fe(NO3)3 in 
presence of 
silica gel (mag- 
netic silica MS) 

then: 
1. MS-I 
(3-iodopropyl) 
trimethoxysilane 
(IPTMS) 
2. MS-NH2 (APTES) 

SiO2–I–O– 
dendron/ 
Fe3O4– 
SiO2– 
NH2– 
COO– 
dendron 

D1/0.33 g 
MS-NH2 : 0.15 g 
D2 

acetate into 
(Pd2+ ions, 
PdNP) 

reactions 

G3 dendrons Phenylene 
& 
pyridylene 

COOH focal 
group 

Pyridyl 
periphery 

4.9 ± 
0.5 nm 

Reduction of 
Fe(NO3)3 in 
presence of 
silica gel (mag- 
netic silica MS) 

Mesoporous silica 
formin magnetic 
silica MS/(APTES) 

Stabilization Fe3O4– 
SiO2– 
NH2– 
COO– 
dendron 

0.43 g 
MS-NH2 : 0.28 g 
G3 

Palladium 
acetate into 
(Pd2+ ions, 
PdNP) 

Suzuki– 
Miyaura 
reactions of 
Br-arenes and 
phenylboronic 
acid 

140 

 



 

 

  

 

Fig. 13  (a) Structure of MNPs coated by silane anchoring agents followed by dendritic PEG ligands,143,144,148,148 (b) ref. 146, (c) ref. 147, (d) ref. 145. 
 
 

modified with four metallodendrons containing dicyclohexyl- 
diphosphinopalladium complexes (see Fig. 14). The grafting of 
the dendrons onto the MNPs was achieved through a peptide 
reaction between the carboxyl groups on MNPs’ polymer shell 
and the terminal primary amino group of the dendron. The 
most optimal conditions for this attachment process were 
found to be in an aqueous environment, particularly when 
using nonionic surfactants with a lower hydrophilic–lipophilic 
balance, such as Triton X405 (Tx) or a combination of MeOH 
and Tx (1 : 2 ratio) in an organic/aqueous environment. The 
efficiency of grafting was shown to be affected by the type of 
coupling agents, and CHMC selected as the most suitable 
agent for the grafting process. The produced nanocatalysts in 
this study were also optimized for the Suzuki C–C cross-coup- 
ling reaction.149,150 

4.12 Phosphonate-containing dendrimers 

The field of phosphonates and related multifunctional hybrids 
has experienced significant growth due to their potential appli- 
cations in medicine and nano-biomaterial research. Various 
hydrophilic dendritic or linear phosphonic acids have been 
successfully synthesized with high yields to functionalize 
metal oxide nanoparticles. Through ligand exchange methods, 
these phosphonic acids have been effectively attached to iron 
or manganese oxide nanoparticles, resulting in stable and bio- 
compatible nano-colloids that are primarily eliminated 
through the kidneys. This collection of phosphonates opens 
up possibilities for developing advanced hybrid materials with 
enhanced in vivo performance and sensitivity. Moreover, phos- 

phonate-containing dendrimers and copolymers have also 
been synthesized and utilized for functionalizing MNPs, 
expanding their applications151,152 (Fig. 15 and Table 14). In 
one study, a conjugate of dopamine and bisphosphonate was 
developed to modify magnetite Fe3O4 nanoparticles for the 
removal of UO22+ ions. The synthesis involved a series of reac- 
tions starting from compound 1 (3-(3,4-bis(benzyloxy) phen- 
ethylcarbamoyl) propanoic acid) and compound 2 (tetraethyl 
3-amino-propane-1,1-bisphosphonate), resulting in the for- 
mation of compound 3. Further modifications led to com- 
pound 4, which was then linked to Fe3O4 nanoparticles 
through Fe–O bonds. The resulting water-soluble product, 
compound 5, demonstrated a high affinity for UO22+ and 
efficiently removed UO22+ from both water and blood.153 In 
another study, small-sized dendrons were synthesized and 
grafted onto MNPs to achieve colloidal stability and tunable 
organic coating characteristics. The successful grafting of den- 
drons depended on the functional groups present, with oppo- 
sitely charged groups proving to be challenging. However, the 
use of carboxylate dendrons on MNPs resulted in excellent 
stability under physiological conditions and iso-osmolar 
media. These dendronized probes exhibited enhanced in vivo 
contrast compared to polymer-coated MNPs (Lamanna et al., 
2011).155 Furthermore, a study conducted research on biocom- 
patible phosphonated monomers and dendrons used as func- 
tional coatings for metal oxide nanoparticles. These molecules 
were designed with varying properties such as size, hydrophili- 
city, biocompatibility, and the number of anchoring phospho- 
nate groups. This library of hydrophilic phosphonic acids 



