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gested. There have been considerable research interests in using nanomaterials to the prementioned
methods. Among all nanomaterials, dendritic materials with three-dimensional structures, host-guest
properties, and nano-polymeric dimensions have received considerable attention. Amine-terminated
dendritic structures including, polyamidoamine (PAMAM), polypropyleneimine (PPI), and poly-
ethyleneimine (PEI), have been enormously utilized in bio-modification. This review briefly described the

I];zgmllfgg;'c and therapeutic agents structurg of these_ three common dgndritjc polymers .:md their use tq modify diagnostic_ gnd tt_lerap_eutic
Amine-terminated dendritic polymers agents in six major applications, including drug delivery, gene delivery, biosensor, bioimaging, tissue
(ATDPs) engineering, and antimicrobial activity. The current review covers amine-terminated dendritic polymers
Modification toxicity challenging and improvement strategies as well.

Polyamidoamine (PAMAM) © 2021 Published by Elsevier Masson SAS.

Polypropyleneimine (PPI)
Polyethyleneimine (PEI)
Biomedical applications

Contents
B OO Y T L1 o 1o PP
D2 0 <33 T U Va Call 570 A1) 1 U<l 2
3. Amine-terminated dendritic polymers ........... "
4, Biomedical appllcatlons of modified dlagnostlc and therapeutlc agents w1th amine- termmated dendrltlc polymers - 1

4.1. Drug delivery .

4.1.1. PAMAM in drug dellvery

41.2. PPlindrugdelivery .........cc.oviiininiiiiiiiiiiinnannns

413, PELIN drug deliVery . ...o.otitit ittt e ettt e et e e e e e e e e e
4.2. Gene delivery . .

421. PAMAMmgenedellvery

422, 422PPImgenedellvery...............................................................................................

4.23. PEl in gene delivery
4.3. BiOSeNSOI .........c.coevuneunn.

4.3.1. PAMAM in biosensor

4.3.2. PPLIN DIOSEIISOT .. ettt et te e et e ettt ettt e e et et e e e e e et e et e e e e e e e e e e e e e e e e e

433, PELIN DIOSEIISOT . . e ettt ettt ettt e et ettt e e e e e e e et e e et e e e e e e e e e e e e e e e e e
44. Blolmagmg
4.5. Tissue engineering .
4.6. Antlmlcroblalagents .

5. Cytotox1c1tyofam1netermmateddendrltlcpolymers.........................A..A..........................A..........A................

* Corresponding author.

E-mail address: akbari_s@aut.ac.ir (S. Akbari).

https://doi.org/10.1016/j.ejmech.2021.113572
0223-5234/© 2021 Published by Elsevier Masson SAS.


mailto:akbari_s@aut.ac.ir
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ejmech.2021.113572&domain=pdf
www.sciencedirect.com/science/journal/02235234
http://www.elsevier.com/locate/ejmech
https://doi.org/10.1016/j.ejmech.2021.113572
https://doi.org/10.1016/j.ejmech.2021.113572

M. Delyanee, S. Akbari and A. Solouk

6. Conclusion and fULUIE TrEIA . . ... ..ottt ettt ettt ettt ettt e e e e ettt et e e e e e e e ettt e e e

L0 Ve B P 19

Authors’ contribution .........

Declaration Of COMPETING INEEIESE .. ..t u vttt ettt ettt ettt e e ettt et et et et e e e e e ee e e e e e e et e et e et e e e e ettt te e te e eieaans
S (] (<) 1 Lo/ P

European Journal of Medicinal Chemistry 221 (2021) 113572

18

.19
19
19

1. Introduction

The bulk and surface structures of biomaterials as diagnostic
and therapeutic agents, affect their biological response. The bulk of
a biomaterial indicates the physicochemical properties that should
have been considered during designing and manufacturing of
them. Biomaterial source, molecular composition, porosity, and
crosslinking strategies for the modulation of diagnostic and ther-
apeutic agents characteristics are significant bulk parameters
affecting cellular biological responses [1]. In biology and medicine,
the surface properties of biomaterials play an essential role due to
the critical reactions that take place on the interface between the
biomaterials and tissues fluids. The reactions are determined by
surface properties, for instance physiochemical, topographical,
mechanical, biocompatible, and bio-functional characteristics.
These reactions are essential to the ultimate success or failure of
biomaterials. They begin with water adsorption, then biomolecule
such as proteins adsorption, and later cell adhesion to the bioma-
terial surface [2]. The above-mentioned surface features strongly
influence cellular behaviors (such as adhesion, morphology, align-
ment, and contact guidance). There has been considerable progress
in understanding the relationship between cells and extracellular
matrixes used to create mimetic biomaterials used in biomedical
engineering. Some of the influencing factors are summarized as
chemical structure, hydrophilicity, hydrophobicity, surface rough-
ness, and surface morphology [3].

Most biomaterials may have excellent engineering properties
but may not have a good interface with the biological environment.
Modification, therefore, plays a crucial role since identified unique
properties such as cytocompatibility and antimicrobial activity can
be enhanced while attributing mechanical strength, robustness,
and inertness to the relevant bulk materials [4]. Biomaterial
modification also appears to be a more cost-effective and effective
way to modify emerging traditional biomaterials to suit modern
and ever-changing clinical needs. Changing the biomaterial char-
acteristics represents a promising route to engineering bio-
functionality at the material tissue interface to modulate biolog-
ical responses. Nanotechnology approaches for the treatment were
developed to circumvent several drawbacks in the modification
methods. The area of using nanoparticles (NP's) to modify the
surface and the bulk of biomaterials has been of considerable
research interest. Different types of nanoparticles have been stud-
ied extensively for this application, such as metals (silver (Ag>), gold
(Au?), ...), minerals (carbon nanotube (CNT?), halloysite nanotube,
hydroxyapatite, silica, ...) and polymeric particles (chitosan, algi-
nate, polylactic acid, polylactic-co-glycolic acid, dendrimers, ...)
[5—7]. Dendrimers are defined as a family of synthetic polymers
with unique structural features, three-dimensional architectures
that are highly branched and well-defined. It illustrates the ad-
vantages of dendritic materials for property modification and their
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potential applications in diverse areas [8]. The current review fo-
cuses on amine-terminated dendritic polymers (ATDPs”) and their
application in the bulk in addition to surface modification of bio-
materials as diagnostic and therapeutic agents.

2. Dendritic polymers

Dendrimer's name comes from the Greek word 3¢vdpov “Den-
dron” and “Meros”, which means tree-like [9]. Based on their ar-
chitecture, dendritic polymers can be divided into four different
groups, random hyperbranched polymers, dendrigraphts, den-
drons, and dendrimers as shown in Fig. 1 [10].

In the early 1980s, researchers from DuPont, Kim, and Webster
coined the term “hyperbranched polymers” or HB® to define den-
dritic polymers as unsymmetrical branching [11]. They are highly
branched and have three-dimensional structures, observed in
Fig. 1A HBs were produced by one-step polyaddition, poly-
condensation, and radical polymerization. In various biomedical
applications, hyperbranched polymers play an essential role. The
main areas are gene, drug and protein delivery, biodegradable
materials, modification of the surface and the bulk of materials,
bioimaging agent, and bio interaction applications due to the lower
price compared to dendrimer [12].

Dendrons and dendrimers are the subgroups of dendritic poly-
mers most intensively investigated as shown in Fig. 1B. The struc-
ture of the PAMAM dendrimer consists of three parts as shown in
Fig. 2: a core with two or more reactive groups; interior layers
consisting of repeated branching units covalently attached to the
core (each layer is called one “generation” (G’)); and outer surface
terminal functional groups [13]. It is possible to construct den-
drimers with almost precisely defined architectures and composi-
tions by managing specifics of the core, interior, and surface.

Most dendrimers are synthesized following either a convergent
or a divergent route. Dendrimers are assembled from the core to
the surface (inside out) using the divergent method. In a series of
repeated reactions, active groups bind to monomers, forming new
generations, and these coupling reactions increase with an
increasing generation. While, in the convergent strategy den-
drimers are produced from the outside to the inside. The synthesis
starts with the creation of dendritic monomers, and then den-
drimers are formed by the interaction between the monomers and
a single reactive core. Other synthesis methods have been devel-
oped to decorate dendrimers with different surface functional
groups, such as hyperbranching strategies, double-stage conver-
gent strategy, double exponential dendrimer growth, and comb-
burst, whereas divergent and convergent approaches are time-
consuming and tedious [14].

In Fig. 1C, the dendrigraft or hybrid dendrimer as the other class
of dendritic polymers is illustrated. It was introduced as Comb-
burst® and as arborescent polymers in 1991 [15,16]. Typically,

5 Amine-terminated dendritic polymers.
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7 Generation.
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A

Fig. 1. Comparison of the structure of A). Hyperbranched, B). Dendrimer and C). Dendrigraft.
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Fig. 2. Schematic reorientation of PAMAM G4 dendrimer structure.

dendrigraft polymers were produced by two methods including a convergent approach resembling the hyperbranched polymer
ionic polymerization and grafting. Three different strategies syn- [15—17].

thesized the dendrigrafts; the “grafting on” and “grafting from” Dendritic polymers are suitable for a variety of biomedical ap-
methods, which are divergent techniques similar to the core-first plications such as pharmaceutical applications (as drug delivery
dendrimer synthesis and the “grafting through” method, which is and target drug delivery systems, biomimetic artificial proteins,
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Fig. 3. Biomedical applications of dendritic polymers.

nanodrugs, and antibacterial agents), tissue engineering, trans-
fection, diagnostic application (as molecular probes, X-ray and
magnetic resonance imaging (MRI®) contrast agents), and antimi-
crobial agents [8,9,18—22]. This assortment can be seen in Fig. 3.
Among various types of dendritic polymers such as poly(benzyl
ether) dendrons marked as Frechet-type dendrimer, phosphorus
dendrons, polylysine dendrimer, and poly(alkyl ether), ATDPs
absorb remarkable attention which considered in this review paper.

3. Amine-terminated dendritic polymers

Amine-terminated polymers have been used as promising
nanomaterials in biomedical engineering among various kinds of
dendritic polymers [23,24]. For this reason, briefly, polyamido-
amine (PAMAM?®), polypropyleneimine (PPI'°), and poly-
ethyleneimine (PEI'!) are described in the biomedical field as
ATDPs.

PAMAM dendrimers are the first of the most widely studied
ATDPs for biomedical applications such as drug and gene delivery,

8 Magnetic resonance imaging.
9 Polyamidoamine.

10 polypropyleneimine.

11" polyethyleneimine.

diagnosis, bioimaging, antibacterial agents, and nanoparticular
synthesis [25—32]. They can be synthesized through divergent
strategies. PAMAM has attracted significant attention because of its
spherical shape, the high degree of monodispersity, flexibility, and
controlled molecular architecture. This core-shell structure of
PAMAM grows in linear diameter as a function of added genera-
tions, while at each generation the surface groups exponentially
amplify. The diameters of these spheroids are systematically
increasing at a rate of around 1 nm per generation. The sizes and
contours of many essential proteins and bioassemblies match
closely to them. For example, generations 3, 4, and 5 of the
ammonia-core PAMAM dendrimers are approximately the same
size and shape as insulin (3 nm), cytochrome C (4 nm), and he-
moglobin (5.5 nm) [8]. Through molecular dynamic simulations,
Goddard et al. [33] demonstrated that the presence of solvent in
PAMAM dendrimers results in considerable size alterations. In
other work by Luo and Imae [34], it has been shown that PAMAM
dendrimers aggregate in aqueous solutions, resulting in changes in
their normal size. In 2009 the size distribution was reported to have
changed as a function of the time. The aggregate size increased over
time and achieved a stable value [35]. The small size of PAMAM
allows them to quickly cleanse through the kidneys from the blood
and eliminate the need for biodegradability. Depending on the
generation of PAMAM, different functional groups exist on the
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surface of the dendrimer (e.g., cationic G4-NH> and anionic G3.5-
COOH), providing different functional groups and surface load on
the PAMAM, enabling well-modified functional molecules [36]. As
the PAMAM generation grows, the density of the surface functional
groups increases. This can provide more reactive spots for attaching
drugs, enzymes, antibodies, and nucleic acids to molecules. PAMAM
dendrimers interact with nucleic acids due to functional amine
groups, via electrostatic interactions. An important and influential
factor in the complex's cellular uptake, created by the electrostatic
interaction between cationic dendrimers and anionic DNA/RNA, is
its size. Meaning the smaller the complex is, the better it penetrates
[9]. Effective transfection for PAMAM has been shown to be typi-
cally restricted to more than G4 [37]. There are some issues in MRI
application, including low contrast efficiency, no tissue specificity,
and rapid excretion. Researchers have considered the use of den-
dritic structures such as PAMAM to prevent large amounts of agents
from reducing the mentioned limitations [9].

Polypropyleneimine dendrimers, with the different biomedical
applications, represent one of the most explored classes of den-
drimers. Though different methods synthesize PPI dendrimers, this
type of ATDPs is synthesized by a generally divergent method.
Lower generations have an open and asymmetric shape with fewer
interior spaces, encapsulating the guest molecule, and showing a
high polarity range. So, they interact easily with protein-like
myoglobin compared to older generations [23]. The idea that
modified PPI dendrimers can cross blood brain barriers, a highly
selective permeable membrane border that separates circulating
blood from the brain has attracted research into applying this
material in the delivery of drugs and genes [38,39]. PPl dendrimers
improve the transfection of DNA by endocytosis and eventually
through the cell nucleus as non-viral gene transfer agents. The
complex stability of the PPI dendrimer-DNA/RNA and the net
cationic charge increase with increased dendrimer generation [40].
Also, PPI dendrimers provide a platform for anionic DNAs and RNAs
to be delivered efficiently because they contain internal tertiary and
peripheral primary amines, allowing for easy surface modifications.
However, there is a difference in polarity and size of the PPI and
PAMAM dendrimers in their interior branched regions [41]. There
are only alkyl and tertiary amine groups in the internal structure of
PPI dendrimers. Whereas PAMAM dendrimers also contain amide
groups, which enhance the polarity of their inside pockets [42].
Differences between internal functional groups often generate
distinct host behaviors for guest molecules encapsulated [43].

The third amine-terminated structure introduced as PEl, a 1:2:1
ratio of aliphatic polymer, contains primary, secondary, and tertiary
amino groups. As the polymer comprises recurring ethylamine
groups, PEI is highly water-soluble and useable in linear and
branched structures (the ranging of molecular weights
700—1000 kDa) [24]. PEI has also been identified as being reason-
ably safe for the internal utilization of animals and humans. PEI is
widely used to flocculate cellular contaminants, nucleic acids,
lipids, and cellular homogeneous debris to aid in purification sol-
uble proteins [44]. Another field in which PEI has been used is
enzymatic reactions in bioprocesses: as an immobilizing agent for
biocatalysts [45], as a soluble enzyme carrier [46], or as a macro-
cyclic metal complex mimicking metalloenzymes [47]. Several
studies reported using PEI in biomedical engineering, including a
carrier for small drugs delivery, the photodynamic therapy, anti-
microbial coating, the nanosized vectors preparation, and non-
invasive optical bioimaging devices [24,48,49].

Although, amine-terminated materials are among the most
promising polymers for biomedical applications, there are safety
concerns regarding their toxicity. We will discuss their toxicity
challenge after introducing the applications of PAMAM, PPI, and PEI
for bulk and surface modification of biomaterials.

European Journal of Medicinal Chemistry 221 (2021) 113572

4. Biomedical applications of modified diagnostic and
therapeutic agents with amine-terminated dendritic
polymers

4.1. Drug delivery

Drug delivery systems (DDS'?) can be designed to improve drug
administered pharmacological and therapeutic properties [50]. The
advantages of DDS include continuous maintenance of drug levels
in patients, reduced amount of drug required, reduction of side
effects due to targeted delivery to a particular site, and facilitation
of short-lived drug administration (e.g., peptides and proteins).
However, the following concerns should be considered in each
DDS: (1) toxicity of the drug-carrying ingredients or products
resulting from their degradation during release or sudden release
(unwanted and rapid drug release); (2) the suffering felt from the
drug delivery system itself or how it is injected; and (3) the sys-
tem's expenditure on drug encapsulation or manufacturing mate-
rials [51,52].

Dendrimers have been of great interest as spherical branched
macromolecules possessing many terminal groups and their use in
drug delivery systems, DNA, and proteins [53]. In addition, the large
number of functional surface amine groups on the surface of ATDPs
can be altered or combined with different guest molecules [54]. The
combination of specific targeting molecules such as sugar, folic acid,
biotin, antibody, peptide, and dendrimer growth factors may result
in preferential cargo distribution in the targeted tissue or cells [55].
However, there are still some difficulties in introducing dendrimer-
based drug carriers, such as the limited scale of dendrimers, leading
to rapid clearance of blood circulation [56—58]. In the DDS appli-
cation, the main advantages of dendrimers are: reducing the
required dose of a drug, increasing treatment efficacy, controlling
drug biodistribution, decreasing drug side effects, increasing tar-
geted drug delivery, easy detection with fluorescent samples,
introducing multiple routes of administration, and having high
drug-loading capacity [59—61].

In the field of biomaterial modification, several papers reported
the use of ATDPs. Some of those publications that mentioned
PAMAM, PPI, and PEI in drug delivery systems for performance
enhancement and property improvement were summarized in
Table 1.

4.1.1. PAMAM in drug delivery

PAMAM dendrimer provides an excellent DDS platform, char-
acterized by a high degree of dendritic branches and high density
functional amine groups. It has advantages such as high drug
loading, high capacity for water bonding, and low toxicity. This
section will introduce instances of using PAMAM to modify other
drug delivery systems, regarding to these points.

Scientists have been exploring the capability of nanohybrids
consisting of dendrimers and nanotubes for biomedical applica-
tions. Although both dendrimers and CNTs have shown great po-
tential in drug delivery, due to toxicity and dispersibility issues,
their promising clinical applications are still suspected. Hybrids of
CNTs and dendrimers were reported to be able to remove the de-
merits of each other while synergizing the potential and potential
toxicity of nanohybrids on which various reports distinguish in
testing [62]. In another work to overcome the poor stability and
bioavailability of berberine hydrochloride and chrysophanol as
potential treatments for ocular diseases, a compound liposome
system was prepared for PAMAM G3 as a carrier that can simulta-
neously clog these drugs. They reported the PAMAM G3-coated

12 Drug delivery systems.
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Table 1
Applications of modification with amine-terminated dendritic polymers for DDS.
Type of amine- Generation or  Type of drug delivery Drug Comment References
terminated molecular system
dendritic polymers weight
PAMAM G1 and G3 MSN DOX The nanocarriers have self-fluorescent properties that prohibit the use of [66]
fluorescent labeling and allow pH-reacted drugs to be released.
G4 Polystyrenesulfonate DOX Control loading and release of DOX and exploiting presence of dendrimer [78]
Microcapsules in the PAMAM G4 modified capsules to prepare crosslinked membrane
films that were amenable to surface modification
G3 Polyhydroxyalkanoate Tamsulosin The solubility of drugs is allegedly improved by dendrimers with a [79]
terminal amino group
G2, G3, G4, Magnetic DOX Modified G4 dendrimer Fe304 releases most of the drug at lower pH, [65]
andG7 nanoparticles (Fe304) proving to be the most acceptable generation for the successful delivery of
DOX
G4 Chitosan Methotrexate Improve the cytotoxicity of free methotrex-ate on cells [80]
nanoparticles
G3 Gelatin and cellulose Betamethasone Rather loading efficiency and decrease the rate of degradation almost two [81]
nanocrystal sodium phosphate times with high cell viability
The reducible  Iron oxide DOX The exciting promise of easy design in drug delivery applications have  [63]
polyamidoamine nanoparticles been demonstrated by cell and animal experiments.
PPI G5 Au nanoparticles DOX Increased grafting ratio allowed the release of drugs due to the shielding [71]
effect of grafted dendrimers.
G4 Au nanoparticles DOX Better solubility of drug in release media with respect to dendrimer [82]
cavities and drug release through polymeric matrix
G4 Nanocrystalline DOX Higher amount of drug loading at different pH values [70]
cellulose
G1-G5 MSN Model drug Dendrimers G1 and G2 have been shown to be more successful than [69]
higher generations in model drug preservation and eventual release.
G5 Muramyl dipeptide ~ Amphotericin B There was a significant reduction in toxicity in hemolytic toxicity and [73]
cytotoxicity studies in erythrocytes and J774A.1 macrophage cells.
PEI 1.8 kDa Sialic acid -cholesterol DOX The highest tumor inhibition levels effectively impeded/delayed the [77]
disposition of the mononuclear phagocyte system
1.8 kDa Gelatin nanoparticles Ovalbumin and Effectively adsorbed Ovalbumin/polyinosinic: [75]

polyinosinic:
polycytidylic acid

Polycytidylic, facilitated cellular uptake

compound liposomes showed considerable cellular permeability in
human corneal epithelial cells and increased bio-adhesion on
corneal rabbit epithelium [62]. Novel chitosan derivatives with
polyamidoamine moieties have been reported to be synthesized to
encapsulate anticancer drug-methotrexate to enhance efficacy and
reduce side effects. Results showed that chitosan derivatives with
PAMAM could significantly improve the cytotoxicity of free meth-
otrexate on cells and demonstrate that this new carrier can provide
an appropriate platform for water-insoluble delivery of drugs [63].
Previously our group published a paper on polycaprolactone/
PAMAM-G2 nanofiber was prepared to improve polycaprolactone
deficiencies by direct aminolysis. It was to introduce active groups
of NH; and OH into polymer surface and bulk polycaprolactone. The
scaffold had intense cytotoxic activity by curcumin against breast
cancer cells, incorporated in the nanofibers as an anticancer drug.
High death rates for cells indicated that these scaffolds are highly
effective as a novel drug carrier [64].