 

 

  

 
offers promising opportunities for exploring dendronized 
nanohybrids as theragnostic agents.151 

4.13 Magnetic graphene oxide with dendrimers 

Graphene oxide (GO) is a graphene-derived material, character- 
ized by its high specific surface area and the presence of diverse 
oxygen-containing functional groups, such as carboxyl, 
hydroxyl, and epoxy groups. These functional groups provide 
active attachment sites for further functionalization and modifi- 
cation. Compared to other carbonaceous nanomaterials, GO is 
known for its environmental friendliness and better biocompat- 
ibility. To improve the surface properties of GO, MNPs can be 
functionalized on the GO surface. Different types of dendri- 
mers, with their distinct end functional groups and cavity sizes, 
can selectively adsorb specific target molecules. Therefore, the 
combination of magnetic GO and dendrimers holds promise as 
environmentally friendly nanomaterials.156 In one study, mag- 
netic graphene oxide functionalized with ethylenediamine 
(EDA) was prepared employing a simple one-pot solvothermal 
technique. The grafting reaction and growth of PAMAM dendri- 
mers were achieved by performing a Michael addition of methyl 
acrylate (MA) to the amino groups on the GO/MNPs surface, fol- 
lowed by amidation of the terminal ester groups with EDA. The 
content of amino groups and steric hindrance of the dendri- 
mers increase with generation growth, requiring an increase in 
the amount of MA, EDA, and reaction time for the complete 
reaction.51 Another approach involved the amidation method to 
prepare graphene oxide-modified magnetic polyamidoamine 
dendrimers (MNPs-PAMAM-G2.0-GO) nanoparticles. This 
method utilized EDC and NHS as bi-functionalizing cross- 
linkers. MNPs and MNPs-PAMAM-Gn were synthesized using a 
reported method, and further amidation coupling with GO was 
performed using NHS and EDC.157 In a different study, a new 
type of dendrimer synthesized from ethylenediamine and 
maleic anhydride, was propagated from MNPs loaded with GO 
The resulting magnetic graphene oxide grafted polymaleica- 
mide dendrimer (GO/Fe3O4-g-PMAAM) nanohybrids were fabri- 
cated using a divergent approach and magnetic separation tech- 
niques. The surface of GO/Fe3O4 nanohybrids modified by 
3-aminopropyltriethoxysilane (APTES) was grafted with various 
generations of (PMAAM). The incorporation of MNPs into GO 
facilitated the grafting reaction and allowed for easy product col- 
lection through magnetic separation. GO also played a role in 
preventing the agglomeration of MNPs, while PMAAM dendri- 
mers protected against the oxidation of MNPs. The Pb(II) ions 
adsorption capacity of the GO/MNPs-g-PMAAM nanohybrids 
can be regulated by changing the terminal groups and gener- 
ations of the PMAAM dendrimers. The fabrication process 
involved preparing GO/Fe3O4 nanohybrids using an inverse co- 
precipitation method, modifying them with APTES, and then 
synthesizing different generations of GO/MNPs-g-PMAAM using 
ethylenediamine and maleic anhydride as functional mono- 
mers.158 More details are represented in Fig. 16 and Table 15. 

These are just a few examples of the dendrimers grafted onto 
or conjugated with MNPs. The choice of dendrimer will depend 
on the specific desired properties of the resulting conjugate. T
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Fig. 14 Magnetic methoxyphenyl triallyl-based catalytic dendrons with various generation and dendronization processes.149,150 
 

 

Fig. 15 Surface modification of MNPs with dendritic dopamine and bis-phosphonates (A) ref. 151, (B) ref. 154, (C) retro-syntheses of final dendritic 
phosphonic acids. (Phosphonic acids 2 and 3 bearing a longer and functional oligoethylene.) 

 

 

5. Factors between MNPs and 
dendrimer 

5.1 Preparation methods 

Various methods can be used to prepare magnetic nano- 
particles (MNPs) bound with dendrimers, each producing dis- 
tinctive shapes and sizes. These include conventional tech- 
niques like reflux, stirring, and innovative methods like soni- 

cation, hydrothermal synthesis, microwave-assisted synthesis, 
electrosynthesis, and ligand exchange. Sonication uses ultra- 
sonic waves to generate pressure fluctuations in a solution of 
metal salts, dendrimers, and reducing agents, leading to den- 
drimer-bound MNPs. This method provides unique mor- 
phologies and sizes of nanoparticles75,77,82 (see TEM results in 
Fig. 17a). The hydrothermal process involves high tempera- 
tures and pressures in a sealed vessel to combine metal salts, 
dendrimers, reducing agents, and surfactants, creating dendri- 



 

 

  

 
mer-coated MNPs with functional groups79,107 (see Fig. 17b). 
Microwave-assisted synthesis accelerates reactions by heating 
the solution with microwave irradiation, enabling rapid prepa- 
ration of dendrimer-bound MNPs with varied morphologies24 
(Fig. 17c). Electrosynthesis, applying an electric potential to a 
submerged electrode, deposits MNPs with dendrimers onto 
the substrate, offering precise control over nanoparticle shape 
and size.161 Finally, ligand exchange replaces original ligands 
on pre-synthesized MNPs with dendrimers containing func- 
tional groups, allowing for scalable and versatile synthesis 
such as oleic acid to different anchoring groups like catechol 
or catecholamine (dopamine),21 silane,22,41 carboxylate dendri- 
mers,36 or phosphonate12 (Fig. 17d). These diverse methods 
reveal how preparation techniques shape the properties of den- 
drimer-functionalized MNPs for various applications. 

5.2 Generation effect 

The generation of dendrimers, which refers to the number of 
branching points repeated or propagated in the dendrimer 
structure, has a significant effect on the binding to MNPs due 
to the size and shape of the dendrimer. Typically, higher gene- 
ration dendrimers have a larger size and greater number of 
functional groups, resulting in increased binding to the MNP 
surface. Dendrimers with higher generations tend to exhibit 
greater binding to MNPs due to the increased number of func- 
tional groups available for interaction. However, excessive den- 
drimer size and surface functionalization can lead to steric 
hindrance, limiting the number of dendrimers that can bind 
to the MNP surface. As the generation increases, the dendri- 
mers’ amino group content and steric hindrance also increase. 
This means that in order to ensure a complete reaction 
process, there is a need to increase the number of monomers 
(e.g., MA, EDA) and reaction time.51 Moreover, the generation 
of dendrimers can also affect the distribution and orientation 
of dendrimers on the MNP surface,11 which in turn can affect 
the properties of the resulting nanocomposites, such as stabi- 
lity, magnetic properties, and adsorption capacity. 

To comprehend the behavior of MNPs after assembly with 
dendrimers, the magnetism of MNPs was studied. 
Superparamagnetism is a state wherein the thermal energy 
within a system surpasses the energy barrier that holds the 
magnetization of a particle in a specific direction. As the 
system undergoes cooling, thermal energy decreases while the 
energy barrier increases, causing the magnetization to align 
along the easy axis, thereby creating a net dipole. This process 
occurs at a temperature known as the blocking temperature, 
which is closely linked to the volume of the MNPs. Using 
small-angle X-ray scattering (SAXS), it was observed that the 
average spacing between particles in assemblies is dependent 
on the generation of PAMAM dendrimers employed, ranging 
from generation 1 to 6.5. By combining particles with different 
dendrimers, the spacing between them was increased by 
approximately 2.4 nm at the extremes. This structural manipu- 
lation led to a considerable shift of more than 50 K in the 
blocking temperature. In contrast to theoretical expectations of 
a uniform r3 dependence between interparticle spacing and T
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Fig. 16 Emerging magnetic graphene oxide with the dendritic systems (a) MNPs–PAMAM dendrimer was bound covalently as a whole system to 
the surface of graphene oxide sheet,157 (b) PMAAM dendrimer was grafted from GO/MNPs using ethylenediamine and maleic anhydride as functional 
monomers,52 (c) PAMAM dendrimer was grafted from GO/MNPs using MA/EDA as the dendritic monomers (silane coupling agent was used for 
coordination for a, b & c systems,51 d) ref. 156, e and (f ) grafting onto stabilization interaction between PAMAM and GO/MNPs through EDC/NHS 
carbodiimide bonding with encapsulation of Pd NPs in (e) ref. 159, (f ) ref. 160. 