Functional groups, perfection in symmetry, nanosize and inter-
nal cavities makes a dendrimer-coated magnetic nanoparticle a
suitable novel approach for DDS. They can also be targeted in a
magnetic field towards the tumor site. Various generations (G2, G3,
G4, and G7) of PAMAM were used to obtain modified magnetic
nanoparticles (Fe304) to achieve an effective targeted delivery
system for doxorubicin (DOX'?). The results indicated that the low-
generation characteristics of these nanoparticles had pH-sensitive
drug release. G4 dendrimer-coated magnetic nanoparticles were
the most suitable generation for efficient DOX delivery, which re-
leases most of the drug at lower pH [65]. In 2015, the layer-by-layer

13 Doxorubicin.

assembly method was used to prepare multifunctional mesoporous
silica nanoparticles (MSN'#) with biocompatible PAMAM den-
drimers and chondroitin sulfate, as shown in Fig. 4. It was inves-
tigated to overcome severe limitations encountered by using MSN
and dendrimers alone and increased their performance in cancer
treatment applications. Due to its incorporation in MSN, PAMAM
dendrimers could avoid the rapid clearance, and chondroitin sul-
fate was used as binding points to bring together dendrimers. The
results showed an increase in delivery performance through the
targeted capability as DDS of modified nanoparticles [66].

4.1.2. PPl in drug delivery

Researchers have paid great attention to the use of PPI den-
drimer as drug delivery systems [67,68]. In the following, examples
of using this kind of dendritic polymers to modify other drug carrier
structures will be introduced.

The effectiveness of PPI dendrimers modification on MSN in
controlling the release of model drugs has also been studied [69].
PPI dendrimers G1 and G2 were more effective than higher gen-
erations in model drug retention and subsequent release. In other
work, the nanocrystalline cellulose nanoparticles impregnated
with PPI dendrimer were synthesized. They were combined with
biocompatible folic acid, one of the most promising candidates
with the potential for specific cancer cells targeting due to its high
affinity to folate receptors. PPl modification was attributed to the
more incredible amount of drug loading for nanocrystalline
cellulose-G4 [70].

As we know, dendrimer-based hybrid materials have been

14 Mesoporous silica nanoparticle.
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Curcumin PAMAM solution

Fig. 4. Schematic representation of the preparation process of modified MSN.

extensively used in various applications, especially those reported
in catalysts and sensors as dendrimer/Au hybrid nanoparticles.
Najafi et al. [71] used various quantities of PPI to modify Au
nanoparticles' surface through “grafting to” approach. The DOX

drug was loaded onto the different synthesized hybrid nano-
particles, and under diverse circumstances, the release behavior
was examined. The results revealed that carriers did not release the
drug dramatically at pH = 7.4, while up to 92.8% of the drug release
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was estimated at pH = 5.3. The higher grafting ratio also limited the
release of the drug because of the shielding effect of the grafted
dendrimers. Direct ligand exchange on citrate gold nanoparticle
provided monodisperse Au NP-cored PPI dendrimers with a
diameter of about 20 nm [72]. The ATDPs were found to be soluble
under basic conditions up to pH 14. Au NP-PPI G3 also had excep-
tional stability: it was soluble in only one PBS buffer, can withstand
high salt concentrations, and can be dried and redissolved without
losing its properties. Because of its stability and ability to avoid
lysosomal degradation, Au NP-PPI G3 was a promising drug de-
livery platform.

The use of muramyl dipeptide conjugated PPI G5 dendrimers to
deliver amphotericin B to macrophages was defined in other study
[73]. The therapeutic efficacy and toxicity of a dendrimeric mur-
amyl dipeptide amphotericin B formulation were compared to
marketed formulations. There was a significant reduction in
toxicity in hemolytic toxicity and cytotoxicity studies in erythro-
cytes and J774A.1 macrophage cells.

4.1.3. PEl in drug delivery

The other amine-terminated dendritic polymer that was used
for DDS modification is PEL. Nanoparticles based on gelatin are
considered a promising carrier for both the antigen and the
immunostimulant. It be delivered intranasally to induce an effec-
tive immune response [74]. Gelatin based nanoparticles were
synthesized and modified with PEI as a carrier for an intranasal
vaccine formulation consisting of negatively charged ovalbumin
and polyinosinic: polycytidylic acid. The results showed that nasal
administration of ovalbumin/polyinosinic: polycytidylic loaded
gelatin nanoparticles elicited effective mucosal and systemic im-
mune responses, which could be useful for further antigen appli-
cations delivery [75].

PEI escapes degradation in the lysosome's acidic environment
by tending to bind negatively through the “proton sponge” process
[48]. The “proton sponge” theory suggests that unprotonated
amines in PEI absorb protons as they are injected into the lysosome,
resulting in more protons being pumped in and an increase in Cl~
ions and water influx. The rupture of the lysosomal membrane and
subsequent release of its contents into the cytoplasm is caused by a
combination of osmotic swelling and swelling of the PEI due to
repulsion between protonated amine groups [76].

In another work, PEI was selected to improve the therapeutic
efficacy of chemotherapeutic. The other study in 2019 aimed to
target tumor-associated macrophages and improve intracellular
transport of DOX-loaded liposomes, synthesizing, and decorating
the sialic acid-PEI-cholesterol conjugate on the drug-loaded lipo-
somes [77]. It was supposed to be a safe and effective PEI complex
preparation for clinical sarcoma treatment through the delivery
strategy of targeting/deletion.

4.2. Gene delivery

As a transformative aspect in clinical medicine, gene therapies
need to be overcome by the absence of safe and effective products
to carry genes to target tissues [83]. There are disadvantages to
using viral vectors such as adenoviruses, adeno-associated viruses,
and retroviruses as gene delivery agents. It can get high levels of
protein expression from these viral vectors. However, they endured
from safety issues, immunogenicity, scale-up of development and
the small size of the delivered genome [84]. Therefore, cationic
polymers, liposomes, and dendrimers are synthetic delivery
mechanisms that have been developed as a safer alternative to viral

18 Multi-walled carbon nanotube.
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transfection [85]. Table 2 listed some examples of amine-
terminated dendritic polymers that have been reported to modify
systems of gene delivery.

4.2.1. PAMAM in gene delivery

To improve the deficiencies of gene delivery systems, PAMAM
dendrimers that contain large numbers of primary amine and ter-
tiary amine groups on the surface or interior emerge as promising
non-viral vectors for the delivery of genes. PAMAM dendrimers are
non-immunogenic and are efficient for other vector modification
[86,87].

PAMAM modified carbon nanotube surfaces has proved to be
the effective non-viral agents for gene transfer due to various
functionalized multi-walled CNTs having already shown potential
benefits for gene delivery. A comprehensive study was published of
the various PAMAM dendron-functionalized CNTs in cellular ab-
sorption, cytotoxicity, and complexation of small interfering RNA
(siRNA'®). They reported lower toxicity of these hybrid nano-
composites in comparison to the individual carbon nanoparticles or
dendrimers [88].

A challenge in loaded biodegradable microparticles preparation
with plasmid DNA (pDNA'®) applying the previous method (double
emulsion solvent evaporation) was to damage pDNA, thereby
denaturing or inactivating it due to manufacturing processes.
Avoiding the exposure of pDNA to processes may be possible since
plasmid DNA may be linked to the surface of cationic microparti-
cles. PAMAM dendrimers are a promising class of cationic polymers
which complex efficiently with pDNA. PolyD,L-lactide-co-glycolide
microparticles charged with PAMAM-pDNA were prepared, char-
acterized [89]. The in vitro investigations showed low toxicity, high
pDNA loading and high transfection efficiencies that were not
diminished in the presence of serum.

The other approach was to modify magnetic nanoparticles with
various generations of PAMAM dendrimers and mixed with anti-
sense survivin oligodeoxynucleotide. Pan et al. [90] reported that
the composites of antisense oligodeoxynucleotide-dendrimer-
magnetic nanoparticles were successfully synthesized and
entered tumor cells within 15 min. The results indicated that
composites of G5 antisense survivin oligodeoxynucleotide-
dendrimer-magnetic nanoparticles exhibit the highest cellular
transfection and inhibition efficiencies.

Another gene transfection system was reported in which
PAMAMs G2 was covalently attached to the surface of a meso-
porous nanosphere silica material, as shown in Fig. 5. PAMAM G2
capped MSN was used to complex with pDNA. The gene trans-
fection effectiveness, cellular uptake, and biocompatibility of
PAMAM G2-MSN with neural glia, human cervical cancer, and
chinese hamster ovarian cells have been examined. Significant
green fluorescent protein expression was observed [91].

4.2.2. 4-2-2 PPl in gene delivery

Among all of the dendritic polymers, PAMAM and PPI are the
most-investigated ones in gene delivery [92]. The ATDPs have, in
principle, the high positive charges density. Cationic polymers are
believed to transfer genes through the mechanism of proton
sponge. In 2016 the comparison of amine-terminated dendrimers
to various linkers was investigated. The transfection efficiency of
the conjugates of graphene oxide-polycation was evaluated.
Although the viability amount of unmodified PAMAM and PPI was
reported to be about 70%, in the case of PAMAM dendrimer-based
carriers, it reached 90%. Cytotoxicity was even lower for PPI-

15 Small interfering RNA.
16 plasmid DNA.
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Table 2
Applications of modification with amine-terminated dendritic polymers for gene delivery.
Type of amine-terminated Generation or molecular weight Hybridized with DNA/RNA type References
dendritic polymers
PAMAM G4 Carbon nanohorns siRNA [88]
G0,G1 and G2 Carbon siRNA [102]
Nanotube
G3-G6 PolyD,L-Lactide-co-Glycolide Microparticles pDNA [89]
G1-G5 Multi-walled carbon nanotube (MWCNT'®) Antisense c-myc [103]
oligonucleotides
G4 MWCNT pDNA [104]
G4 Graphene pDNA [105]
G4 Polylysine pDNA [106]
G2 Mesoporous silica nanosphere pDNA [91]
G5 Selenium nanoparticles siRNA and cisplatin [86]
G4 Single and multi-walled CNTs pDNA [107]
G4 Polyethylene glycol-1,2-dioleoyl-sn-glycero-3- siRNA drug co-delivery [108]
phosphoethanolamine
G4 Magnetic iron oxide NPs siRNA [109]
G4 and G5 Polyethylene glycol-b-polypropyl methacrylate-co- siRNA [110]
methacrylic acid Poly-ethylene glycol-b-
G4 Polyethylene glycol-poly-L-lysine siRNA [111]
G4 Hyaluronic acid siRNA [112]
PPI G3 Graphene Oxide pDNA [93]
G3 Cucurbituril pDNA [94]
G2 Arginine PDNA [95]
G2 Oligoethylenimine pDNA [96]
G2 Poly(l-glutamic acid) pDNA [113]
PEI 25 KDa MWCNT pDNA [114]
25 kDa Carbonyldiimidazole-activated polyethylene glycol Antisense phosphorothioate [115]
oligonucleotides
25 kDa Superparamagnetic Iron Oxide pDNA [98]

Nanoparticles

(2 kDa and 25 kDa) Polyethylene oxide pDNA [100]
25 kDa Methyl methacrylate ShBMP-9 gene [116]
25 kDa Hyaluronic acid siRNA [117]
70 KDa Polylactic-co-glycolic acid microparticles pDNA [101]
PEI423, linear, Iron oxide nanoparticles pDNA [118]
M.W. = 423 and PEI1800,

branched, M.W. = 1800

25 kDa) Au Nanoparticles siRNA [119]
25 kDa Magnetic-silk core-shell nanoparticles Antisense [99]

oligodeoxynucleotides

conjugates, and viabilities were above 95%. Nanoplexes treated
with PPl and PAMAM G3 were virtually non-toxic in all the trans-
fection studies studied. Polycation-conjugated graphene oxide is
expected to be used as a novel carrier in gene therapy because of its
low cytotoxicity and high transfection efficacy [93]. Lim et al. [94]
analyzed a ternary complex of PPI-1,4-diaminobutane dendrimer,
DNA, and cucurbituril as a fully self-assembled gene delivery car-
rier. The complex was developed in a noncovalent manner, with
DNA electrostatically interacting with PPI-1,4-diaminobutane and
cucurbituril interacting with PPI-1,4-diaminobutane through
several noncovalent interactions. According to the findings, the
complex could transfect mammalian cells with high efficiency, with
low cytotoxicity.

For plasmid DNA gene delivery systems, the arginine-
conjugated PPI G2 was synthesized [95]. At a charge ratio of 150,
the nanoplatform's size was measured to be about 200 nm. On HeLa
and 293 cells, transfection efficiency was found to be 8—214 times
higher than that of an unmodified messenger with 80—90% cell
viability. Finally, arginine-conjugated PPI G2 had a 2—3 times
higher transfection efficiency than PEI 25 kD, demonstrating its
usefulness as a primary cell gene delivery carrier.

Oligoethylenimine-grafted PPI as degradable and biocompatible
synthetic vectors for gene delivery was synthesized by Russ et al.
[96]. Compared to their unmodified counterparts, grafted

dendrimers were able to compact DNA to nanosized (100—200 nm)
and showed improved colloidal stability. According to intravenous
injection of grafted PPI, the tumor gene expression levels increased
significantly with higher dendrimer core generation into tumor-
bearing mice transgene expression.

4.2.3. PEIl in gene delivery

PEI is one of the most efficient and cost-effective non-viral
vectors, due to the ability of PEI, (e.g. Condensation DNA or RNA),
and to protect them in harsh in vivo condition. PEIs with low mo-
lecular weight are promising to show decreased cytotoxicity. PEI
(2 kDa) grafted with lipids was reported to have comparable
transfection efficiency with low toxicity compared with 25 kDa
[97]. A recent study used the method to linking PEI on magnetic
nanoparticles to improve transfection performance through the use
of a magnetic field. Examining the transfection efficiencies proved
that the new generation actuation system developed could perform
efficient transfection even within a short time (1 h) [98]. Another
study with this approach was conducted by song et al. [99] to
produce silk-PEI nanoparticles and magnetic-silk/PEI core-shell
nanoparticles, using a simple one-step and cost-effective salting-
out technique. The result showed that high uptake efficiencies
(more than 70%) were achieved within 20 min through
magnetofection.
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Fig. 5. Schematic representation of a gene transfection system based on a PAMAM G2 dendrimer-capped MSN material complexes.

The series of cationic copolymers were synthesized with non-
jonic polyethers, polyethylene oxide (PEO'”), or Pluronic 123 by
grafting the PEI (2 kDa and 25 kDa). The particle size formed in this
system varies from 70 to 200 nm, depending on the plasmid
composition of the complex. All these conjugates are also stable
over several days in aqueous dispersion [100]. The covalently
surface-functionalized cationic polylactic-co-glycolic acid micro-
particles with PEI were created so that PEI conjugation yields non-
toxic cationic microparticles with efficient pDNA charge. Results
indicated that both DNA and protein were charged in the same
particles, significantly improving the buffering capability of the
particles and possible early phagosomal escape [101].

4.3. Biosensor

Dendrimers modifications of nanomaterials have several ad-
vantages for bio-sensing applications. In fact, some of these include
having multiple conjugation sites, high-density functionalized, and
stable structure of dendrimers. Some studies can be seen in Table 3
on the modification of amine-terminated dendritic polymers in the
application of biosensors.

17 Polyethylene oxide.
20 Glassy carbon.
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4.3.1. PAMAM in biosensor

PAMAM dendrimers have been confirmed as promising building
blocks of molecular nanostructures. According to the literature,
with a three-dimensional structure, PAMAM dendrimer has
increased surface loading capacity and efficiency for the selective
and sensitive detection of the molecule of interest [120].

The performance of the system in enzyme-based biosensors is
extremely dependent on the enzyme stabilization and dissociation
of the subunits [121]. A strong crosslinking between the dendrimer
and the enzyme appears to be accomplished. This numerous co-
valent bonds between the enzyme and the dendrimer preserve the
quaternary structure of the protein; the rigidity of the structures of
the subunits is also increased. Biosensor technology is confronted
by the synthesis of novel nanomaterials with enhanced electro-
conductive properties and the potential to recognize/immobilize
analytical biomolecules.

In the construction of hybrid nanostructures, carbon-based
nanomaterials have been useful for efficient use in biosensor
preparation. Graphene hybrid derivatives have recently been
considered for the construction of electrochemical biosensors,
owing to the relatively low cost, large surface-to-volume ratio and
remarkable electrical, mechanical, and thermal properties and
biocompatibility of this nanomaterial. Fig. 6A is schematic prepa-
ration of a novel polyaminated graphene derivative. This bio-
electrode displayed excellent electroanalytical activity with a rapid
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Table 3
Applications of modification with amine-terminated dendritic polymers for biosensors.
Type of amine- Generation or  Type of sensing Ligands Electrode References
terminated dendritic molecular
polymers weight
PAMAM G4 Alcohol Biosensing Cysteamine/Alcohol Au Electrode [136]
Oxidase
G4 Catechol Graphene oxide Glassy carbon (GC?°) electrodes [122]
G4 Glucose amperometric Graphene oxide and platinum GC electrodes [123]
biosensor nanoparticles
G2 Carbon dots/Au nanocrystal Carbon dots/Au nanocrystal Glass carbon electrode as the working [137]
electrode, platinum wire as the counter
electrode
Ag/AgCl electrode as the referenceelectroe
MicroRNA electrochemical Multi-walled carbon nanotube and GC electrode [124]
biosensor methylene blue redox indicator
G4 Photoelectrochemical cell- Cds Indium tin oxide [138]
sensor
G1 Electrochemiluminescence QDs and Au nanoparticles Au electrode [126]
sensor
G4 Cathecol Au nanoparticles Au electrode [139]
G4 Glucose biomonitoring Cysteamine Au electrode [140]
G4 Aptasensor for the Cysteine Au electrode [129]
determination of thrombin
G4 biosensing Au nanoparticle network Nanoporous anodic aluminum oxide [141]
PPI G2 Carcinoembryonic antigen Carbon nanodots Exfoliated graphite electrode [130]
G3 Extended-gate field effect Nickel tetrasulfonated Quartz, glass, indium tin oxide, or Au covered [142]
transistor pH sensors phthalocyanine glass substrates
G2 Urea biosensor Zirconia Screen printed carbon elec-trode [131]
G4 Ultrasensitive detection of Carbon nanodots Modified GC electrode [143]
a-fetoprotein
PEI 25 kDa Hydrogen peroxide in Au nanoparticle-copper GC electrode [132]
human serum protoporphyrin
25 kDa Cysteine AuNPs- Anthraquinone-2- GC electrode [133]
carboxylic acid
. B ) .
A
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Fig. 6. Some schematic images of biosensors made with the presence of PAMAM dendrimers A). Preparation of a novel polyaminated graphene derivative, B). Preparation of hybrid
nanomaterial and the further immobilization of the enzyme to build the nanostructured biosensor, and C). Synthesis of PAMAM-QDs assembled on the surface of the film Au

Nanoparticles.

response of approximately 6 s and a low detection limit of 6 nM for
catechol [122]. For a mediator with less glucose amperometric
biosensor, graphene oxide crosslinking with polyamidoamine G4
dendrimer was used in other work as a decoration of platinum
nanoparticles. The various steps involved in preparing of the hybrid
nanomaterial and the further immobilization of the enzyme to
build the nanostructured biosensor are shown schematically in
Fig. 6B. The results showed that the biosensor exhibited strong
electrocatalytic behavior for the oxidation of the enzyme-catalyzed
reaction formed by H;0,, detecting glucose at +400 mV when
poised [123]. As a simple and ultrasensitive microRNA electro-
chemical biosensor, a multi-walled CNT-PAMAM dendrimer and

1

methylene blue redox indicator were reported in 2015. The pro-
posed multi-walled CNT-PAMAM-based biosensor has excellent
analytical properties for miRNA detection (high sensitivity, low
detection limit, good selectivity, reproducibility, and regeneration
properties) [124].