 

 

blocking temperature, the collected data indicated two distinct 
regimes. Initially, there appeared to be an interdependence of 
approximately r6, followed by a significant leveling off at larger 
interparticle distances. Furthermore, when particles were 
assembled with the largest dendrimer, their magnetic behavior 
mirrored that of particles free of magnetic interactions. This 
suggests that the assembled particles were completely 
decoupled within the dense aggregate.11 

The optimal generation of dendrimers for binding to MNPs 
and achieving good stability with functionality depends on 
several factors, including the size and surface properties of the 
MNPs, the desired functionalization, and the specific appli- 
cation. In general, lower generation dendrimers (such as G1 or 
G2) tend to have better stability with MNPs due to their 
smaller size and lower number of functional groups, which 
can reduce steric hindrance and increase the accessibility of 
functional groups for interaction with the MNP surface. 
However, lower generation dendrimers may have lower 
functionalization capacity and weaker binding strength to the 
MNP surface, which may limit their use in certain appli- 
cations. On the other hand, higher generation dendrimers 

(such as G4 or G5) may offer better functionalization capacity 
and stronger binding to the MNP surface due to their larger 
size and higher number of functional groups. However, the 
steric hindrance and crowding effects can lead to reduced 
stability and aggregation of the resulting nanocomposites. 
Therefore, the optimal generation of dendrimer for binding to 
MNPs and achieving good stability with functionality depends 
on a careful balance between these factors, as well as the 
specific requirements of the intended application. A systematic 
evaluation of the dendrimer–MNP architecture is needed to 
identify the optimal dendrimer generation and surface 
functionalization for achieving the desired stability, function- 
ality, and performance. 

5.3 pH effect on binding mode and shape of dendrimers 
coating 

The pH value has a significant effect on the shape and confor- 
mation of dendrimers and their binding modes with MNPs in 
terms of coating and functionality. At different pH values, the 
protonation or deprotonation of functional groups on the den- 
drimer surface can affect the electrostatic interactions, hydro- 



 

 

 
 
 
 
 
 
 
 
 
 

Table 15 Magnetic graphene oxide with various type of dendrimer and dendritic interactions 
 

 

 

 
Dendrimer 

 
 

Dendrimer 

 
Dendrimer 
terminal 

 
MNPs pre- 
surface 

 
Dendritic 
attachment 

 
 

Bond type between MNPs 

 
 

MNPs : dendrimer 

Dendritic 
MNPs post- 
surface 

 
 

Targeted 
generation/size monomers Dendrimer core group MNPs synthesis functionalization approach & dendrimer ratio modification application Ref. 

PAMAM G0.5–G4 Ethylenediamine 
(EDA), methyl 
acrylate (MA) 

GO@MNP@NH 
(G0) 

NH2 One-pot 
solvothermal 
method 
(loading MNPs 
on the surface 
of graphene 
oxide GO) 

EDA Grafting 
from 
assembly 

GO@MNps@NH2 — — Removal of Hg 51 
(II) 

Polymaleicamide Maleic anhydride GO@MNP@Si– COOH Inverse (3-Aminopropyl) Grafting GO@MNps@Si–NH2 — — Removal of Pb 52 
 

(PMAAM) G3.5 (MAH), 
ethanediamine 
(EDA) 

NH (G0) coprecipitation triethoxysilane from 
assembly 

 (II)  

PAMAM G3 Ethylenediamine GO@MNP@Si– NH2 Coprecipitation GO-(3- Grafting GO@MNps@Si–NH2 — — Sorbent of the 156 
 (EDA), methyl NH (G0)  aminopropyl) from  synthetic dyes  
 acrylate (MA)   triethoxysilane assembly  tartrazine,  

    (APTES)   quinoline  

       yellow, sunset  

       yellow and  

       carmoisine  

PAMAM G2 Ethylenediamine EDA NH2 Coprecipitation 1-Ethyl-3-(3- Grafting Carbodiimide 150.0 mg of GO– — Carbon 160 
 (EDA), methyl  in situ with GO dimethyla- onto MNPs : 1.5 mL  electrode (GCE)  
 acrylate (MA)   minopropyl) stabilization PAMAM  coating for  

    carbodiimide   simultaneous  

    hydrochloride   detection of Pb  

    (EDC) and   (II) and Cd(II) in  

    N-hydro-   environmental  

    xysuccinimide   waters  

    (NHS) EDC/NHS  Pd NPs Electrochemical 159 
       sensor for the  

       determination  

       of H2O2 in real  

       water samples  

PAMAM G2 Ethylenediamine MNP@Si–NH2 NH2 Coprecipitation –(3- Grafting MNPs@PAMAM-G2.0@GO — — Magnetic solid 157 
 (EDA), methyl   Aminopropyl) from  phase extraction  
 acrylate (MA)   triethoxysilane (PAMAM on  (MSPE) of  

    (APTES) MNPs),  polycyclic  

     grafting  aromatic  

     onto (on  hydrocarbons  

     GO)  (PAHs) from  

       water  

 



 

 

  

 

Fig. 17 (a) PAMAM Dendrimer G7 coated on MNPs via sonication process,77 (b) HRTEM images of MNPs with PAMAM-SAH G4 via hydrothermal 
process,79 (c) microwave assisted synthesis of PAMAM–MNPs (HRTEM image of Fe3O4). 

 

 

gen bonding, and steric hindrance, leading to changes in the 
shape and charge density of the dendrimer. At low pH values, 
the negatively charged groups on the dendrimer surface are 
protonated, resulting in a positive charge and increased 
electrostatic repulsion between the dendrimer branches. This 
repulsion leads to a more extended conformation of the den- 
drimer, exposing more functional groups for interaction with 
the MNP surface. The positively charged dendrimer can also 
electrostatically interact with the negatively charged MNP 
surface, resulting in a stable coating and enhanced functional- 
ity. In contrast, at high pH values, the carboxylic acid groups 
on the dendrimer surface are deprotonated, resulting in a 
negative charge and increased electrostatic attraction between 
the dendrimer branches. This attraction leads to a more 
compact conformation of the dendrimer, reducing the accessi- 

bility of functional groups for interaction with the MNP 
surface. The negatively charged dendrimer can also electro- 
statically repel the negatively charged MNP surface, resulting 
in reduced coating stability and functionality. Moreover, the 
pH value can also affect the binding modes between dendri- 
mers and MNPs through coordination interactions. For 
example, at low pH values, the protonation of amino groups 
on the dendrimer surface can enhance the coordination of 
metal ions on the MNP surface, leading to a higher binding 
capacity and selectivity for metal ion removal. As the pH value 
plays a critical role in determining the shape and charge 
density of dendrimers and their binding modes with MNPs in 
terms of coating and functionality, the optimal pH value for 
dendrimer–MNP interaction depends on the specific appli- 
cation and the desired properties of the resulting nano- 



 

 

  
 
 

 
 

Fig. 18 Effect of pH on dendrimer charge at different generations162,163 
copy rights. 

 

 
composites (biomedical systems, water treatment, etc.). A 
summary of this section is represented in Fig. 18. 

 
5.4 Doping and intervention of MNPs 

In modern nanomaterial research, the functionalization of 
dendrimers with MNPs is profoundly influenced by strategic 
changes in the chemical composition and structural configur- 
ations of MNPs. Notably, doping these nanoparticles with 
various metal ions substantially modifies their intrinsic mag- 
netic properties, which is pivotal for enhancing their inter- 
action with dendrimers. Aptamer–dendrimer functionalized 
magnetic nano-octahedrons were utilized in which doping pro- 
vided notable enhancements in drug and gene delivery 
capacities alongside improved contrasts in near-infrared and 
magnetic resonance imaging modalities.164 Furthermore, 
Bhalla et al. (2021) demonstrated that the doping of spinel fer- 
rites could effectively tune their magnetic and plasmonic pro- 
perties without altering the work function, thus maintaining 
stable band gaps with customized plasmonic responses.165 
Additionally, the inversion number in ferrites, which dictates 
the cation distribution within the crystal lattice, directly 
impacts the magnetic properties and consequently, the surface 
characteristics essential for dendrimer functionalization. 

These changes in the inversion number are critical as they 
influence the overall effectiveness of dendrimer–MNP conju- 
gates in various applications, ranging from targeted thera- 
peutic delivery to advanced imaging techniques. Through such 
structural modifications, the functional properties of MNPs 
can be meticulously tailored, enhancing their utility across a 
spectrum of biomedical and technological applications. 