It was reported the advantages of synthesis semiconductor as a
quantum dots (QD'’s)-PAMAM composites lie in the preparation
conditions. The various reactive groups on the dendrimer surface
can make the composites significantly soluble in any solvent and

19" Quantum dot.
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can be applied to direct binding surfaces [125]. The nanocomposite
film electrode preparation consisted of Au nanoparticles, which
were first deposited directly on the electrode surface. Fig. 6C shows
the synthesis of PAMAM-QDs assembled on the surface of the film
Au Nanoparticles. The results indicated that the nanocomposite
film electrode showed improved electrochemiluminescence
response and excellent stability [126].

A DNA biosensor was developed using a modified electrode with
PAMAM dendrimer and this sensor had functional DNA assembly
capacity with favorable sensitivity and stability [127,128]. PAMAM's
covalent immobilization on the electrode surface enhanced the
immobilizing capacity of the probe molecules and magnified the
response signal. The aptasensor exhibited favorable capacity,
selectivity and stability for regeneration [129].

4.3.2. PPl in biosensor

PPI is one of the notable and fascinating dendrimers used as a
platform for the manufacture of DNA, immune, and enzyme sensors
in biosensors. The concept of a synergic combination of PPI and
carbon nanodots has been reported to construct an immunosensor
for the quantification of carcinoembryonic antigens [130]. The
immunosensor exhibited excellent stability and was also selective
in certain intervention species, such as ascorbic acid, glucose,
alpha-fetoprotein, prostate-specific antigen, and human immuno-
globulin [130]. Electrochemical biosensor based on electro-co-
deposited zirconia-PPI dendrimer modified screen-printed carbon
electrode urea. The biosensor has an amperometric response time
ranging from 0.01 mM to 2.99 mM with 0.9985 correlation coeffi-
cient and 3.89 A mM~'cm? sensitivity [131].

4.3.3. PEIl in biosensor

Another good co-reactant that can increase the electro-
chemiluminescence signal is polyethyleneimine, with many amino
functional groups in its structure. The PEI-Au NPs were synthesized
with PEI as a reducing agent and stabilizer by simple method and
mild condition [132]. In the presence of dopamine, ascorbic acid,
uric acid, and glucose, this sensor demonstrated outstanding
selectivity, which had a satisfactory analytical efficiency for the
identification of H,0, in human serum samples, suggesting a suc-
cessful application of biological sample processing [132]. A novel
electrochemical cysteine sensor was synthesized by PEI-AuNPs-
anthraquinone-2-carboxylic acid nanocomposite. The results
showed that it was used to detect cysteine with recovering in the
range of 95.78%—104.60% [133]. In another previous study, a novel
solid-state Ru(bpy)3™ electrochemiluminescence sandwiched
immunosensor was built based on PEI-functionalized reduced
graphene oxide for sensitive detection of a-fetoprotein, and AuNPs
decorated polyamidoamine dendrimers [134].

Because the polycaprolactone structure lacked a functional
group, PEI was blended with polycaprolactone polymer to provide
functional amino groups on the nanofiber mat surface. One
microorganism was first immobilized by covalent modification on
the electrospun nanofiber mat. As a model analyte,
polycaprolactone-PEI/G.oxydans whole-cell biosensor can there-
fore, be used to measure glucose [135].

4.4. Bioimaging

Bioimaging refers to techniques that picture biological processes
in real-time. Yet digital technology is a comparatively new
advancement in the medical field. Safety is the main challenge in
this field; in other words, scientists try to use non-invasive ways for
this aim. The dendritic structure, especially amine-terminated
ones, is an ideal platform for covalently ligand targeting in multi-
functional imaging due to its unique characteristics. This means
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that it could be possible to change different drawbacks excited in
this area by integrating the surface functionality of the dendrimers
and special molecular recognition ability with the properties of
bioimaging agents.

The four most important commonly recognized nanotechnology
platforms are known as QDs, nanotubes, fullerenes, and den-
drimers, which create relatively specific nanostructures [144]. For
bioimaging applications, the combination of the luminescent
properties of thiol-capped QDs with 1-10 nm size was used as
small semiconductor nanocrystals for biological labeling detection
by PAMAM dendrimers with high carrier power. The findings
revealed that the PAMAM-modified complex used for labeling
gastric cancer cells was efficient and selective in its functioning
[145]. In other study, QDs were modified with PAMAM dendrimer
to increase cellular uptake and endosomal escape in supramolec-
ular complex isolated from mice bone marrow. Results showed that
by the PAMAM dendrimer modifying the uptake efficiency and
cytosolic distribution of QDs in primary cultured mesenchymal
stem cells [146].

As nano-biomaterials, carbon nanotubes have unique charac-
teristics such as high aspect ratio, high surface area, high me-
chanical strength, ultralight weight, etc. These commonly used
nanomaterials have particular electronic properties and excep-
tional chemical and thermal stability. These features make them a
viable nanoplatform for biomedical applications to enhance the
CNT's aqueous solubility by functionalizing the nanotube surface
with polymers or small molecules. Fig. 7 schematically shows that
the multi-walled carbon nanotubes (MWCNT?'s) were directly
functionalized with PAMAM G5 dendrimers, which were covalently
linked to isothiocyanate fluorescein and folic acid. On the surface of
multi-walled CNTs modified with strong acids, carboxyl residues
allow the conjugation of PAMAM dendrimers with amine groups by
chemical coupling. The findings revealed that both targeting li-
gands and imaging molecules could be altered CNTs by a single step
dendrimer-mediated reaction. These multifunctional nanodevices
were biocompatible, stable, and water dispersible [147].

Liu et al. [ 148] reported the size-controlled synthesis of PAMAM
G5 dendrimer-stabilized silver nanoparticles for computed to-
mography (CT??) imaging applications. At the same molar con-
centration of the active element, X-ray absorption coefficient
measurements show that modified nanoparticles' attenuation is
size-dependent. The PAMAM G5 dendrimer-stabilized silver
nanoparticles with a diameter of 16.1 nm have X-ray attenuation
strength similar to that of a clinically used iodine-based contrast
agent. Furthermore, CT scanning revealed long-term enhancement
at the injection site of mice injected subcutaneously, indicating that
they could be used as a CT contrast agent. Other research looked
into the X-ray attenuation properties of dendrimer-entrapped gold
nanoparticles that could be used as CT contrast agents [149].
PAMAM G5 modified Au NPs with a size range of 24 nm can be
made by varying the molar ratio of gold salt to G5. NH2. The NPs
produced are stable in water, PBS buffer, and cell culture media and
at various temperatures (from 4 to 50 °C) and pH levels (pH 5—8).
CT scanning of mice injected subcutaneously with those NPs
showed substantial enhancement, and intravenous injection of
them allowed X-ray CT imaging of mice.

In MRI, macromolecular contrasts agents were developed
because they are retained longer in the vasculature than conven-
tional small molecular contrast agents. PAMAM has been used as
the central element of contrast agents. Researchers have conju-
gated PAMAM (G3-G6) to chelated gadolinium and assessed the

21 Multi-walled carbon nanotubes.
22 Computed tomography.
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Fig. 7. Schematic representation of reactions to modify MWCNTs with PAMAM for cancer cell targeting.

relation between the size of these molecules and their pharmaco-
kinetics. Results indicated that the contrast-enhanced MRI
employing these agents offered very high quality and detail to fine
vessels. Those contrast agents should also be useful for visualizing
with tumors' neovasculature [150]. The inherent lack of MRI
sensitivity requires the development of new contrast agents to
extend this technique's application to cellular imaging. MRI
contrast agents were produced by peptide coupling between an
amidoamine dendron. Compared with monomers, an increase in
longitudinal relaxivity was found for both structures. Results
showed a substantial rise between 20 and 60 MHz [151].

For disease detection, therapy control, and prognosis assess-
ment, positron emission tomography (PET) imaging provides
physiological and biological information through PET agents' in vivo
delivery [152]. In 2015, PAMAM G4 dendrimers were conjugated
with tetraazacyclododecane tetraacetic acid mono (N-hydrox-
ysuccinimide ester), and radiolabeling with Gallium-68 [153]. At
pH 4, the dendrimer complex concentration of 11.69 mM given the
highest radiolabeling efficiency of over 93.0%. The radiolabeled
preparation was stable at room temperature and in serum for up to
4 h (radiolabeling efficiency of 96.0%). Animal PET imaging assisted
the animal organ's biodistribution results, showing strong ‘non-
specific’ tracer absorption in tumors and excretion mainly through
the kidneys. PET and single photon emission computed tomogra-
phy (SPECT??) have the highest sensitivity and are capable of
quantitative visualization of functional details, which is critical for
disease evaluation and diagnosis as well as personalized medicine.
Nano-systems containing and integrating abundant imaging re-
porters, such as dendritic polymers, will dramatically boost the
contrast signal for better imaging [154].

PAMAM G5 dendrimer was reacted with biotin and 2-(p-iso-
thiocyanatobenzyl)-6-methyl-diethylenetria minepentaacetic acid
to produce the novel complex, which was then conjugated with
avidin [155]. Following that, both conjugates were radiolabeled
with technetium-99 m. The conjugate of dendrimer with avidin has
a much higher cellular uptake in HeLa cells than biotin, according to
their in vitro cellular uptake analysis. Both the in vivo bio-
distribution and micro-SPECT imaging studies indicated that the
liver and spleen had high uptake, while the kidney had low uptake.

Carbon dots are the other biocompatible fluorescent nano-
particles considering their convenient synthesis, strong fluores-
cence, and high photostability. Polyethyleneimine has been used to
modify carbon dots such as molecular and pH sensing, cellular

23 Single photon emission computed tomography.
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imaging, gene, and vaccine delivery with bioimaging function. A
novel synthetic strategy was reported for preparing multi-carbon
dot crosslinked PEI particles, through self-assembly of hydro-
phobically modified PEL The carbon dots/PEI particles have the
photoluminescent carbon dot synergistic effect and crosslink-
enhanced PEI emission. Resulting in superior optical properties
such as high aqueous system fluorescence quantity yield (more
than 66%), excitation-dependent emission effect, stable broad pH
fluorescence, and resistance to photobleaching [156].
Nanoparticles of the magnetic iron oxide (Fe3O04 NPs) were used
for magnetic resonance imaging. The Fe304 NPs are typically ex-
pected to be colloidally stable, have decreased reticuloendothelial
system non-specific uptake, or have active targeting specificity
making them effective for this application after functionalizing
with targeting ligands. An effective strategy for the above re-
quirements is a surface modification of the Fe304 NPs surface with
hydrophilic and biocompatible polymers. Fig. 8 shows the surface
functionalization of the PEI-modified iron oxide nanoparticles that
have been reported for bioimaging. Prussian blue staining further
confirmed the cellular iron uptake. It has been shown that the
limited hemolytic activity of Fe304-PEI NPs with various surface
modifications in a concentration lower than 400 pg/mL can make
them a good candidate for biomedical application. The Fe304/PEI
NPs had excellent water dispersibility with various surface func-
tionalities and hemocompatibility were shown by colloidal stabil-
ity. The results show that rich amine conjugation chemistry can be
used for different biomedical applications, particularly MRI [157].

4.5. Tissue engineering

Tissue engineering is an interdisciplinary science that extends
the concepts of engineering to the development of biological re-
placements that preserve, sustain, or strengthen the role of an or-
gan as a whole. Consequently, the control of cell behavior on solid
scaffold surfaces is essential for tissue engineering. Thus, the pri-
mary tissue engineering triad consists of cells, scaffolds, and
bioactive agents that can be used in combination or independently.
Many different materials were investigated as scaffolds, but in
some cases, modifications are needed to improve performance
[158]. A useful scaffold must fulfill different criteria and often
contradictory ones. More advanced scaffolds can attempt to capture
one or more cell types, organize them in spatially defined struc-
tures, and integrate various bioactive factors, (such as hormones,
cytokines, or signaling molecules). The unique characteristic of
dendritic polymers makes them promising candidates for various
tissue engineering applications for instance crosslinking agents,
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Fig. 8. Schematic illustration of the hydrothermal synthesis of Fe304—PEI NPs and the subsequent functionalization of the Fe304—PEI NPs.

surface charge modulators, and primary components in scaffolds
structure to emulate extracellular matrices [25].

After activation of the substratum's functional groups, the
multifunctional dendrimers were added as crosslinkers. Collagen
scaffolds have been applied to tissue engineering such as cartilage,
cornea, skin, etc. However, in its pure form, collagen is a weakly
crosslinked thermo gel with mechanical properties that are not
sufficient for most applications in vitro and in vivo, significantly
restricting its ability as a biomaterial. There are some studies of
using an ATDPs as crosslinker to collagen. Using PPI G1, G2, and G3
for this application, the findings suggest that the presence of a
significant number of excess amine groups in the dendrimers can
be effectively extended for collagen crosslinking without the need
to use cytotoxic glutaraldehyde [ 159]. In other studies, the resulting
mechanical properties of gels (based on collagen and PPI G2) were
calculated for use as a corneal tissue engineering scaffold. The
dendrimer crosslinked gels Young's module was substantially
higher than that of the other crosslinkers, rising to 5 MPa compared
to 01 MPa for the N-(3-dimethylaminopropyl)-N'-ethyl-
carbodiimide crosslinked gels [160]. PPI was not only used as a
crosslinking agent, but PAMAM was also used. The PAMAM cross-
linked collagen scaffolds exhibited higher denature temperature
and better tolerance to collagenase digestion relative to their
counterparts without dendrimer. The human conjunctival fibro-
blasts proliferation revealed that the introduction of PAMAM
improved the proliferation significantly [161]. In 2000, surface
modification of polystyrene plates with PAMAM G1 was reported.
The findings indicated that rat hepatoma cell lines adhered to an
immobilized surface through contact between the dendrimer's
terminal amino groups and the cell membranes. The adhered cells
were stable, could proliferate, and displayed synthetic activity in
the urea [162].

It was designed to analyze the mixture of the novel carbox-
ymethylchitosan/PAMAM nanoparticles filled with dexametha-
sone. In the proliferation and osteogenic differentiation of rat bone
marrow stromal cells in vitro, all scaffolds were used. Results
showed that the nanoparticles improve osteogenesis by increasing
alkaline phosphatase activity and mineralization of the
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extracellular matrix. The pre-incubation of stem cells with these
forms of nanoparticles enables dexamethasone to be distributed
inside the cells and directly affects their cellular fate, an exciting
new method for cell and tissue engineering strategies [163].

Buckypapers were covered with a PAMAM in 2019, and their
composition changed from hydrophobic to hydrophilic. By using
the 3D printing technology, however, a custom system has been
developed and produced that allows cells to expand on bucky-
papers for several days and studies their physicochemical proper-
ties for potential applications in tissue engineering [164].

Human bone marrow mesenchymal stromal cells are considered
a potential cell source for mesenchymal stromal cells-based bone
regeneration. Hong et al. [165] stated that PAMAM-modified pol-
ylactic-co-glycolic acid particles might serve as an intracellular
estrogen delivery mechanism that effectively improves the capa-
bilities of mesenchymal stromal cells and has good potential as
regulator mesenchymal stromal cells to conduct the regulation of
mesenchymal stromal cells effectively. The result suggested that it
could increase the osteogenic capacities of mesenchymal stromal
cells and establish suitable implantation environments for
mesenchymal stromal cells-based bone tissue engineering [165].

A single-walled carbon nanotube (SWCNT?*) graft copolymer
was synthesized in 2005. Prepared by functionalizing single-walled
CNTs with PEI, this polymer was used as a substratum for cultivated
neurons and found to facilitate neurite outgrowth and branching.
Fig. 9 illustrated a schematic of SWCNT graft copolymer (SWCNT-
PEI) synthesis with branched PEI feature. The results of cell viability
demonstrated the short-term survival and growth of neurons not
only on the previously tested PEI substrates but also on the newly
synthesized SWCNT-PEI graft copolymer. Such findings include a
distinct vulnerability of growth cone forming, neurite outgrowth,
and branching to the consistency of substrates, most likely surface
charge [166].

In another study, two types of new CNT-nanohybrid materials
were developed, MWCNTs PPI G2/hydroxyl apatite and MWCNTSs-

24 Single-walled carbon nanotube.
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Fig. 9. Schematics of branched PEI functionalized SWCNT graft copolymer (SWCNT-PEI) synthesis.

PPI G3/hydroxyl apatite, to improve the application of anticancer
activity and bone tissue engineering to mimic the bone extracel-
lular matrix. The findings suggested that the newly produced
MWCNTs-PPI(G3)/hydroxyl apatite nanohybrid could mimic all of
the extracellular bone matrix qualities in terms of cell proliferation
and was biocompatible, biodegradable and bioactive in normal
human osteoblasts due to higher levels of hydroxyl apatite depo-
sition [167].

Biodegradable aliphatic polyesters, such as polycaprolactone,
polylactic acid, polyglycolic acid (FDA?> approval biopolymers), and
their copolymers have been considerably used in biomedical and
pharmaceutical application. Polycaprolactone nanofibers are one of
the most common types due to their distinct mechanical and
chemical properties. Although the absence of a functional group on
the surface of polymer is their disadvantage. Jing et al. [168]
blended PEI into polycaprolactone nanofibrous vascular scaffolds
by electrospinning methods. Their findings revealed that the fiber
diameters and water contact angle decreased by raising the PEI
content to 5% inside the scaffolds, while Young's modulus improved
from 2.0 + 0.2 to 4.1 + 0.1 MPa. In vitro experiments have found that
nanofibers containing 2% PEI have facilitated the attachment and
proliferation of human umbilical vein endothelial cells.