5.5 Potential functionality groups 

The potential functionalities attached to the conjugated 
MNPs–Dendrimer have a great impact on the application due 
to differences in the size, shape, charge, and functional groups 
of the MNP–dendrimer. The size and shape of MNPs–dendri- 
mers can influence the accessibility and density of functional 
groups on the dendrimer surface. Larger dendrimers, such as 
higher generation dendrimers, may have more functional 
groups, resulting in higher binding capacity and functionali- 
zation. The functional groups on dendrimers can play a crucial 
role in their binding and functionalization of MNPs. 
Dendrimers with functional groups such as carboxylate, 
amine, and thiol groups can bind to the surface of MNPs 
through coordination or electrostatic interactions, resulting in 
stable coatings and functionalization. Additionally, dendrimers 
with functional groups such as hydroxyl, epoxy, and alkyl 
groups can provide sites for further functionalization with other 
molecules, enhancing their functionality. In general, the choice 
of dendrimer type can impact the binding and functionalization 
of MNPs through several mechanisms. Moreover, surface modi- 
fication of dendrimer-coated MNPs with various molecules can 
enhance their stability, biocompatibility, targeting, imaging, or 
therapeutic properties for various applications. Some of the 
commonly used molecules for surface modification of dendri- 
mer-coated MNPs are discussed in Table 16. 

 

6. Research limitations and 
challenges 

Coordinating MNPs with dendrimers involves several chal- 
lenges, including surface reactivity, size mismatches, steric 
hindrance, stability and aggregation issues, compatibility of 
surface functional groups, controlled conjugation, and con- 
cerns over biocompatibility and toxicity. MNPs like magnetite 
and maghemite have reactive surfaces prone to oxidation, com- 
plicating stable dendrimer conjugation. Matching the sizes of 
nanoscale MNPs and larger macromolecular dendrimers is 
difficult, affecting efficient conjugation and stability. 
Dendrimers’ densely packed functional groups can cause 
steric hindrance, limiting surface coverage and attachment. 
MNPs’ tendency to aggregate, exacerbated by dendrimer pres- 
ence, can hinder their application in magnetic targeting or 
imaging. Achieving compatibility and controlled arrangement 
of dendrimers on MNPs is crucial for desired functionalities 
but challenging due to competing functional groups. Finally, 
ensuring biocompatibility and safety of these conjugates for 
biological applications is critical, as both MNPs and dendri- 



 

 

  

 
Table 16 Terminal group functionalities and active sites 

 

Potential 
functionalization Examples Application Ref. 

Polymers Polyethyleneimine (PEI) Enhancement of transfection efficiency 90 
110 

Polyethylene glycol (PEG) Increase of stability and biocompatibility 17 
78 

Chitosan Amphoteric adsorption and biocompatibility 93 
(DGEBA) epoxy resin Improving thermal and mechanical properties of 82 

resin network 
Peptides RGD peptides Specific target binding 39 

Gold binding peptides 10 
Aptamers DNA & RNA Gene editing and targeting 90 

14, 95, 111 
and 112 

Fluorescent dyes Fluorescein isothiocyanate (FITC) Fluorescent reporters for potential MRI contrast 
enhancement 

 
Carboxytetramethylrhodamine (TAMRA). With 
coumarin 6 

Protective molecules Fluorenyl methoxycarbonyl (Fmoc) Control of the branching degree and the dendrimer 

57 and 71 
41 
166 
88 and 120 
28 

18 and 28 
Tertbutoxycarbonyl (Boc) size 21 and 151 
tert-Butyl (tBu) ether 151 

Metal ions Gold nanoparticles Electrical conductivity 23 
34 
8 

Silver ions and NPs Catalytic reactions 44 
Palladium Pd Catalytic activities 34 

50, 138 and 
140–142 

Titanium oxides (TiO2) Photocatalysts 73 
Zinc doped 

Small 
molecules 

Drugs Dithiocarbamate (DTC) Targeted drug delivery 167 
Doxorubicin hydrochloride (DOX) 17, 77 and 168 
Niclosamide 28 and 131 
Rosuvastatin (RST; Crestor) 169 
Methotrexate (MTX) 22 and 120 
Beta naphthol 98 

Others Murexide Metallochromic indicator, effective scavenger for 47 
hydroxyl and radical superoxides 

Ethylenediaminetetraacetic acid (EDTA) Precious metal targeting and adsorption 76 
Folic acid Receptor-mediated (or active) targeted imaging of 

tumor cells 
41, 57 and 71 

Temperature sensitive 
conjugates 

Isopropylacrylamide (NIPAM) Thermo-response 170 
171 

Antibodies Carbohydrate antigen-125 (CA125) Immuno-sensing probes 58 
 
 

mers may exhibit toxicological properties, requiring careful 
testing and consideration. 

 
 

7. Future directions 

In the field of MNPs coordination of with dendrimers, several 
areas of future work can be explored. Here are some potential 
directions: 

• Enhanced stability and control: Developing strategies to 
improve the stability of conjugated MNPs and achieve better 
control over the surface coverage and spatial arrangement of 
dendrimers. This can involve designing new dendrimers with 
specific functionalities or modifying the surface of MNPs to 
enhance stability and prevent aggregation. 

• Surface engineering and multifunctionality: Exploring 
advanced surface engineering techniques to introduce mul- 

 
 

tiple functionalities onto the surface of MNPs conjugated with 
dendrimers. This may include incorporating targeting ligands, 
therapeutic agents, imaging probes, or stimuli-responsive moi- 
eties to enable multifunctional properties, such as targeted 
drug delivery, imaging, or controlled release. 

• Biocompatibility and toxicity assessment: Conducting 
comprehensive studies to evaluate the biocompatibility and 
potential toxicity of dendrimer–MNPs. This involves in-depth 
investigations into their interactions with biological systems, 
including cellular uptake, biodistribution, and long-term 
effects. The goal is to develop safe and biocompatible nano- 
materials for various biomedical applications. 

• In vivo applications: Advancing the translation of dendri- 
mer–conjugated MNPs into practical in vivo applications. This 
includes preclinical and clinical studies to assess their efficacy 
and safety in targeted drug delivery, magnetic resonance 
imaging (MRI), hyperthermia therapy, and other biomedical 



 

 

  
 

applications. Optimizing the properties and functionalities of 
these nanoparticles for specific disease targets can signifi- 
cantly impact their clinical potential. 

• Scalability and manufacturing: Developing scalable and 
cost-effective manufacturing methods for dendrimer–conju- 
gated MNPs. The ability to produce these coordinated nano- 
particles in large quantities while maintaining their desired 
properties is crucial for their widespread use and commercial 
viability. 

• Novel dendrimer designs: There is a huge potential of 
designing and synthesizing dendrimers with tailored pro- 
perties specifically for conjugation to MNPs. This may involve 
exploring new dendrimer architectures, functional groups, or 
surface modification strategies to optimize the conjugation 
process, improve stability, and enable new functionalities. 

• Integration with other nanomaterials: Investigating the 
integration of dendrimer–conjugated MNPs with other nano- 
materials or nanosystems, such as liposomes, polymers, or 
carbon nanomaterials. Synergistic combinations of different 
nanomaterials can lead to enhanced properties and function- 
alities, expanding the potential applications in areas like thera- 
nostics (therapy and diagnostics combined). 

 
 

8. Conclusion 

The process of functionalization of MNPs and conjugation 
with dendrimers is a promising approach for efficient and 
effective utilization in various applications. Dendrimers 
provide stability and functionalization sites for targeted appli- 
cations such as adsorption, catalytic activities, sensing, 
imaging, and superparamagnetic properties, while also allow- 
ing for control over the size and surface chemistry of the 
resulting magnetic nanocomposites. The underlying mecha- 
nisms of coordination and conjugation involve electrostatic 
interactions, covalent bonding, and hydrophobic interactions. 
Despite the potential benefits of dendrimer–conjugated MNPs, 
there are still challenges that need to be addressed. These 
challenges include the potential toxicity of dendrimers, the 
complex interplay between dendrimer size and MNP surface 
area, and the difficulty in controlling dendrimer distribution 
and orientation on the MNP surface. To overcome these chal- 
lenges, the use of biocompatible dendrimers and advanced 
characterization techniques is recommended. The insights 
provided by this review paper will be valuable for researchers 
working on the development and application of dendrimer– 
MNPs systems. Further research is required to optimize and 
develop new dendrimer–MNP architectures and to unlock the 
full potential of these nanocomposites in environmental reme- 
diation, catalysis industry, water treatment, and biomedical 
and therapeutic fields. 
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