In our previous study, nanofibrous scaffolds were modified by
blending with PEI in various blend ratios, using polyL-lactic acid
electrospun. Fig. 10 explains the electrospinning schematics pro-
cess. From the analysis, the most promising findings were reported
for the 85:15 blend ratios. It was chosen with gelatin for further
modification. Our findings suggested that PEI could increase
porosity, mechanical properties, hydrophilicity of the surface/bulk,
and density of gelatin grafting about five times with positive impact
on cell behaviors. It is to be noted that the disadvantages of poly-
lactic acid electrospun nanofibers for potential use as a practical
tissue engineering scaffold (i.e., poor cell adhesion and host tissue
necrosis resulting from having acidic condition when degrading)
may be resolved by mixing with PEI and greasing with gelatin [169].
Our research group has produced novel aminolyzed polylactic acid
films and electrospun nanofibrous scaffolds with PPI-G2 and
characterized them as possible substrates for tissue engineering.
The results showed a considerable improvement in the hydrophilic
properties of scaffolds. Biodegradation of polylactic acid has also
been analyzed for 4 weeks using a pH value analysis. The declining
pH values, which induced significant infusion and inflammation of
immune cells in the medium by raising the acid rate due to
secretion of the lactic acid, have been changed. The biological re-
sults show encouraging cell adhesion and viability stressed the
beneficial properties of polylactic acid/PPIG2 scaffolds as a biode-
gradable biomaterial for biomedical implants [170].

25 Food and drug administration.
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4.6. Antimicrobial agents

The widespread use of conventional antibiotics has caused an
increase in bacteria resistance, and raising the public health
concern. That's why; research into new and efficient antimicrobial
agents is desperately required. Dendrimers with unique structure
and topological characteristics, such as high molecular uniformity,
narrow molecular weight distribution, elastic scale, and surface
charges, were investigated as antimicrobial agents [171]. The
presence of hydrophobic branched in dendrimers allows their
penetration into the bilayer of phospholipids leading to the bac-
terial membrane [172].

The antibacterial properties of ATDPs have demonstrated their
potential to avoid biofilm formation and solve problems associated
with conventional antimicrobials, including short-term antimi-
crobial residual toxicity and resistance growth in microorganisms
[173—175]. Besides the antimicrobial effects of ATDPs, several
studies use them to modify other materials such as antibiotic drug
delivery, antibacterial nanoparticles, and functionalization of ma-
terials. Some studies in this application can be seen in Table 4.

Most studies mentioned in the previous parts consider ATDPs as
modifier drug delivery systems. Also, the antibiotic agents were
encapsulated within dendrimers or were covalently bound to their
surfaces. The usage of dendrimers to increase the stability, solubi-
lity and release of pharmaceuticals into the blood were considered
by drug carriers [178]. It has been reported that the effects of
PAMAM G3 and G5 on vancomycin's antibacterial activity have
been tested against two Gram-positive and four Gram-negative
bacteria by assessing their minimum inhibitory concentration,
minimum bactericidal concentration, and fractional inhibitory
concentration index values. Results showed that vancomycin-
PAMAM dendrimers displayed strong antibacterial effectiveness
against Gram-negative bacteria resulting in a decrease in vanco-
mycin values, and increased effect by G5 was greater than G3 by the
decline of minimum inhibitory concentration values up to 64 times
[189]. The difference in PAMAM G3 and G5 interactions with van-
comycin was reported as the difference in their size, membrane
interactions and entrapment efficiencies. More research is required
to determine the actual mechanism of this effect. Antimicrobial
activity of PPI G4 in the presence of ciprofloxacin was investigated
against the reference strains of Gram-positive and Gram-negative.
In both strains, the administration of PPl dendrimers and cipro-
floxacin greatly enhanced its antibacterial impact relative to the
cultures that obtained the drug alone. Ciprofloxacin and PPI den-
drimers have been detrimental to bacterial strains at non-toxic
concentrations for the eukaryotic cell [191].

Entirely generally researched are the antimicrobial effects of
many elements, such as platinum, copper, gold, and silver [164].
Several studies indicate that Ag nanoparticles have good antimi-
crobial activity, especially against bacteria, which may lead one to
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Fig. 10. Schematics of polyL-lactic acid/polyethyleneimine electrospinning and adipose-derived stem cells cultured on electrospun nanofibers.

Table 4
Applications of modification with amine-terminated dendritic polymers for antimicrobial agent.
Type of amine- Generation or  Modified Type of microorganism Comment References
terminated dendritic molecular materials or
polymers weight drug
PAMAM G1-G3 Ag E.coli Exhibited the antibacterial effects [176]
G4 Ag S. aureus, P. aeruginosa, and E.coli High antimicrobial activity in several cases without the loss of [177]
solubility
G4 Ag S. aureus, Staphylococcus Antibacterial properties against burn-wound infections [178]

epidermidis, E.coli, and
P. aeruginosa

G1-G3 Silica S. aureus and E. coli G3 dendrons was one of the most [172]
G4 Zinc Telluride S. aureus, B. subtillis, E. coli and Good antimicrobial activity against Grampositive bacteria [179]
V. cholerae
G2 Chitosan S. aureus and E. coli Significantly improved antibacterial activity [180]
G3 Chitosan S. aureus and E. coli Significant antibacterial activity [181]
G2 Carboxy S. aureus and E. coli Higher antibacterial activity against Gram-negative bacteria  [182]
methyl
chitosan
G5 Titanium P. aeruginosa and S. aureus Effectively inhibited the colonization of the gram negative [183]
Substrates bacteria
G4 Hydroxyapatite F.nucleaum,S. aureus, E. coli and S. Good antimicrobial activity [184]
sanguinis
G4 Erythromycin S. aureus strain Improved antibacterials activity [185]
G4 Quinolone E. coli Strong antimicrobial activities in the presence of dendrimers [186]
G2 and G3 Ketoconazole Candida strains More affecting antifungal activity [187]
G2 and G3 Erythromycin S. aureus Only slight influence on the antibacterial activity of EM [188]
and
tobramycin
G3 and G5 Vancomycin E. coli, K. pneumonia, Enhanced effect by G5 is more than G3 [189]
S. typhimurium and P. aeruginosa
PPI G3 Amoxicillin P. aeruginosa and E.coli Significantly enhance the antibacterial effect [190]
G4 Ciprofloxacin  S. aureus and E. coli Shows the possibility of using it at lower dosages [191]
G4 Phage KP27 Pseudomonas aeruginosa Increasing an antibacterial effect [171]
endolysin
G4 Nadifloxacin  E.coli, P. aeruginosa and P. hauseri Dendrimers allows using lower doses of the antibiotic [192]
PEI 25 kDa Graphen and  E. coli, S. aureus, A. baumannii, S.  Excellent durability and electropositivity in physiological [193]
Ag sonnei, A. fumigatus and C. solutions, demonstrating significantly greater antimicrobial
albicans efficacy
25 kDa Ag S. aureus and K. pneumoniae Good antimicrobial activity [194]
1.8 KDa Polyhyaluronic E. coli, S. aureus and B. subtilis Very effective against gram-negative and gram-positive strains [195]
acid particles of bacteria.
2 KDa Ag S. epidermidis, E. coli, Stronger antibacterial activity [196]

S. aureus and C. albicans

conclude that these nanoparticles could one day be an enticing parameters for Ag NPs antibacterial activity are the Ag concentra-
therapeutic choice for bacterial infection care. The essential tion, nanoparticles shape, size, stability, and accessibility. Because
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of the importance of antibacterial agents’ safety, several studies
have documented potential toxicity of Ag NPs in vivo and in vitro
[197].

As many polar terminal groups are localized inside a relatively
thin shell of the macromolecules, the cations of dendrimer
carboxylate salts can have an exceptionally high local concentration
of Ag. The accessible tertiary nitrogens in the interior will simul-
taneously give rise to stable complexes with transition metal ions,
such as Ag. Via guest-host interactions, PAMAM can solubilize
many organic materials that are typically considered insoluble in
water. For this purpose, bioactive materials, including metals, metal
ions, and organic molecules, can be combined in one nanoscopic
delivery vehicle using PAMAM dendrimers in varying quantities
and shapes [177].

PEI-capped Ag nanoparticles were reportedly synthesized in
sodium borohydride and PEI at room temperature. PEI fragments
containing amine groups can provide a positive charge and stabi-
lization to nanoparticles against agglomeration. In the synthesis of
metal nanoparticles, PEI molecules serve as both a reductant and a
stabilizer. Stable AgNPs can be readily prepared directly from an
amine-containing aqueous solution with polyelectrolyte without
reducing agents by a thermal phase. The findings demonstrated
strong antimicrobial activity and cytotoxic effects of PEI-AgNPs
[194].

Surfaces and bulk of modified materials with ATDPs have
demonstrated bactericidal properties. These materials are the
principal components for biomedical applications of various types
of membranes or scaffolds. There were mainly two antibacterial
mechanisms, including a) some molecules entered the cell by sur-
face penetration and adsorbed cytoplasm anions to interfere with
normal cell physiological behavior, i.e., to hinder bacterial growth
and b) once bacterium ingested certain molecules; it could easily be
stopped from exchanging materials with the outside [198]. In 2016
chitosan hydrogels were successfully prepared with chitosan and
PAMAM dendrimer by glutaraldehyde acting as a crosslinking
agent. The findings showed that PAMAM G2 dendrimer was an
outstanding candidate for improving the antibacterial hydrogel
function, which has plentiful classes of amines relative to other
molecules or materials and does not cause antibiotic resistance in
bacteria. The antibacterial effects were caused by the amine groups
(—NHy) with the bacteria. The results revealed that the addition of
PAMAM greatly enhanced the chitosan hydrogel's antibacterial
function. It also suggested that PAMAM's blending ratio was one of
the most important factors impacting antibacterial activity [180].

Other studies have investigated combining polycationic modi-
fied PEI and polyanionic hyaluronic acid for interesting new syn-
ergic applications, such as antimicrobials and powerful antioxidant
and anticancer content. New properties for polyhyaluronic acid-
PEI, such as antibacterial activity, were obtained after modifica-
tion. The findings revealed that the highest minimum bactericidal
concentration value was 0.5, 1 and 0.5 mg/mL for Escherichia coli,
Staphylococcus aureus, and Bacillus subtilis species at 72 h incuba-
tion time for 1:0.5 ratio of polyhyaluronic acid-PEI. Besides, the
particles were shown to be biocompatible with L929 fibroblast cells
and, surprisingly, cancer cell growth was found to be impaired
based on the volume of PEI [195].

Viruses and the diseases they cause are no less critical than
bacteria. However, identifying small molecules and effective vac-
cines to treat antivirals is difficult and time-consuming. One of the
types of nanomaterials used in this field is ATDPs [199,200]. The
structural probabilities of nanostructure complex formation be-
tween PAMAM and some drugs that suppress hepatitis virus
growth, including Adefovir, Entecavir, Telbivudine, Lamivudine,
Tenofovir, were investigated theoretically [201]. The researchers
discussed an imaginary separation procedure of therapeutic agent
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mixture samples that inhibited the in vitro growth of a hepatitis
virus. The results indicated that compounds Adefovir and Entecavir
could be collected using PAMAM, and Telbivudine, Lamivudine and
Tenofovir could be separated from the mixture of medicines.

5. Cytotoxicity of amine-terminated dendritic polymers

One of the drawbacks of using ATDPs to modify biomaterials is
its toxicity, which has already been studied. In the following, we
will briefly address the toxicity contributing factors and the
methods to be overcome.

Regardless of the dendrimers' properties, which are interesting
for biomedical applications, toxicity associated with terminal
groups and multiple surface charges limits their clinical applica-
tions [202]. As shown in Table 5, factors such as cytotoxicity, he-
molytic activity, complement activation, endocytic absorption and
intracellular fate, biodistribution, general toxicity, immunogenicity,
and the effect of dendrimers on cytokine and chemokine must be
considered in assessing the biocompatibility of dendrimers [203].
Dendrimers used in the biomedical application should be
biocompatible, safe, non-immunogenic, useful for therapeutic and
imaging purposes, with high therapeutic windows, and precisely
controllable structures. However, the main disadvantages existed in
this way including, lack of knowledge of the effects of dendrimers
in biochemical pathways and processes in mammalian systems,
lack of knowledge of the toxicity and exposure pathways, cost of
development, and implementation issues. In vitro and in vivo
characteristics of dendrimers, such as their biocompatibility from
cells to tissues and their pharmacokinetic/pharmacodynamic be-
haviors, may be enhanced by chemical modifications that modulate
the structure, architecture, and cellular interaction with den-
drimers [204].

Several experiments have been reported using various cell lines,
concentrations, incubation periods, and assay methods to deter-
mine cytotoxicity of dendrimers. These studies showed that den-
drimer toxicity depends on the composition of core and/or
branches, the surface group, the generation, and the concentration.
The toxicity of dendrimers depends on the central structure but is
more highly affected on the dendrimer surface by the functional
groups [205]. Numerous studies have emphasized the crucial role
that surface functional groups play in regulating cytotoxic proper-
ties. The most popular dendrimer production strategies with lower
cytotoxicity are the use of polyethylene glycol (PEG*®); PEGylation,
use of carbohydrate engineered dendrimers; acylation, use of
anionic dendrimers and grafting of amino acids, such as phenylal-
anine, and glycine or peptides (Table 5) [204]. Table 5 shows that an
alternative approach to prevent toxicity is the preparation of den-
dritic structures based on biocompatible units, like those generated
in established metabolic pathways.

The positively charged surface functional groups of ATDPs are
responsible for the toxicity and destabilize the cell membrane and
cause cell lysis [206]. Membrane permeability has been greatly
improved by the most positively charged polymer mass, while
ATDPs' membrane permeability came from its circular nature,
facilitating its associations with lipid membrane cells and then cell
death. Simple modifications of the terminal surface groups can
decrease toxicity levels. Nitrogen functions with lower basicity
exhibit lower cytotoxicity due to their reduced cell membrane in-
teractions. There have been no reports of systemic analyses of the
generation-dependent toxicity applying to higher and lower levels.
However, several studies have recorded a lower degree of cyto-
toxicity in the lower generations of amine-terminated dendritic

26 polyethylene glycol.



M. Delyanee, S. Akbari and A. Solouk

Table 5
Dendritic polymers toxicity issues and the solution of them [202].
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Dendritic polymers toxicity Solutions for toxicity issues

Biodegradable/biocompatible dendrimers

Surface engineered dendrimers

Cytotoxicity
Hemolytic toxicity

. Polyether dendrimers
L]

e Haematological toxicity

L]

L]

Polyester dendritic

Immunogenicity
In vivo toxicity Phosphate dendrimers
Citric acid dendrimers
Melamine dendrimers
Peptide dendrimers

Triazine dendrimers

VYVVVVVVYVYV

Polyether imine dendrimers
Polyether—copolyester dendrimers

PEGylation

Carbohydrate engineered dendrimers
Acetylation

Half generation- or anionic dendrimers
Amino acid or peptide conjugated dendrimers
Drug and DNA/gene conjugated dendrimers
Antibody functionalized dendrimers

Tuftsin conjugated dendrimers.
Folate-conjugated dendrimers

Miscellaneous

SSSSSSNSSNANSN

formation. For example, systematic studies of the structurally
similar PPI dendrimers showed that the lower generations
(GO—G2) are passively rather than actively uptaken and are non-
toxic to mammalian cells, suggesting the importance of the
mechanism for cellular uptake [207].

It was reported the effect of PAMAM G2—G4 dendrimers on
Caco-2 cell viability in vitro. The growth in cationic generation
decreased cell viability, and this viability decreased with the con-
centration of cationic PAMAM dendrimers for a considered gener-
ation. The same authors have documented the effect of
concentration and generation of PAMAM dendrimers (G2, G4, and
G6) on cell growth and cytotoxicity in HEK293 T and HeLa cell lines
[208]. The other research details the in vitro viability of Caco-2 cells
in response to N-acetylated G2—4 PAMAM dendrimers [209]. As the
number of acetylated amino groups on the surface increased, cell
viability decreased.

Interestingly, when Kissel and colleagues [210,211] examined
the cytotoxicity of a series of polycations in L929 mouse fibroblasts
(lactate dehydrogenase release control and viability evaluation
using the 24 h MTT assay), they reported limited toxicity to PAMAM
G3. It is interesting, though, that the polymer solutions were re-
adjusting back to physiological conditions to remove any
polymer-induced improvements in medium osmolarity and pH in
these studies. One may argue that such modification does not apply
to the in vivo situation where pH and osmotic effects cannot be
removed. These authors rated the polymer cytotoxicity order as
PEI > dextran > PAMAM G3 and reported a strong association be-
tween the release of lactate dehydrogenase, their cell viability in-
dicator of MTT, and changes in cell morphology visualized by light
microscopy.

PEI is well established as the gold standard approach to cell
transfection, and clinical trials are currently studying several PEI
derivatives. High-molecular weight PEIs such as high-generation
PAMAM dendrimers have high gene loading and transfection per-
formance but are usually followed by significant cytotoxicity and
cargo release difficulties. The last research in 2020 found that the
surface modification of low-molecular weight PEI and low-
generation PAMAM with PEG had the highest effectiveness in the
transfection of Jurkat cells and had low cytotoxicity [212].

Another beneficial technique for producing less toxic dendrimer
is surface engineering, alongside the development of biocompatible
dendrimers. Surface engineering in dendrimers is a process of
changing the dendrimers' surface with various functional groups to
mask the cationic charge of the dendrimers. It is the process that
could turn cytotoxic dendrimers into biocompatible dendrimers.
Different surface engineering techniques such as PEGylation,
acetylation, folate conjugation, carbohydrate, peptide, drug, gene,
and tuftsin conjugated, anionic, and antibody functionalized den-
drimers have supported this. Surface modification of dendrimers

18

leads to the protection of surface amine groups and reduces den-
drimers' inherent cytotoxicity [202]. In addition to reducing the
inherent toxicity of dendrimers, functionalization often imparts
specific other useful properties for its use as a drug delivery system.
This involves improving the drug encapsulation performance,
enhancing biodistribution, pharmacokinetic properties, increasing
solubility, targeting the right site, increasing transfection quality,
continuous and regulated drug release, and raising the stable pro-
file and improving the therapeutic potential as an antiviral, anti-
bacterial action [202].

6. Conclusion and future trend

Amine-terminated polymers have been used as promising
nanomaterials in biomedical engineering among various kinds of
dendritic  polymers. Therefore, polyamidoamine, poly-
propyleneimine, and polyethyleneimine were briefly identified as
ATDPs, and their application for diagnostic and therapeutic agents
modification in six major fields, including drug delivery, gene
transmission, biosensor, bioimaging, tissue engineering, and anti-
microbial action were described.

There are some benefits of using dendrimers to modify DDS,
such as decreasing the necessary dosage of a drug, improving the
effectiveness of the medication, regulating drug biodistribution,
decreasing drug side effects, improving targeted drug delivery, fast
detection with fluorescent tests, incorporating several routes of
administration and high drug-loading capacity. Also, to boost the
shortcomings of gene delivery systems, ATDPs containing large
numbers of primary amine surface or internal and tertiary amine
classes are emerging as promising non-viral vectors for the delivery
of genes. They are non-immunogenic and are as successful in
modifying other vectors as cationic polymers are believed to
transfer genes through the process of proton sponge.

The dendrimers have several conjugation sites, a tightly func-
tionalized and structurally robust architecture that turns them into
novel nanomaterials for biosensor device modifications. The spe-
cific properties of dendrimers, especially ATDPs, make them an
ideal platform for covalently linking multifunctional imaging tar-
geting ligands. This means that by integrating the surface func-
tionality of the dendrimers and special molecular recognition
capabilities with the properties of bioimaging agents, various
drawbacks that are excited in this area can be modified.

The unique characteristic of ATDPs makes them promising
candidates for various tissue engineering applications such as
crosslinking agents, surface charge modulators, and primary com-
ponents in scaffolds’ structure to emulate extracellular matrices.
Hydrophobic branched in dendrimers allows their penetration into
the phospholipid bilayer contributing to bacterial membrane
disintegration. Besides, due to the antimicrobial effects of ATDPs,
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they may be used to modify other products such as antibiotic drug
distribution, antibacterial nanoparticles, and functionalization of
substances.

For biomedical applications, non-toxic dendrimers are manda-
tory for their therapeutic advances. The two major toxicity avoid-
ance techniques for dendrimer are focused on the design and
synthesis of a biocompatible center and branching units, masking
peripheral charges using approaches to surface engineering.

These novel characteristic of ATDPs reveal huge potential for
bulk and surface modification of various kind of biomaterials
including films, fibers, membranes, scaffolds, nanoparticle, bio-
sensors, bioimaging agents and antimicrobial components in
future.

Funding

This research did not receive any specific grant from funding
agencies in the public, commercial, or not-for-profit sectors.

Authors’ contribution

M. Delyanee performed the curation of literature and wrote the
main paper. S. Akbari supervised the work and edited the manu-
script. A. Soulok have read and approved the final manuscript.

Declaration of competing interest

The authors declare that they have no known competing
financial interests or personal relationships that could have
appeared to influence the work reported in this paper.

References

[1] H. Amani, H. Arzaghi, M. Bayandori, A.S. Dezfuli, H. Pazoki-Toroudi,
A. Shafiee, L. Moradi, Controlling cell behavior through the design of
biomaterial surfaces: a focus on surface modification techniques, Adv. Mater.
Interfaces (2019), 1900572, https://doi.org/10.1002/admi.201900572.

H.J. Mathieu, Bioengineered material surfaces for medical applications, Sur-
face and Interface Analysis, Int. ]. Devote. Dev. Appli. Tech. Anal. Surface.
Interface. Flim. 32 (1) (2001) 3—9, https://doi.org/10.1002/sia.995.

Y.-P. Jiao, F.-Z. Cui, Surface modification of polyester biomaterials for tissue
engineering, Biomed. Mater. 2 (4) (2007) R24, https://doi.org/10.1088/1748-
6041/2/4/R02.

P.K. Chu, Surface engineering and modification of biomaterials, Thin Solid
Films 528 (2013) 93—105, https://doi.org/10.1016/j.tsf.2012.07.144.

K. Sahayaraj, S. Rajesh, Bionanoparticles: synthesis and antimicrobial appli-
cations, Sci. Microbiol. Pathogen: Commun. Current. Res. Technol. Adv. 23
(2011) 228—244.

[6] G. Jutz, A. Boker, Bionanoparticles as functional macromolecular building
blocks—a new class of nanomaterials, Polymer 52 (2) (2011) 211-232,
https://doi.org/10.1016/j.polymer.2010.11.047.

L.M. Herda, D.R. Hristov, M.C. Lo Giudice, E. Polo, K.A. Dawson, Mapping of
molecular structure of the nanoscale surface in bionanoparticles, J. Am.
Chem. Soc. 139 (1) (2017) 111—114, https://doi.org/10.1021/jacs.6b12297.
S. Svenson, D.A. Tomalia, Dendrimers in biomedical applications—reflections
on the field, Adv. Drug Deliv. Rev. 64 (2012) 102—115, https://doi.org/
10.1016/j.addr.2012.09.030.

M.A. Mintzer, M.W. Grinstaff, Biomedical applications of dendrimers: a
tutorial, Chem. Soc. Rev. 40 (1) (2011) 173—190, https://doi.org/10.1039/
B901839P.

S. Akbari, RM. Koztowski, A review of application of amine-terminated
dendritic materials in textile engineering, J. Textil. Inst. 110 (3) (2019)
460—467, https://doi.org/10.1080/00405000.2018.1512361.

Y.H. Kim, O.W. Webster, Hyperbranched polyphenylenes, Macromolecules
25(21) (1992) 5561—5572, https://doi.org/10.1021/ma00047a001.

A. Bandyopadhyay, S. Sengupta, T. Das, Hyperbranched Polymers for
Biomedical Applications, 2018. Springer.

D. Huang, D. Wu, Biodegradable dendrimers for drug delivery, Mater. Sci.
Eng. C 90 (2018) 713—727, https://doi.org/10.1016/j.msec.2018.03.002.
A.M. Grumezescu, Nanoparticles in Pharmacotherapy, Elsevier Science, 2019.
D.A. Tomalia, D.M. Hedstrand, M.S. Ferritto, Comb-burst dendrimer topology:
new macromolecular architecture derived from dendritic grafting, Macro-
molecules 24 (6) (1991) 1435—1438, https://doi.org/10.1021/ma00006a039.
M. Gauthier, M. Moeller, Uniform highly branched polymers by anionic
grafting: arborescent graft polymers, Macromolecules 24 (16) (1991)

[2

[3

[4

(5

(7

8

[9

[10]

[11]
[12]
[13]
[14]
[15]

[16]

19

European Journal of Medicinal Chemistry 221 (2021) 113572

4548—-4553, https://doi.org/10.1021/ma00016a011.
SJ. Teertstra, M. Gauthier, Dendrigraft polymers: macromolecular engi-
neering on a mesoscopic scale, Prog. Polym. Sci. 29 (4) (2004) 277—-327,
https://doi.org/10.1016/j.progpolymsci.2004.01.001.
L.-p. Wu, M. Ficker, ].B. Christensen, P.N. Trohopoulos, S.M. Moghimi, Den-
drimers in medicine: therapeutic concepts and pharmaceutical challenges,
Bioconjugate Chem. 26 (7) (2015) 1198—1211, https://doi.org/10.1021/
acs.bioconjchem.5b00031.
B. Gorain, M. Tekade, P. Kesharwani, A.K. Iyer, K. Kalia, R.K. Tekade, The use of
nanoscaffolds and dendrimers in tissue engineering, Drug Discov. Today 22
(4) (2017) 652—664, https://doi.org/10.1016/j.drudis.2016.12.007.
R.S. Ambekar, M. Choudhary, B. Kandasubramanian, Recent advances in
dendrimer-based nanoplatform for cancer treatment: a review, Eur. Polym. J.
126 (2020) 109546, https://doi.org/10.1016/j.eurpolym;j.2020.109546.
M.A. Ortega, A. Guzman Merino, O. Fraile-Martinez, ]. Recio-Ruiz, L. Pekarek,
L.G. Guijarro, N. Garcia-Honduvilla, M. Alvarez-Mon, J. Bujan, S. Garcia-Gal-
lego, Dendrimers and dendritic materials: from laboratory to medical prac-
tice in infectious diseases, Pharmaceutics 12 (9) (2020) 874, https://doi.org/
10.3390/pharmaceutics12090874.
N.K. Mehra, K. Jain, Dendrimers Nanomedicine: Concept, Theory and Regu-
latory Perspectives, Taylor & Francis Group, 2021.
D. Kaur, K. Jain, N.K. Mehra, P. Kesharwani, N.K. Jain, A review on compar-
ative study of PPl and PAMAM dendrimers, J. Nanoparticle Res. 18 (6) (2016)
146, https://doi.org/10.1007/s11051-016-3423-0.
P. Vicennati, A. Giuliano, G. Ortaggi, A. Masotti, Polyethylenimine in medic-
inal chemistry, Curr. Med. Chem. 15 (27) (2008) 2826—2839, https://doi.org/
10.2174/092986708786242778.
N. Joshi, M. Grinstaff, Applications of dendrimers in tissue engineering, Curr.
Top. Med. Chem. 8 (14) (2008) 1225-1236, https://doi.org/10.2174/
156802608785849067.
S.E. Stiriba, H. Frey, R. Haag, Dendritic polymers in biomedical applications:
from potential to clinical use in diagnostics and therapy, Angew. Chem. Int.
Ed. 41 (8) (2002) 1329—1334, https://doi.org/10.1002/1521-3773(20020415)
41:8<1329::aid-anie1329>3.0.co;2-p.
Y. Kim, AM. Klutz, K.A. Jacobson, Systematic investigation of polyamido-
amine dendrimers surface-modified with poly (ethylene glycol) for drug
delivery applications: synthesis, characterization, and evaluation of cyto-
toxicity, Bioconjugate Chem. 19 (8) (2008) 1660—1672, https://doi.org/
10.1021/bc700483s.
C. Song, M. Shen, ]. Rodrigues, S. Mignani, J.-P. Majoral, X. Shi, Super-
structured poly (amidoamine) dendrimer-based nanoconstructs as platforms
for cancer nanomedicine: a concise review, Coord. Chem. Rev. 421 (2020)
213463, https://doi.org/10.1016/j.ccr.2020.213463.
T. Xiao, D. Li, X. Shi, M. Shen, PAMAM dendrimer-based nanodevices for
nuclear medicine applications, Macromol. Biosci. 20 (2) (2020) 1900282,
https://doi.org/10.1002/mabi.201900282.
M. Fana, J. Gallien, B. Srinageshwar, G.L. Dunbar, ]. Rossignol, PAMAM den-
drimer nanomolecules utilized as drug delivery systems for potential treat-
ment of glioblastoma: a systematic review, Int. J. Nanomed. 15 (2020) 2789,
https://doi.org/10.2147/1JN.S243155.
R. Kharwade, S. More, A. Warokar, P. Agrawal, N. Mahajan, Starburst pamam
dendrimers: synthetic approaches, surface modifications, and biomedical
applications, Arabiam. J. Chem. 13 (7) (2020) 6009—6039, https://doi.org/
10.1016/j.arabjc.2020.05.002.
K. Lakshmi, R. Rangasamy, Synthetic modification of silica coated magnetite
cored PAMAM dendrimer to enrich branched Aaine groups and peripheral
carboxyl groups for environmental remediation, J. Mol. Struct. 1224 (2021)
129081, https://doi.org/10.1016/j.molstruc.2020.129081.
P.K. Maiti, T. Cagn, S.-T. Lin, W.A. Goddard, Effect of solvent and pH on the
structure of PAMAM dendrimers, Macromolecules 38 (3) (2005) 979—991,
https://doi.org/10.1021/ma049168I.
X. Luo, T. Imae, Photochemical synthesis of crown-shaped platinum nano-
particles using aggregates of G4-NH 2 PAMAM dendrimer as templates,
J. Mater. Chem. 17 (6) (2007) 567—571, https://doi.org/10.1039/B611867B.
M. Jasmine, M. Kavitha, E. Prasad, Effect of solvent-controlled aggregation
on the intrinsic emission properties of PAMAM dendrimers, J. Lumin. 129 (5)
(2009) 506—513, https://doi.org/10.1016/j.jlumin.2008.12.005.
E. Mohammadifar, A.N. Kharat, M. Adeli, Polyamidoamine and polyglycerol;
their linear, dendritic and linear—dendritic architectures as anticancer drug
delivery systems, J. Mater. Chem. B 3 (19) (2015) 3896—3921, https://doi.org/
10.1039/C4TB02133A.
[37] J. Haensler, F.C. Szoka Jr., Polyamidoamine cascade polymers mediate effi-
cient transfection of cells in culture, Bioconjugate Chem. 4 (5) (1993)
372-379, https://doi.org/10.1021/bc00023a012.
A. Janaszewska, B. Ziemba, K. Ciepluch, D. Appelhans, B. Voit, B. Klajnert,
M. Bryszewska, The biodistribution of maltotriose modified poly (propylene
imine)(PPI) dendrimers conjugated with fluorescein—proofs of crossing
blood—brain—barrier, New ]. Chem. 36 (2) (2012) 350—353, https://doi.org/
10.1039/C1NJ20444K.
N. Gogulapati, B.V. Manalan, RR. Nadendla, Poly (propylene imine) Den-
drimer: synthesis, characterization and applications in various drug delivery,
Asian ]. Pharm. Pharmacol. 6 (3) (2020) 190—203, https://doi.org/10.31024/
ajpp.2020.6.3.10.
[40] V. Kabanov, V. Sergeyev, O. Pyshkina, A. Zinchenko, A. Zezin, J. Joosten,
J. Brackman, K. Yoshikawa, Interpolyelectrolyte complexes formed by DNA

(17]

(18]

[19]

[20]

[21]

[22]

(23]

[24]

[25]

[26]

[27]

(28]

[29]

(30]

(31]

(32]

(33]

(34]

(35]

(36]

(38]

(391


https://doi.org/10.1002/admi.201900572
https://doi.org/10.1002/sia.995
https://doi.org/10.1088/1748-6041/2/4/R02
https://doi.org/10.1088/1748-6041/2/4/R02
https://doi.org/10.1016/j.tsf.2012.07.144
http://refhub.elsevier.com/S0223-5234(21)00421-9/sref5
http://refhub.elsevier.com/S0223-5234(21)00421-9/sref5
http://refhub.elsevier.com/S0223-5234(21)00421-9/sref5
http://refhub.elsevier.com/S0223-5234(21)00421-9/sref5
https://doi.org/10.1016/j.polymer.2010.11.047
https://doi.org/10.1021/jacs.6b12297
https://doi.org/10.1016/j.addr.2012.09.030
https://doi.org/10.1016/j.addr.2012.09.030
https://doi.org/10.1039/B901839P
https://doi.org/10.1039/B901839P
https://doi.org/10.1080/00405000.2018.1512361
https://doi.org/10.1021/ma00047a001
http://refhub.elsevier.com/S0223-5234(21)00421-9/sref12
http://refhub.elsevier.com/S0223-5234(21)00421-9/sref12
https://doi.org/10.1016/j.msec.2018.03.002
http://refhub.elsevier.com/S0223-5234(21)00421-9/sref14
https://doi.org/10.1021/ma00006a039
https://doi.org/10.1021/ma00016a011
https://doi.org/10.1016/j.progpolymsci.2004.01.001
https://doi.org/10.1021/acs.bioconjchem.5b00031
https://doi.org/10.1021/acs.bioconjchem.5b00031
https://doi.org/10.1016/j.drudis.2016.12.007
https://doi.org/10.1016/j.eurpolymj.2020.109546
https://doi.org/10.3390/pharmaceutics12090874
https://doi.org/10.3390/pharmaceutics12090874
http://refhub.elsevier.com/S0223-5234(21)00421-9/sref22
http://refhub.elsevier.com/S0223-5234(21)00421-9/sref22
http://refhub.elsevier.com/S0223-5234(21)00421-9/sref22
https://doi.org/10.1007/s11051-016-3423-0
https://doi.org/10.2174/092986708786242778
https://doi.org/10.2174/092986708786242778
https://doi.org/10.2174/156802608785849067
https://doi.org/10.2174/156802608785849067
https://doi.org/10.1002/1521-3773(20020415)41:8<1329::aid-anie1329>3.0.co;2-p
https://doi.org/10.1002/1521-3773(20020415)41:8<1329::aid-anie1329>3.0.co;2-p
https://doi.org/10.1021/bc700483s
https://doi.org/10.1021/bc700483s
https://doi.org/10.1016/j.ccr.2020.213463
https://doi.org/10.1002/mabi.201900282
https://doi.org/10.2147/IJN.S243155
https://doi.org/10.1016/j.arabjc.2020.05.002
https://doi.org/10.1016/j.arabjc.2020.05.002
https://doi.org/10.1016/j.molstruc.2020.129081
https://doi.org/10.1021/ma049168l
https://doi.org/10.1039/B611867B
https://doi.org/10.1016/j.jlumin.2008.12.005
https://doi.org/10.1039/C4TB02133A
https://doi.org/10.1039/C4TB02133A
https://doi.org/10.1021/bc00023a012
https://doi.org/10.1039/C1NJ20444K
https://doi.org/10.1039/C1NJ20444K
https://doi.org/10.31024/ajpp.2020.6.3.10
https://doi.org/10.31024/ajpp.2020.6.3.10

M. Delyanee, S. Akbari and A. Solouk

[41]

[42]

[43]

[44

[45]

[46]

[47]

(48]

[49]

[50]

[51]
[52]

[53]

[54]

[55]

[56]

[57]

[58]

(591

[60]

[61]

[62]

[63]

[64]

[65]

and astramol poly (propylene imine) dendrimers, Macromolecules 33 (26)
(2000) 9587—9593, https://doi.org/10.1021/ma000674u.

H.J. Hsu, J. Bugno, S.r. Lee, S. Hong, Dendrimer-based nanocarriers: a versatile
platform for drug delivery, Wiley. Interdiscip. Rev.: Nanomed. Nano-
biotechnol. 9 (1) (2017) e1409, https://doi.org/10.1002/wnan.1409.

N. Shao, Y. Su, J. Hy, J. Zhang, H. Zhang, Y. Cheng, Comparison of generation 3
polyamidoamine dendrimer and generation 4 polypropylenimine dendrimer
on drug loading, complex structure, release behavior, and cytotoxicity, Int. J.
Nanomed. 6 (2011) 3361, https://doi.org/10.2147/]N.S27028.

D.L. Richter-Egger, A. Tesfai, S.A. Tucker, Spectroscopic investigations of poly
(propyleneimine) dendrimers using the solvatochromic probe phenol blue
and comparisons to poly (amidoamine) dendrimers, Anal. Chem. 73 (23)
(2001) 5743—5751, https://doi.org/10.1021/ac0155355.

N. Kirk, D. Cowan, Optimising the recovery of recombinant thermostable
proteins expressed in mesophilic hosts, J. Biotechnol. 42 (2) (1995) 177—184,
https://doi.org/10.1016/0168-1656(95)00078-5.

R. Bahulekar, N. Ayyangar, S. Ponrathnam, Polyethyleneimine in immobili-
zation of biocatalysts, Enzym. Microb. Technol. 13 (11) (1991) 858—868,
https://doi.org/10.1016/0141-0229(91)90101-F.

L. Cong, R. Kaul, U. Dissing, B. Mattiasson, A model study on Eudragit and
polyethyleneimine as soluble carriers of a-amylase for repeated hydrolysis of
starch, J. Biotechnol. 42 (1) (1995) 75—84, https://doi.org/10.1016/0168-
1656(95)00068-2.

J. Suh, Y. Cho, KJ. Lee, Macrocyclic metal complexes built on poly-
ethylenimine, J. Am. Chem. Soc. 113 (11) (1991) 4198—4202, https://doi.org/
10.1021/ja00011a022.

A.P. Pandey, K.K. Sawant, Polyethylenimine: a versatile, multifunctional non-
viral vector for nucleic acid delivery, Mater. Sci. Eng. C 68 (2016) 904—918,
https://doi.org/10.1016/j.msec.2016.07.066.

X. Wang, D. Niu, C. Hu, P. Li, Polyethyleneimine-based nanocarriers for gene
delivery, Curr. Pharmaceut. Des. 21 (42) (2015) 6140—6156, https://doi.org/
10.2174/1381612821666151027152907.

T.M. Allen, P.R. Cullis, Drug delivery systems: entering the mainstream,
Science 303 (5665) (2004) 1818-1822, https://doi.org/10.1126/
science.1095833.

R. Langer, Drug delivery and targeting, Nature (1998) 5—10.

G. Tiwari, R. Tiwari, B. Sriwastawa, L. Bhati, S. Pandey, P. Pandey,
S.K. Bannerjee, Drug delivery systems: an updated review, Int. ]J. Pharama.
Invest. 2 (1) (2012) 2, https://doi.org/10.4103/2230-973X.96920.

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

LJ. Majoros, A. Myc, T. Thomas, C.B. Mehta, J.R. Baker, PAMAM dendrimer-
based multifunctional conjugate for cancer therapy: synthesis, character-
ization, and functionality, Biomacromolecules 7 (2) (2006) 572—579, https://
doi.org/10.1021/bm0506142.

T.P. Thomas, [J. Majoros, A. Kotlyar, J.F. Kukowska-Latallo, A. Bielinska,
A. Myc, J.R. Baker, Targeting and inhibition of cell growth by an engineered
dendritic nanodevice, J. Med. Chem. 48 (11) (2005) 3729—3735, https://
doi.org/10.1021/jm040187v.

AXK. Patri, I.J. Majoros, J.R. Baker Jr., Dendritic polymer macromolecular car-
riers for drug delivery, Curr. Opin. Chem. Biol. 6 (4) (2002) 466—471, https://
doi.org/10.1016/51367-5931(02)00347-2.

S. Sur, A. Rathore, V. Dave, K.R. Reddy, R.S. Chouhan, V. Sadhu, Recent de-
velopments in functionalized polymer nanoparticles for efficient drug de-
livery system, Nano-Struct. Nano-Objects 20 (2019) 100397, https://doi.org/
10.1016/j.nan0s0.2019.100397.

V.K. Yellepeddi, H. Ghandehari, Pharmacokinetics of oral therapeutics
delivered by dendrimer-based carriers, Expet Opin. Drug Deliv. 16 (10)
(2019) 1051—1061, https://doi.org/10.1080/17425247.2019.1656607.

S. Sharifi, S.Z. Vahed, A. Jahangiri, Dendrimers as drug delivery systems; the
benefits and challenges, ]. Adv. Chem. Pharama. Mater. 2 (2) (2019) 119—123.
https://orcid.org/0000-0002-8753-7024.

M. Carvalho, R. Reis, J.M. Oliveira, Dendrimer nanoparticles for colorectal
cancer applications, ]J. Mater. Chem. B 8 (6) (2020) 1128—1138, https://
doi.org/10.1039/C9TB02289A.

P. Chanphai, T. Thomas, H. Tajmir-Riahi, Application and biomolecular study
of functionalized folic acid-dendrimer nanoparticles in drug delivery,
J.  Biomol. Struct. Dyn. (2020) 1-8, https://doi.org/10.1080/
07391102.2020.1717994.

K. Jain, Nanohybrids of dendrimers and carbon nanotubes: a benefaction or
forfeit in drug delivery? Nanosci. Nanotechnol. - Asia 9 (1) (2019) 21-29,
https://doi.org/10.2174/2210681208666171204163622.

J. Chen, M. Shi, P. Liu, A. Ko, W. Zhong, W. Liao, M.M. Xing, Reducible
polyamidoamine-magnetic iron oxide self-assembled nanoparticles for
doxorubicin delivery, Biomaterials 35 (4) (2014) 1240—1248, https://doi.org/
10.1016/j.biomaterials.2013.10.057.

P. Razmshoar, S.H. Bahrami, S. Akbari, Functional hydrophilic highly biode-
gradable PCL nanofibers through direct aminolysis of PAMAM dendrimer,
Int. J. polymer. Mater. Polymer. Biomater. (2019) 1-12, https://doi.org/
10.1080/00914037.2019.1655751.

K. Rouhollah, M. Pelin, Y. Serap, U. Gozde, G. Ufuk, Doxorubicin loading,
release, and stability of polyamidoamine dendrimer-coated magnetic
nanoparticles, J. Pharmaceut. Sci. 102 (6) (2013) 1825—1835, https://doi.org/
10.1002/jps.23524.

20

(66]

[67]

[68]

(69]

[70]

(711

[72]

(73]

[74]

[75]

[76]

(771

(78]

(791

(80]

(81]

(82]

(83]
(84]

(85]

(86]

(87]

European Journal of Medicinal Chemistry 221 (2021) 113572

X. Xu, S. L, C. Gao, X. Bai, C. Feng, N. Gao, M. Liu, Multifunctional drug
carriers comprised of mesoporous silica nanoparticles and polyamidoamine
dendrimers based on layer-by-layer assembly, Mater. Des. 88 (2015)
1127—-1133, https://doi.org/10.1016/j.matdes.2015.09.069.

M. Nikzamir, Y. Hanifehpour, A. Akbarzadeh, Y. Panahi, Applications of
dendrimers in nanomedicine and drug delivery: a review, J. Inorg. Organo-
met. Polym. Mater. (2021) 1-16, https://doi.org/10.1007/s10904-021-
01925-2.

A. Kaur, K. Jain, N.K. Mehra, N. Jain, Development and characterization of
surface engineered PPI dendrimers for targeted drug delivery, Artificial cells,
Nanomed. Biotechnol. 45 (3) (2017) 414—425. http://doi.org/10.3109/
21691401.2016.1160912.

P. Nadrah, F. Porta, O. Planinsek, A. Kros, M. Gaberscek, Poly (propylene
imine) dendrimer caps on mesoporous silica nanoparticles for redox-
responsive release: smaller is better, Phys. Chem. Chem. Phys. 15 (26)
(2013) 10740—10748, https://doi.org/10.1039/C3CP44614].

M. Golshan, M. Salami-Kalajahi, H. Roghani-Mamaqani, M. Mohammadi, Poly
(propylene imine) dendrimer-grafted nanocrystalline cellulose: doxorubicin
loading and release behavior, Polymer 117 (2017) 287—294, https://doi.org/
10.1016/j.polymer.2017.04.047.

F. Najafi, M. Salami-Kalajahi, H. Roghani-Mamagqgani, A. Kahaie-Khosrow-
shahi, Effect of grafting ratio of poly (propylene imine) dendrimer onto gold
nanoparticles on the properties of colloidal hybrids, their DOX loading and
release behavior and cytotoxicity, Colloids Surf. B Biointerfaces 178 (2019)
500—507, https://doi.org/10.1016/j.colsurfb.2019.03.050.

M.-C. Daniel, M.E. Grow, H. Pan, M. Bednarek, W.E. Ghann, K. Zabetakis,
J. Cornish, Gold nanoparticle-cored poly (propyleneimine) dendrimers as a
new platform for multifunctional drug delivery systems, New ]. Chem. 35
(10) (2011) 2366—2374, https://doi.org/10.1039/C1NJ20206E.

K. Jain, AK. Verma, P.R. Mishra, N.K. Jain, Characterization and evaluation of
amphotericin B loaded MDP conjugated poly (propylene imine) dendrimers,
Nanomed. Nanotechnol. Biol. Med. 11 (3) (2015) 705—713, https://doi.org/
10.1016/j.nano.2014.11.008.

A.O. Elzoghby, Gelatin-based nanoparticles as drug and gene delivery sys-
tems: reviewing three decades of research, J. Contr. Release 172 (3) (2013)
1075—-1091, https://doi.org/10.1016/j.jconrel.2013.09.019.

S.F. Lin, P.L. Jiang, J.S. Tsai, Y.Y. Huang, S.Y. Lin, J.H. Lin, D.Z. Liu, Surface as-
sembly of poly (I: C) on polyethyleneimine-modified gelatin nanoparticles as
immunostimulatory carriers for mucosal antigen delivery, J. Biomed. Mater.
Res. B Appl. Biomater. 107 (4) (2019) 1228—1237, https://doi.org/10.1002/
jbm.b.34215.

RV. Benjaminsen, M.A. Mattebjerg, J.R. Henriksen, S.M. Moghimi,
T.L. Andresen, The possible “proton sponge” effect of polyethylenimine (PEI)
does not include change in lysosomal pH, Mol. Ther. 21 (1) (2013) 149—-157,
https://doi.org/10.1038/mt.2012.185.

H. Zheng, ]. Li, M. Wang, X. Luo, Q. Qiu, L. Hu, L. Cong, Y. Song, Y. Deng,
Exhausting  tumor associated macrophages with sialic acid-
polyethyleneimine-cholesterol ~modified liposomal doxorubicin for
enhancing sarcoma chemotherapy, Int. J. Pharm. 558 (2019) 187—200,
https://doi.org/10.1016/j.ijpharm.2019.01.005.

AJ. Khopade, F. Caruso, Stepwise self-assembled poly (amidoamine) den-
drimer and poly (styrenesulfonate) microcapsules as sustained delivery ve-
hicles, Biomacromolecules 3 (6) (2002) 1154—1162, https://doi.org/10.1021/
bm025562k.

Z. Wang, Y. Itoh, Y. Hosaka, I. Kobayashi, Y. Nakano, I. Maeda, F. Umeda,
J. Yamakawa, M. Kawase, K. Yag, Novel transdermal drug delivery system
with polyhydroxyalkanoate and starburst polyamidoamine dendrimer,
J. Biosci. Bioeng. 95 (5) (2003) 541—-543, https://doi.org/10.1016/S1389-
1723(03)80059-2.

Z-H. Leng, Q-F. Zhuang, Y.-C. Li, Z. He, Z. Chen, S.-P. Huang, H.-Y. Jia, J.-
W. Zhou, Y. Liu, L.-B. Du, Polyamidoamine dendrimer conjugated chitosan
nanoparticles for the delivery of methotrexate, Carbohydr. Polym. 98 (1)
(2013) 1173—1178, https://doi.org/10.1016/j.carbpol.2013.07.021.

K. Goodarzi, F.J. Shariatzadeh, A. Solouk, S. Akbari, H. Mirzadeh, Injectable
drug loaded gelatin based scaffolds as minimally invasive approach for drug
delivery system: CNC/PAMAM nanoparticles, Eur. Polym. J. 139 (2020)
109992, https://doi.org/10.1016/j.eurpolymj.2020.109992.

M. Golshan, M. Salami-Kalajahi, M. Mirshekarpour, H. Roghani-Mamaqani,
M. Mohammadi, Synthesis and characterization of poly (propylene imine)-
dendrimer-grafted gold nanoparticles as nanocarriers of doxorubicin, Col-
loids Surf. B Biointerfaces 155 (2017) 257—265, https://doi.org/10.1016/
j.colsurfb.2017.04.029.

N. Somia, .M. Verma, Gene therapy: trials and tribulations, Nat. Rev. Genet. 1
(2) (2000) 91, https://doi.org/10.1038/35038533.

W. Walther, U. Stein, Viral vectors for gene transfer, Drugs 60 (2) (2000)
249-271, https://doi.org/10.2165/00003495-200060020-00002.

D. Schaffert, E. Wagner, Gene therapy progress and prospects: synthetic
polymer-based systems, Gene Ther. 15 (16) (2008) 1131, https://doi.org/
10.1038/gt.2008.105.

W. Zheng, C. Cao, Y. Liu, Q. Yu, C. Zheng, D. Sun, X. Ren, J. Liu, Multifunctional
polyamidoamine-modified selenium nanoparticles dual-delivering siRNA
and cisplatin to A549/DDP cells for reversal multidrug resistance, Acta Bio-
mater. 11 (2015) 368—380, https://doi.org/10.1016/j.actbio.2014.08.035.

J. Li, M. Shen, X. Shi, Poly (amidoamine) dendrimer-gold nanohybrids in
cancer gene therapy: a concise overview, ACS Appl. Bio Mater. 3 (9) (2020)


https://doi.org/10.1021/ma000674u
https://doi.org/10.1002/wnan.1409
https://doi.org/10.2147/IJN.S27028
https://doi.org/10.1021/ac0155355
https://doi.org/10.1016/0168-1656(95)00078-5
https://doi.org/10.1016/0141-0229(91)90101-F
https://doi.org/10.1016/0168-1656(95)00068-2
https://doi.org/10.1016/0168-1656(95)00068-2
https://doi.org/10.1021/ja00011a022
https://doi.org/10.1021/ja00011a022
https://doi.org/10.1016/j.msec.2016.07.066
https://doi.org/10.2174/1381612821666151027152907
https://doi.org/10.2174/1381612821666151027152907
https://doi.org/10.1126/science.1095833
https://doi.org/10.1126/science.1095833
http://refhub.elsevier.com/S0223-5234(21)00421-9/sref51
http://refhub.elsevier.com/S0223-5234(21)00421-9/sref51
https://doi.org/10.4103/2230-973X.96920
https://doi.org/10.1016/j.progpolymsci.2013.07.005
https://doi.org/10.1016/j.progpolymsci.2013.07.005
https://doi.org/10.1021/bm0506142
https://doi.org/10.1021/bm0506142
https://doi.org/10.1021/jm040187v
https://doi.org/10.1021/jm040187v
https://doi.org/10.1016/S1367-5931(02)00347-2
https://doi.org/10.1016/S1367-5931(02)00347-2
https://doi.org/10.1016/j.nanoso.2019.100397
https://doi.org/10.1016/j.nanoso.2019.100397
https://doi.org/10.1080/17425247.2019.1656607
https://orcid.org/0000-0002-8753-7024
https://doi.org/10.1039/C9TB02289A
https://doi.org/10.1039/C9TB02289A
https://doi.org/10.1080/07391102.2020.1717994
https://doi.org/10.1080/07391102.2020.1717994
https://doi.org/10.2174/2210681208666171204163622
https://doi.org/10.1016/j.biomaterials.2013.10.057
https://doi.org/10.1016/j.biomaterials.2013.10.057
https://doi.org/10.1080/00914037.2019.1655751
https://doi.org/10.1080/00914037.2019.1655751
https://doi.org/10.1002/jps.23524
https://doi.org/10.1002/jps.23524
https://doi.org/10.1016/j.matdes.2015.09.069
https://doi.org/10.1007/s10904-021-01925-2
https://doi.org/10.1007/s10904-021-01925-2
http://doi.org/10.3109/21691401.2016.1160912
http://doi.org/10.3109/21691401.2016.1160912
https://doi.org/10.1039/C3CP44614J
https://doi.org/10.1016/j.polymer.2017.04.047
https://doi.org/10.1016/j.polymer.2017.04.047
https://doi.org/10.1016/j.colsurfb.2019.03.050
https://doi.org/10.1039/C1NJ20206E
https://doi.org/10.1016/j.nano.2014.11.008
https://doi.org/10.1016/j.nano.2014.11.008
https://doi.org/10.1016/j.jconrel.2013.09.019
https://doi.org/10.1002/jbm.b.34215
https://doi.org/10.1002/jbm.b.34215
https://doi.org/10.1038/mt.2012.185
https://doi.org/10.1016/j.ijpharm.2019.01.005
https://doi.org/10.1021/bm025562k
https://doi.org/10.1021/bm025562k
https://doi.org/10.1016/S1389-1723(03)80059-2
https://doi.org/10.1016/S1389-1723(03)80059-2
https://doi.org/10.1016/j.carbpol.2013.07.021
https://doi.org/10.1016/j.eurpolymj.2020.109992
https://doi.org/10.1016/j.colsurfb.2017.04.029
https://doi.org/10.1016/j.colsurfb.2017.04.029
https://doi.org/10.1038/35038533
https://doi.org/10.2165/00003495-200060020-00002
https://doi.org/10.1038/gt.2008.105
https://doi.org/10.1038/gt.2008.105
https://doi.org/10.1016/j.actbio.2014.08.035

M. Delyanee, S. Akbari and A. Solouk

(88]

(89]

[90]

[91]

[92]

[93]

[94]

[95]

[96]

[97]

[98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

5590—5605, https://doi.org/10.1021/acsabm.0c00863.

J. Guerra, M.A. Herrero, B. Carrion, F.C. Pérez-Martinez, M. Lucio, N. Rubio,
M. Meneghetti, M. Prato, V. Cena, E. Vdzquez, Carbon nanohorns function-
alized with polyamidoamine dendrimers as efficient biocarrier materials for
gene therapy, Carbon 50 (8) (2012) 2832-2844, https://doi.org/10.1016/
j.carbon.2012.02.050.

J. Intra, AK. Salem, Fabrication, characterization and in vitro evaluation of
poly (D, L-lactide-co-glycolide) microparticles loaded with
polyamidoamine—plasmid DNA dendriplexes for applications in nonviral
gene delivery, ]J. Pharmaceut. Sci. 99 (1) (2010) 368—384, https://doi.org/
10.1002/jps.21840.

B. Pan, D. Cui, Y. Sheng, C. Ozkan, F. Gao, R. He, Q. Li, P. Xu, T. Huang, Den-
drimer-modified magnetic nanoparticles enhance efficiency of gene delivery
system, Canc. Res. 67 (17) (2007) 8156—8163, https://doi.org/10.1158/0008-
5472.CAN-06-4762.

D.R. Radu, C.-Y. Lai, K. Jeftinija, EW. Rowe, S. Jeftinija, V.S.-Y. Lin,
A polyamidoamine dendrimer-capped mesoporous silica nanosphere-based
gene transfection reagent, ]J. Am. Chem. Soc. 126 (41) (2004)
13216—13217, https://doi.org/10.1021/ja046275m.

J. Yang, Q. Zhang, H. Chang, Y. Cheng, Surface-engineered dendrimers in gene
delivery, Chem. Rev. 115 (11) (2015) 5274—5300, https://doi.org/10.1021/
cr500542t.

M. Teimouri, AH. Nia, K. Abnous, H. Eshghi, M. Ramezani, Graphene
oxide—cationic polymer conjugates: synthesis and application as gene de-
livery vectors, Plasmid 84 (2016) 51-60, https://doi.org/10.1016/
j-plasmid.2016.03.002.

Y.-b. Lim, T. Kim, JW. Lee, S.-m. Kim, H.-]. Kim, K. Kim, J.-s. Park, Self-
assembled ternary complex of cationic dendrimer, cucurbituril, and DNA:
noncovalent strategy in developing a gene delivery carrier, Bioconjugate
Chem. 13 (6) (2002) 1181—1185, https://doi.org/10.1021/bc025581r.

T.-i. Kim, J.-u. Baek, CZ. Bai, J.-s. Park, Arginine-conjugated poly-
propylenimine dendrimer as a non-toxic and efficient gene delivery carrier,
Biomaterials 28 (11) (2007) 2061-2067, https://doi.org/10.1016/
j.biomaterials.2006.12.013.

V. Russ, M. Giinther, A. Halama, M. Ogris, E. Wagner, Oligoethylenimine-
grafted polypropylenimine dendrimers as degradable and biocompatible
synthetic vectors for gene delivery, J. Contr. Release 132 (2) (2008) 131—-140,
https://doi.org/10.1016/j.jconrel.2008.09.003.

A. Neamnark, O. Suwantong, R.B. Kc, C.Y. Hsu, P. Supaphol, H. Uludag,
Aliphatic lipid substitution on 2 kDa polyethylenimine improves plasmid
delivery and transgene expression, Mol. Pharm. 6 (6) (2009) 1798—1815,
https://doi.org/10.1021/mp900074d.

M. Zuvin, E. Kuruoglu, V.0. Kaya, O. Unal, O. Kutlu, H. Yagci Acar, D. Gozuacik,
A. Kosar, Magnetofection of green fluorescent protein encoding DNA-bearing
polyethyleneimine-coated superparamagnetic iron oxide nanoparticles to
human breast cancer cells, ACS Omega 4 (7) (2019) 12366—12374, https://
doi.org/10.1021/acsomega.9b01000.

W. Song, D.A. Gregory, H. Al-janabi, M. Muthana, Z. Cai, X. Zhao, Magnetic-
silk/polyethyleneimine core-shell nanoparticles for targeted gene delivery
into human breast cancer cells, Int. J. Pharm. 555 (2019) 322—-336, https://
doi.org/10.1016/j.ijpharm.2018.11.030.

H. Nguyen, P. Lemieux, S. Vinogradov, C.L. Gebhart, N. Guerin, G. Paradis,
T.K. Bronich, V. Alakhov, A. Kabanov, Evaluation of polyether-
polyethyleneimine graft copolymers as gene transfer agents, Gene Ther. 7
(2) (2000) 126, https://doi.org/10.1038/sj.gt.3301052.

S.P. Kasturi, K. Sachaphibulkij, K. Roy, Covalent conjugation of poly-
ethyleneimine on biodegradable microparticles for delivery of plasmid DNA
vaccines, Biomaterials 26 (32) (2005) 6375—6385, https://doi.org/10.1016/
j.biomaterials.2005.03.043.

M.A. Herrero, F.M. Toma, K.T. Al-Jamal, K. Kostarelos, A. Bianco, T. Da Ros,
F. Bano, L. Casalis, G. Scoles, M. Prato, Synthesis and characterization of a
carbon nanotube— dendron series for efficient siRNA delivery, . Am. Chem.
Soc. 131 (28) (2009) 9843—9848, https://doi.org/10.1021/ja903316z.

B. Pan, D. Cui, P. Xu, C. Ozkan, G. Feng, M. Ozkan, T. Huang, B. Chu, Q. Li, R. He,
Synthesis and characterization of polyamidoamine dendrimer-coated multi-
walled carbon nanotubes and their application in gene delivery systems,
Nanotechnology 20 (12) (2009) 125101, https://doi.org/10.1088/0957-4484/
20/12/125101.

W. Qin, K. Yang, H. Tang, L. Tan, Q. Xie, M. Ma, Y. Zhang, S. Yao, Improved GFP
gene transfection mediated by polyamidoamine dendrimer-functionalized
multi-walled carbon nanotubes with high biocompatibility, Colloids Surf. B
Biointerfaces 84 (1) (2011) 206—213, https://doi.org/10.1016/
j.colsurfb.2011.01.001.

X. Liu, D. Ma, H. Tang, L. Tan, Q. Xie, Y. Zhang, M. Ma, S. Yao, Polyamidoamine
dendrimer and oleic acid-functionalized graphene as biocompatible and
efficient gene delivery vectors, ACS Appl. Mater. Interfaces 6 (11) (2014)
8173—8183, https://doi.org/10.1021/am500812h.

S. Pan, C. Wang, X. Zeng, Y. Wen, H. Wu, M. Feng, Short multi-armed poly-
lysine-graft-polyamidoamine copolymer as efficient gene vectors, Int. J.
Pharm. 420 2) (2011) 206-215, https://doi.org/10.1016/
j.ijpharm.2011.08.036.

K. Yang, W. Qin, H. Tang, L. Tan, Q. Xie, M. Ma, Y. Zhang, S. Yao, Poly-
amidoamine dendrimer-functionalized carbon nanotubes-mediated GFP
gene transfection for HeLa cells: effects of different types of carbon nano-
tubes, J. Biomed. Mater. Res. 99 (2) (2011) 231239, https://doi.org/10.1002/

21

[108]

[109]

[110]

[111]

[112]

[113]

[114]

[115]

[116]

[117]

[118]

[119]

[120]

[121]

[122]

[123]

[124]

[125]

[126]

[127]

[128]

[129]

European Journal of Medicinal Chemistry 221 (2021) 113572

jbm.a.33180.

S. Biswas, P.P. Deshpande, G. Navarro, N.S. Dodwadkar, V.P. Torchilin, Lipid
modified triblock PAMAM-based nanocarriers for siRNA drug co-delivery,
Biomaterials 34 (4) (2013) 1289-1301, https://doi.org/10.1016/
j.biomaterials.2012.10.024.

A. Agrawal, D.-H. Min, N. Singh, H. Zhu, A. Birjiniuk, G. Von Maltzahn,
T.J. Harris, D. Xing, S.D. Woolfenden, P.A. Sharp, Functional delivery of siRNA
in mice using dendriworms, ACS Nano 3 (9) (2009) 2495—-2504, https://
doi.org/10.1021/nn900201e.

A.E. Felber, B. Castagner, M. Elsabahy, G.F. Deleavey, M.J. Damha, J.-C. Leroux,
siRNA nanocarriers based on methacrylic acid copolymers, J. Contr. Release
152 (1) (2011) 159—167, https://doi.org/10.1016/j.jconrel.2010.12.012.

M.L. Patil, M. Zhang, T. Minko, Multifunctional triblock nanocarrier (PAMAM-
PEG-PLL) for the efficient intracellular siRNA delivery and gene silencing,
ACS Nano 5 (3) (2011) 1877—1887, https://doi.org/10.1021/nn102711d.

X. Zhang, J. Pan, M. Yao, LP. Mendes, C. Sarisozen, S. Mao, V.P. Torchilin,
Charge reversible hyaluronic acid-modified dendrimer-based nanoparticles
for siMDR-1 and doxorubicin co-delivery, Eur. J. Pharm. Biopharm. 154
(2020) 43—49, https://doi.org/10.1016/j.ejpb.2020.06.019.

X. Zhang, H. Hu, T. Liy, Y. Yang, Y. Peng, Q. Cai, L. Fang, Multi-armed poly (L-
glutamic acid)-graft-polypropyleneinime as effective and serum resistant
gene delivery vectors, Int. J. Pharm. 465 (1-2) (2014) 444—454, https://
doi.org/10.1016/j.ijpharm.2014.02.041.

M. Liu, B. Chen, Y. Xue, J. Huang, L. Zhang, S. Huang, Q. Li, Z. Zhang, Poly-
amidoamine-grafted multiwalled carbon nanotubes for gene delivery: syn-
thesis, transfection and intracellular trafficking, Bioconjugate Chem. 22 (11)
(2011) 2237-2243, https://doi.org/10.1021/bc200189f.

S. Vinogradov, E. Batrakova, A. Kabanov, Poly (ethylene glycol)—poly-
ethyleneimine NanoGel™ particles: novel drug delivery systems for anti-
sense oligonucleotides, Colloids Surf. B Biointerfaces 16 (1—4) (1999)
291-304, https://doi.org/10.1016/S0927-7765(99)00080-6.

Y. Jia, D. Niu, Q. Li, H. Huang, X. Li, K. Li, L. Li, C. Zhang, H. Zheng, Z. Zhu,
Effective gene delivery of shBMP-9 using polyethyleneimine-based
core—shell nanoparticles in an animal model of insulin resistance, Nano-
scale 11 (4) (2019) 2008—2016, https://doi.org/10.1039/C8NR08193].

G. Jiang, K. Park, J. Kim, K.S. Kim, EJ. Oh, H. Kang, S.E. Han, Y.K. Oh, T.G. Park,
S. Kwang Hahn, Hyaluronic acid—polyethyleneimine conjugate for target
specific intracellular delivery of siRNA, Biopolymers: Original. Res. Biomol.
89 (7) (2008) 635—642, https://doi.org/10.1002/bip.20978.

S.C. McBain, H.H.P. Yiu, A. El Haj, ]. Dobson, Polyethyleneimine functionalized
iron oxide nanoparticles as agents for DNA delivery and transfection,
J. Mater. Chem. 17 (24) (2007) 2561-2565, https://doi.org/10.1039/
B617402G.

W.J. Song, J.Z. Du, T.M. Sun, P.Z. Zhang, ]. Wang, Gold nanoparticles capped
with polyethyleneimine for enhanced siRNA delivery, Small 6 (2) (2010)
239-246, https://doi.org/10.1002/smll.200901513.

0.C. Bodur, E.H. Ozkan, O. Colak, H. Arslan, N. Sari, A. Disli, F. Arslan, Prep-
aration of acetylcholine biosensor for the diagnosis of Alzheimer's disease,
J. Mol. Struct. 1223 (2021) 129168, https://doi.org/10.1016/
j.molstruc.2020.129168.

G. Rocchitta, A. Spanu, S. Babudieri, G. Latte, G. Madeddu, G. Galleri, S. Nuvoli,
P. Bagella, M.I. Demartis, V. Fiore, Enzyme biosensors for biomedical appli-
cations: strategies for safeguarding analytical performances in biological
fluids, Sensors 16 (6) (2016) 780, https://doi.org/10.3390/s16060780.

E. Araque, R. Villalonga, M. Gamella, P. Martinez-Ruiz, ]. Reviejo,
J.M. Pingarrén, Crumpled reduced graphene oxide—polyamidoamine den-
drimer hybrid nanoparticles for the preparation of an electrochemical
biosensor, ]. Mater. Chem. B 1 (17) (2013) 2289—2296, https://doi.org/
10.1039/C3TB20078G.

E. Araque, C.B. Arenas, M. Gamella, ]. Reviejo, R. Villalonga, ].M. Pingarron,
Graphene—polyamidoamine dendrimer—Pt nanoparticles hybrid nano-
material for the preparation of mediatorless enzyme biosensor,
J. Electroanal. Chem. 717 (2014) 96-—102, https://doi.org/10.1016/
jjelechem.2014.01.016.

F. Li, J. Peng, Q. Zheng, X. Guo, H. Tang, S. Yao, Carbon nanotube-
polyamidoamine dendrimer hybrid-modified electrodes for highly sensi-
tive electrochemical detection of microRNA24, Anal. Chem. 87 (9) (2015)
4806—4813, https://doi.org/10.1021/acs.analchem.5b00093.

Y.-J. Jin, Y.-J. Luo, G.-P. Li, J. Li, Y.-F. Wang, R.-Q. Yang, W.-T. Lu, Application of
photoluminescent CdS/PAMAM nanocomposites in fingerprint detection,
Forensic Sci. Int. 179 (1) (2008) 34-38, https://doi.org/10.1016/
j.forsciint.2008.04.010.

F. Sun, F. Chen, W. Fei, L. Sun, Y. Wu, A novel strategy for constructing
electrochemiluminescence sensor based on CdS-polyamidoamine incorpo-
rating electrodeposited gold nanoparticle film and its application, Sensor.
Actuator. B Chem. 166 (2012) 702—707, https://doi.org/10.1016/
j-snb.2012.03.043.

H.C. Yoon, M.-Y. Hong, H.-S. Kim, Functionalization of a poly (amidoamine)
dendrimer with ferrocenyls and its application to the construction of a
reagentless enzyme electrode, Anal. Chem. 72 (18) (2000) 4420—4427,
https://doi.org/10.1021/ac0003044.

A. Li, F. Yang, Y. Ma, X. Yang, Electrochemical impedance detection of DNA
hybridization based on dendrimer modified electrode, Biosens. Bioelectron.
22 (8) (2007) 1716—1722, https://doi.org/10.1016/j.bios.2006.07.033.

Z. Zhang, W. Yang, ]J. Wang, C. Yang, F. Yang, X. Yang, A sensitive


https://doi.org/10.1021/acsabm.0c00863
https://doi.org/10.1016/j.carbon.2012.02.050
https://doi.org/10.1016/j.carbon.2012.02.050
https://doi.org/10.1002/jps.21840
https://doi.org/10.1002/jps.21840
https://doi.org/10.1158/0008-5472.CAN-06-4762
https://doi.org/10.1158/0008-5472.CAN-06-4762
https://doi.org/10.1021/ja046275m
https://doi.org/10.1021/cr500542t
https://doi.org/10.1021/cr500542t
https://doi.org/10.1016/j.plasmid.2016.03.002
https://doi.org/10.1016/j.plasmid.2016.03.002
https://doi.org/10.1021/bc025581r
https://doi.org/10.1016/j.biomaterials.2006.12.013
https://doi.org/10.1016/j.biomaterials.2006.12.013
https://doi.org/10.1016/j.jconrel.2008.09.003
https://doi.org/10.1021/mp900074d
https://doi.org/10.1021/acsomega.9b01000
https://doi.org/10.1021/acsomega.9b01000
https://doi.org/10.1016/j.ijpharm.2018.11.030
https://doi.org/10.1016/j.ijpharm.2018.11.030
https://doi.org/10.1038/sj.gt.3301052
https://doi.org/10.1016/j.biomaterials.2005.03.043
https://doi.org/10.1016/j.biomaterials.2005.03.043
https://doi.org/10.1021/ja903316z
https://doi.org/10.1088/0957-4484/20/12/125101
https://doi.org/10.1088/0957-4484/20/12/125101
https://doi.org/10.1016/j.colsurfb.2011.01.001
https://doi.org/10.1016/j.colsurfb.2011.01.001
https://doi.org/10.1021/am500812h
https://doi.org/10.1016/j.ijpharm.2011.08.036
https://doi.org/10.1016/j.ijpharm.2011.08.036
https://doi.org/10.1002/jbm.a.33180
https://doi.org/10.1002/jbm.a.33180
https://doi.org/10.1016/j.biomaterials.2012.10.024
https://doi.org/10.1016/j.biomaterials.2012.10.024
https://doi.org/10.1021/nn900201e
https://doi.org/10.1021/nn900201e
https://doi.org/10.1016/j.jconrel.2010.12.012
https://doi.org/10.1021/nn102711d
https://doi.org/10.1016/j.ejpb.2020.06.019
https://doi.org/10.1016/j.ijpharm.2014.02.041
https://doi.org/10.1016/j.ijpharm.2014.02.041
https://doi.org/10.1021/bc200189f
https://doi.org/10.1016/S0927-7765(99)00080-6
https://doi.org/10.1039/C8NR08193J
https://doi.org/10.1002/bip.20978
https://doi.org/10.1039/B617402G
https://doi.org/10.1039/B617402G
https://doi.org/10.1002/smll.200901513
https://doi.org/10.1016/j.molstruc.2020.129168
https://doi.org/10.1016/j.molstruc.2020.129168
https://doi.org/10.3390/s16060780
https://doi.org/10.1039/C3TB20078G
https://doi.org/10.1039/C3TB20078G
https://doi.org/10.1016/j.jelechem.2014.01.016
https://doi.org/10.1016/j.jelechem.2014.01.016
https://doi.org/10.1021/acs.analchem.5b00093
https://doi.org/10.1016/j.forsciint.2008.04.010
https://doi.org/10.1016/j.forsciint.2008.04.010
https://doi.org/10.1016/j.snb.2012.03.043
https://doi.org/10.1016/j.snb.2012.03.043
https://doi.org/10.1021/ac0003044
https://doi.org/10.1016/j.bios.2006.07.033

M. Delyanee, S. Akbari and A. Solouk

[130]

[131]

[132]

[133]

[134]

[135]

[136]

[137]

[138]

[139]

[140]

[141]

[142]

[143]

[144]

[145]

[146]

[147]

[148]

[149]

impedimetric thrombin aptasensor based on polyamidoamine dendrimer,
Talanta 78 (4-5) (2009) 1240—1245, https://doi.org/10.1016/
j-talanta.2009.01.034.

A.O. Idris, N. Mabuba, O.A. Arotiba, An exfoliated graphite-based electro-
chemical immunosensor on a dendrimer/carbon nanodot platform for the
detection of carcinoembryonic antigen cancer biomarker, Biosensors 9 (1)
(2019) 39, https://doi.org/10.3390/bios9010039.

S.K. Shukla, AK. Mishra, B.B. Mamba, O.A. Arotiba, Zirconia-poly (propylene
imine) dendrimer nanocomposite based electrochemical urea biosensor,
Enzym. Microb. Technol. 66 (2014) 48-55, https://doi.org/10.1016/
j.enzmictec.2014.08.003.

Y. Liu, Z. Guo, L. Hao, X. Shi, S. Yan, H. Yang, Polyethyleneimine-AuNPs-
copper protoporphyrin nanocomposite: a novel biosensor for sensitive
detection of hydrogen peroxide in human serum, J. Solid State Electrochem.
(2019) 1-8, https://doi.org/10.1007/s10008-019-04322-5.

M. Li, Z. Guo, H. Yang, Y. Liu, Y. Tong, J. Kong, Electrochemical sensor based
on polyethyleneimine-AuNPs-anthraquinone-2-carboxylic acid nano-
composite for cysteine detection, Int. J. Electrochem. Sci. 14 (1) (2019)
943-956, https://doi.org/10.20964/2019.01.72.

C. Xiong, H. Wang, Y. Yuan, Y. Chai, R. Yuan, A novel solid-state Ru (bpy) 32+
electrochemiluminescence immunosensor based on poly (ethylenimine) and
polyamidoamine dendrimers as co-reactants, Talanta 131 (2015) 192—197,
https://doi.org/10.1016/j.talanta.2014.07.072.

M. Gordegir, S. Oz, I. Yezer, M. Buhur, B. Unal, D.O. Demirkol, Cells-on-
nanofibers: effect of polyethyleneimine on hydrophobicity of poly-€-cap-
rolacton electrospun nanofibers and immobilization of bacteria, Enzym.
Microb.  Technol. 126  (2019) 24-31, https://doi.org/10.1016/
j.enzmictec.2019.03.002.

M. Akin, M. Yuksel, C. Geyik, D. Odaci, A. Bluma, T. Hopfner, S. Beutel,
T. Scheper, S. Timur, Alcohol biosensing by polyamidoamine (PAMAM)/
cysteamine/alcohol oxidase-modified gold electrode, Biotechnol. Prog. 26 (3)
(2010) 896—906, https://doi.org/10.1002/btpr.372.

Q. Gao, J. Han, Z. Ma, Polyamidoamine dendrimers-capped carbon dots/Au
nanocrystal nanocomposites and its application for electrochemical immu-
nosensor, Biosens. Bioelectron. 49 (2013) 323—328, https://doi.org/10.1016/
j.bi0s.2013.05.048.

Z. Qian, H.-J. Bai, G.-L. Wang, ].-J. Xu, H.-Y. Chen, A photoelectrochemical
sensor based on CdS-polyamidoamine nano-composite film for cell capture
and detection, Biosens. Bioelectron. 25 (9) (2010) 2045—2050, https://
doi.org/10.1016/j.bios.2010.01.036.

R. Villalonga, P. Diez, S. Casado, M. Eguilaz, P. Yanez-Sedeno, ].M. Pingarron,
Electropolymerized network of polyamidoamine dendron-coated gold
nanoparticles as novel nanostructured electrode surface for biosensor con-
struction, Analyst 137 (2) (2012) 342-348, https://doi.org/10.1039/
C1AN15850C.

M. Yuksel, M. Akin, C. Geyik, D.O. Demirkol, C. Ozdemir, A. Bluma, T. Hopfner,
S. Beutel, S. Timur, T. Scheper, Offline glucose biomonitoring in yeast culture
by polyamidoamine/cysteamine-modified gold electrodes, Biotechnol. Prog.
27 (2) (2011) 530—538, https://doi.org/10.1002/btpr.544.

C. Wang, X.-P. Zhao, F.-F. Liu, Y. Chen, X.-H. Xia, ]. Li, Dendrimer-Au nano-
particle network covered alumina membrane for ion rectification and
enhanced bioanalysis, Nano Lett. 20 (3) (2020) 1846—1854, https://doi.org/
10.1021/acs.nanolett.9b05066.

E.G. Fernandes, N.C. Vieira, A.A. de Queiroz, F.E. Guimaraes, V. Zucolotto,
Immobilization of poly (propylene imine) dendrimer/nickel phtalocyanine as
nanostructured multilayer films to be used as gate membranes for SEGFET
pH sensors, J. Phys. Chem. C 114 (14) (2010) 6478—6483, https://doi.org/
10.1021/jp9106052.

S. Zhang, L. Zang, X. Zhang, H. Dai, G. Xu, Q. Zhang, C. Yang, Y. Lin, Signal-on
electrochemiluminescent immunosensor based on poly (amidoamine) den-
drimer functionalized carbon nanodots amplification for ultrasensitive
detection of a-fetoprotein, Electrochim. Acta 196 (2016) 67—74, https://
doi.org/10.1016/j.electacta.2016.02.162.

H.S. Choi, J.V. Frangioni, Nanoparticles for biomedical imaging: fundamentals
of clinical translation, Mol. Imag. 9 (6) (2010), https://doi.org/10.2310/
7290.2010.00031, 7290.2010. 00031.

D.A. Geraldo, E.F. Duran-Lara, D. Aguayo, RE. Cachau, J. Tapia, R. Esparza,
M.J. Yacaman, F.D. Gonzalez-Nilo, L.S. Santos, Supramolecular complexes of
quantum dots and a polyamidoamine (PAMAM)-folate derivative for mo-
lecular imaging of cancer cells, Anal. Bioanal. Chem. 400 (2) (2011) 483—492,
https://doi.org/10.1007/s00216-011-4756-2.

Y. Higuchi, C. Wuy, K.-L. Chang, K. Irie, S. Kawakami, F. Yamashita, M. Hashida,
Polyamidoamine dendrimer-conjugated quantum dots for efficient labeling
of primary cultured mesenchymal stem cells, Biomaterials 32 (28) (2011)
6676—6682, https://doi.org/10.1016/j.biomaterials.2011.05.076.

X. Shi, S.H. Wang, M. Shen, M.E. Antwerp, X. Chen, C. Li, E]. Petersen,
Q. Huang, W.J. Weber Jr., J.R. Baker Jr., Multifunctional dendrimer-modified
multiwalled carbon nanotubes: synthesis, characterization, and in vitro
cancer cell targeting and imaging, Biomacromolecules 10 (7) (2009)
1744—1750, https://doi.org/10.1021/bm9001624.

H. Liu, H. Wang, R. Guo, X. Cao, J. Zhao, Y. Luo, M. Shen, G. Zhang, X. Shi, Size-
controlled synthesis of dendrimer-stabilized silver nanoparticles for X-ray
computed tomography imaging applications, Polym. Chem. 1 (10) (2010)
1677—-1683, https://doi.org/10.1039/COPY00218F.

R. Guo, H. Wang, C. Peng, M. Shen, M. Pan, X. Cao, G. Zhang, X. Shi, X-ray

22

[150]

[151]

[152]

[153]

[154]

[155]

[156]

[157]

[158]

[159]

[160]

[161]

[162]

[163]

[164]

[165]

[166]

[167]

[168]

European Journal of Medicinal Chemistry 221 (2021) 113572

attenuation property of dendrimer-entrapped gold nanoparticles, J. Phys.
Chem. C 114 (1) (2010) 50—56, https://doi.org/10.1021/jp9078986.

N. Sato, H. Kobayashi, A. Hiraga, T. Saga, K. Togashi, ]. Konishi,
M.W. Brechbiel, Pharmacokinetics and enhancement patterns of macromo-
lecular MR contrast agents with various sizes of polyamidoamine dendrimer
cores, Magn. Reson. Med.: Offc. ]. int. Soc. Magnet. Resonance. Med. 46 (6)
(2001) 1169—1173, https://doi.org/10.1002/mrm.1314.

M. Ndiaye, V. Malytskyi, T. Vangijzegem, F.I. Sauvage, M. Wels, C. Cadiou,
J. Moreau, C.I. Henoumont, S.b. Boutry, R.N. Muller, Comparison of MRI
properties between multimeric DOTAGA and DO3A Gadolinium-Dendron
conjugates, Inorg. Chem. 58 (19) (2019) 12798-12808, https://doi.org/
10.1021/acs.inorgchem.9b01747.

L. Zhao, X. Shi, J. Zhao, Dendrimer-based contrast agents for PET imaging,
Drug  Deliv. 24 (2) (2017) 81-93, https://doi.org/10.1080/
10717544.2017.1399299.

A. Ghai, B. Singh, P.P. Hazari, M.K. Schultz, A. Parmar, P. Kumar, S. Sharma,
D. Dhawan, A.K. Mishra, Radiolabeling optimization and characterization of
68Ga labeled DOTA—polyamido-amine dendrimer conjugate—animal bio-
distribution and PET imaging results, Appl. Radiat. Isot. 105 (2015) 40—46,
https://doi.org/10.1016/j.apradiso.2015.07.021.

L. Ding, Z. Lyu, A. Tintaru, E. Laurini, D. Marson, B. Louis, A. Bouhlel, L. Balasse,
S. Fernandez, P. Garrigue, A self-assembling amphiphilic dendrimer nano-
tracer for SPECT imaging, Chem. Commun. 56 (2) (2020) 301—304. http://doi.
org/10.1039/C9CC07750B.

X. Xu, Y. Zhang, X. Wang, X. Guo, X. Zhang, Y. Qi, Y.-M. Shen, Radiosynthesis,
biodistribution and micro-SPECT imaging study of dendrimer—avidin con-
jugate, Bioorg. Med. Chem. 19 (5) (2011) 1643—1648, https://doi.org/
10.1016/j.bmc.2011.01.036.

Y. Yao, D. Niu, C.H. Lee, Y. Li, P. Li, Aqueous synthesis of multi-carbon dot
cross-linked polyethyleneimine particles with enhanced photoluminescent
properties, Macromol. Rapid Commun. 40 (10) (2019) 1800869, https://
doi.org/10.1002/marc.201800869.

H. Cai, X. An, J. Cui, J. Li, S. Wen, K. Li, M. Shen, L. Zheng, G. Zhang, X. Shi,
Facile hydrothermal synthesis and surface functionalization of
polyethyleneimine-coated iron oxide nanoparticles for biomedical applica-
tions, ACS Appl. Mater. Interfaces 5 (5) (2013) 1722—1731, https://doi.org/
10.1021/am302883m.

L.G. Griffith, G. Naughton, Tissue engineering-current challenges and
expanding opportunities, Science 295 (5557) (2002) 1009—1014, https://
doi.org/10.1126/science.1069210.

X. Duan, H. Sheardown, Crosslinking of collagen with dendrimers, J. Biomed.
Mater. Res. Part A: An Off. ]. Soc. Biomater. The Japan. Soc. Biomater. The
Australian Soc. Biomater. Korean Soc. Biomater. 75 (3) (2005) 510—518,
https://doi.org/10.1002/jbm.a.30475.

X. Duan, H. Sheardown, Dendrimer crosslinked collagen as a corneal tissue
engineering scaffold: mechanical properties and corneal epithelial cell in-
teractions, Biomaterials 27 (26) (2006) 4608—4617, https://doi.org/10.1016/
j.biomaterials.2006.04.022.

Enhanced biological stability of collagen with incorporation of PAMAM
dendrimer S. Zhong, LY.L. Yung, Journal of biomedical materials research
Part A: an official journal of the society for biomaterials, the Japanese society
for biomaterials, and the Australian society for biomaterials and the Korean
society for biomaterials, 91, 1, 114-122, http://doi.org/10.1002/jbm.a.32188,
2009.

M. Kawase, N. Kurikawa, N. Miura, T. Shiomi, C. Ozawa, S. Higashiyama,
T. Mizoguchi, K. Yagi, Immobilization of ligand-modified polyamidoamine
dendrimer for cultivation of hepatoma cells, Artif. Organs 24 (1) (2000)
18—22, https://doi.org/10.1046/j.1525-1594.2000.06443 X.

J.M. Oliveira, R.A. Sousa, N. Kotobuki, M. Tadokoro, M. Hirose, ]J.F. Mano,
R.L. Reis, H. Ohgushi, The osteogenic differentiation of rat bone marrow
stromal cells cultured with dexamethasone-loaded carboxymethylchitosan/
poly (amidoamine) dendrimer nanoparticles, Biomaterials 30 (5) (2009)
804—813, https://doi.org/10.1016/j.biomaterials.2008.10.024.

A. Paolini, G. Battafarano, V. D'Oria, F. Mura, S. Sennato, V. Mussi, R. Risoluti,
S. Materazzi, A. Del Fattore, A. Masotti, A 3D-printed multi-chamber device
allows culturing cells on buckypapers coated with PAMAM dendrimer and
obtain innovative materials for biomedical applications, Int. J. Nanomed. 14
(2019) 9295, https://doi.org/10.2147/1JN.S224819.

L. Hong, Y. Krishnamachari, D. Seabold, V. Joshi, G. Schneider, A.K. Salem,
Intracellular release of 17-f estradiol from cationic polyamidoamine den-
drimer surface-modified poly (lactic-co-glycolic acid) microparticles im-
proves osteogenic differentiation of human mesenchymal stromal cells,
Tissue Eng. C Methods 17 (3) (2010) 319—325, https://doi.org/10.1089/
ten.TEC.2010.0388.

H. Huy, Y. Ni, S.K. Mandal, V. Montana, B. Zhao, R.C. Haddon, V. Parpura,
Polyethyleneimine functionalized single-walled carbon nanotubes as a
substrate for neuronal growth, J. Phys. Chem. B 109 (10) (2005) 4285—4289,
https://doi.org/10.1021/jp0441137.

E. Murugan, S. Arumugam, New dendrimer functionalized multi-walled
carbon nanotube hybrids for bone tissue engineering, RSC Adv. 4 (67)
(2014) 35428—35441, https://doi.org/10.1039/C4RA04646C.

X. Jing, H.-Y. Mi, M.R. Salick, T. Cordie, ]J. McNulty, X.-F. Peng, L.-S. Turng,
In vitro evaluations of electrospun nanofiber scaffolds composed of poly
(e-caprolactone) and polyethylenimine, J. Mater. Res. 30 (11) (2015)
1808—1819, https://doi.org/10.1557/jmr.2015.117.


https://doi.org/10.1016/j.talanta.2009.01.034
https://doi.org/10.1016/j.talanta.2009.01.034
https://doi.org/10.3390/bios9010039
https://doi.org/10.1016/j.enzmictec.2014.08.003
https://doi.org/10.1016/j.enzmictec.2014.08.003
https://doi.org/10.1007/s10008-019-04322-5
https://doi.org/10.20964/2019.01.72
https://doi.org/10.1016/j.talanta.2014.07.072
https://doi.org/10.1016/j.enzmictec.2019.03.002
https://doi.org/10.1016/j.enzmictec.2019.03.002
https://doi.org/10.1002/btpr.372
https://doi.org/10.1016/j.bios.2013.05.048
https://doi.org/10.1016/j.bios.2013.05.048
https://doi.org/10.1016/j.bios.2010.01.036
https://doi.org/10.1016/j.bios.2010.01.036
https://doi.org/10.1039/C1AN15850C
https://doi.org/10.1039/C1AN15850C
https://doi.org/10.1002/btpr.544
https://doi.org/10.1021/acs.nanolett.9b05066
https://doi.org/10.1021/acs.nanolett.9b05066
https://doi.org/10.1021/jp9106052
https://doi.org/10.1021/jp9106052
https://doi.org/10.1016/j.electacta.2016.02.162
https://doi.org/10.1016/j.electacta.2016.02.162
https://doi.org/10.2310/7290.2010.00031
https://doi.org/10.2310/7290.2010.00031
https://doi.org/10.1007/s00216-011-4756-2
https://doi.org/10.1016/j.biomaterials.2011.05.076
https://doi.org/10.1021/bm9001624
https://doi.org/10.1039/C0PY00218F
https://doi.org/10.1021/jp9078986
https://doi.org/10.1002/mrm.1314
https://doi.org/10.1021/acs.inorgchem.9b01747
https://doi.org/10.1021/acs.inorgchem.9b01747
https://doi.org/10.1080/10717544.2017.1399299
https://doi.org/10.1080/10717544.2017.1399299
https://doi.org/10.1016/j.apradiso.2015.07.021
http://doi.org/10.1039/C9CC07750B
http://doi.org/10.1039/C9CC07750B
https://doi.org/10.1016/j.bmc.2011.01.036
https://doi.org/10.1016/j.bmc.2011.01.036
https://doi.org/10.1002/marc.201800869
https://doi.org/10.1002/marc.201800869
https://doi.org/10.1021/am302883m
https://doi.org/10.1021/am302883m
https://doi.org/10.1126/science.1069210
https://doi.org/10.1126/science.1069210
https://doi.org/10.1002/jbm.a.30475
https://doi.org/10.1016/j.biomaterials.2006.04.022
https://doi.org/10.1016/j.biomaterials.2006.04.022
http://doi.org/10.1002/jbm.a.32188
https://doi.org/10.1046/j.1525-1594.2000.06443.x
https://doi.org/10.1016/j.biomaterials.2008.10.024
https://doi.org/10.2147/IJN.S224819
https://doi.org/10.1089/ten.TEC.2010.0388
https://doi.org/10.1089/ten.TEC.2010.0388
https://doi.org/10.1021/jp0441137
https://doi.org/10.1039/C4RA04646C
https://doi.org/10.1557/jmr.2015.117

M. Delyanee, S. Akbari and A. Solouk

[169]

[170]

[171]

[172]

[173]

[174]

[175]

[176]

[177]

[178]

[179]

[180]

[181]

[182]

[183]

[184]

[185]

[186]

[187]

[188]

[189]

[190]

M. Delyanee, A. Solouk, S. Akbari, E. Seyedjafari, Modification of electrospun
poly (L-lactic acid)/polyethylenimine nanofibrous scaffolds for biomedical
application, Int. J. polymer. Mater. Polymer. Biomater. 67 (4) (2018)
247-257, https://doi.org/10.1080/00914037.2017.1320661.

A. Ganjalinia, S. Akbari, A. Solouk, PLLA scaffolds surface-engineered via poly
(propylene imine) dendrimers for improvement on its biocompatibility/
controlled pH biodegradability, Appl. Surf. Sci. 394 (2017) 446—456, https://
doi.org/10.1016/j.apsusc.2016.10.110.

K. Ciepluch, B. Maciejewska, K. Gatczynska, D. Kuc-Ciepluch, M. Bryszewska,
D. Appelhans, Z. Drulis-Kawa, M. Arabski, The influence of cationic den-
drimers on antibacterial activity of phage endolysin against P. aeruginosa
cells, Bioorg. Chem. 91 (2019) 103121, https://doi.org/10.1016/
j.bioorg.2019.103121.

M. Sanchez-Milla, R. Gdmez, ]. Pérez-Serrano, J. Sanchez-Nieves, FJ. de la
Mata, Functionalization of silica with amine and ammonium alkyl chains,
dendrons and dendrimers: synthesis and antibacterial properties, Mater. Sci.
Eng. C 109 (2020) 110526, https://doi.org/10.1016/j.msec.2019.110526.
M.K. Calabretta, A. Kumar, A.M. McDermott, C. Cai, Antibacterial activities of
poly (amidoamine) dendrimers terminated with amino and poly (ethylene
glycol) groups, Biomacromolecules 8 (6) (2007) 1807—1811, https://doi.org/
10.1021/bm0701088.

A. Felczak, N. Wronska, A. Janaszewska, B. Klajnert, M. Bryszewska,
D. Appelhans, B. Voit, S. Rdzalska, K. Lisowska, Antimicrobial activity of poly
(propylene imine) dendrimers, New ]. Chem. 36 (11) (2012) 2215—-2222,
https://doi.org/10.1039/C2NJ40421D.

J. Hernandez-Montelongo, E. Lucchesi, V. Nascimento, C. Franca, I. Gonzalez,
W. Macedo, D. Machado, M. Lancellotti, A. Moraes, M. Beppu, Antibacterial
and non-cytotoxic ultra-thin polyethylenimine film, Mater. Sci. Eng. C 71
(2017) 718—724, https://doi.org/10.1016/j.msec.2016.10.064.

S. Ghosh, Antibacterial effects of silver doped polyethyleneglycol based
polyamidoamine side chain dendritic polyurethane, ]. Macromol. Sci., Pure
Appl. Chem. 42 (6) (2005) 765—770, https://doi.org/10.1081/MA-200058653.
L. Balogh, D.R. Swanson, D.A. Tomalia, G.L. Hagnauer, A.T. McManus,
Dendrimer— silver complexes and nanocomposites as antimicrobial agents,
Nano Lett. 1 (1) (2001) 18—21, https://doi.org/10.1021/nl005502p.

SJ. Strydom, W.E. Rose, D.P. Otto, W. Liebenberg, M.M. De Villiers, Poly
(amidoamine) dendrimer-mediated synthesis and stabilization of silver
sulfonamide nanoparticles with increased antibacterial activity, Nanomed.
Nanotechnol. Biol. Med. 9 (1) (2013) 85—93, https://doi.org/10.1016/
j.nano.2012.03.006.

S. Ghosh, D. Ghosh, P.K. Bag, S. Bhattacharya, A. Saha, Aqueous synthesis of
ZnTe/dendrimer nanocomposites and their antimicrobial activity: implica-
tions in therapeutics, Nanoscale 3 (3) (2011) 1139—1148, https://doi.org/
10.1039/cOnr00610f.

G. He, C. Zhu, S. Ye, W. Cai, Y. Yin, H. Zheng, Y. Yi, Preparation and properties
of novel hydrogel based on chitosan modified by poly (amidoamine) den-
drimer, Int. J. Biol. Macromol. 91 (2016) 828—837, https://doi.org/10.1016/
j.ijbiomac.2016.05.091.

G. Li, S. Yu, W. Xue, D. Ma, W. Zhang, Chitosan-graft-PAMAM loading nitric
oxide for efficient antibacterial application, Chem. Eng. J. 347 (2018)
923-931, https://doi.org/10.1016/j.cej.2018.04.159.

Y. Wen, Z. Tan, F. Sun, L. Sheng, X. Zhang, F. Yao, Synthesis and character-
ization of quaternized carboxymethyl chitosan/poly (amidoamine) den-
drimer core—shell nanoparticles, Mater. Sci. Eng. C 32 (7) (2012) 2026—2036,
https://doi.org/10.1016/j.msec.2012.05.019.

L. Wang, UJ. Erasquin, M. Zhao, L. Ren, M.Y. Zhang, GJ. Cheng, Y. Wang,
C. Cai, Stability, antimicrobial activity, and cytotoxicity of poly (amidoamine)
dendrimers on titanium substrates, ACS Appl. Mater. Interfaces 3 (8) (2011)
2885—2894, https://doi.org/10.1021/am2004398.

Y. Gou, X. Yang, L. He, X. Xu, Y. Liu, Y. Liy, Y. Gao, Q. Huang, K. Liang, C. Ding,
Bio-inspired peptide decorated dendrimers for a robust antibacterial coating
on hydroxyapatite, Polym. Chem. 8 (29) (2017) 4264—4279, https://doi.org/
10.1039/C7PY00811B.

A. Bosnjakovic, M.K. Mishra, W. Ren, Y.E. Kurtoglu, T. Shi, D. Fan,
R.M. Kannan, Poly (amidoamine) dendrimer-erythromycin conjugates for
drug delivery to macrophages involved in periprosthetic inflammation,
Nanomed. Nanotechnol. Biol. Med. 7 (3) (2011) 284—294, https://doi.org/
10.1016/j.nano0.2010.10.008.

Y. Cheng, H. Qu, M. Ma, Z. Xu, P. Xu, Y. Fang, T. Xu, Polyamidoamine
(PAMAM) dendrimers as biocompatible carriers of quinolone antimicrobials:
an in vitro study, Eur. J. Med. Chem. 42 (7) (2007) 1032—1038, https://
doi.org/10.1016/j.ejmech.2006.12.035.

K. Winnicka, M. Wroblewska, P. Wieczorek, P.T. Sacha, E. Tryniszewska,
Hydrogel of ketoconazole and PAMAM dendrimers: formulation and anti-
fungal activity, Molecules 17 (4) (2012) 4612—4624, https://doi.org/10.3390/
molecules17044612.

K. Winnicka, M. Wroblewska, P. Wieczorek, P.T. Sacha, E.A. Tryniszewska,
The effect of PAMAM dendrimers on the antibacterial activity of antibiotics
with different water solubility, Molecules 18 (7) (2013) 8607—8617, https://
doi.org/10.3390/molecules18078607.

A. Serri, A. Mahboubi, A. Zarghi, H.R. Moghimi, PAMAM-dendrimer enhanced
antibacterial effect of vancomycin hydrochloride against gram-negative
bacteria, J. Pharm. Pharmaceut. Sci. 22 (2019) 10—21, https://doi.org/
10.18433/jpps29659.

N. Wronska, A. Felczak, K. Zawadzka, M. Poszepczynska, S. Rdzalska,

23

[191]

[192]

[193]

[194]

[195]

[196]

[197]

[198]

[199]

[200]

[201]

[202]

[203]

[204]

[205]

[206]

[207]

[208]

[209]

[210]

[211]

European Journal of Medicinal Chemistry 221 (2021) 113572

M. Bryszewska, D. Appelhans, K. Lisowska, Poly (propylene imine) den-
drimers and amoxicillin as dual-action antibacterial agents, Molecules 20
(10) (2015) 19330—19342, https://doi.org/10.3390/molecules201019330.

N. Wronska, A. Felczak, K. Zawadzka, A. Janaszewska, B. Klajnert,
M. Bryszewska, K. Lisowska, The antibacterial effect of the co-administration
of poly (propylene imine) dendrimers and ciprofloxacin, New ]. Chem. 38 (7)
(2014) 2987—2992, https://doi.org/10.1039/C3NJ01338C.

A. Felczak, K. Zawadzka, N. Wronska, A. Janaszewska, B. Klajnert,
M. Bryszewska, D. Appelhans, B. Voit, K. Lisowska, Enhancement of antimi-
crobial activity by co-administration of poly (propylene imine) dendrimers
and nadifloxacin, New J. Chem. 37 (12) (2013) 4156—4162, https://doi.org/
10.1039/C3N]J00760).

R. Zhao, W. Kong, M. Sun, Y. Yang, W. Liu, M. Ly, S. Song, L. Wang, H. Song,
R. Hao, Highly stable graphene-based nanocomposite (GO—PEI-Ag) with
broad-spectrum, long-term antimicrobial activity and antibiofilm effects,
ACS Appl. Mater. Interfaces 10 (21) (2018) 17617—17629, https://doi.org/
10.1021/acsami.8b03185.

HJ. Lee, S.G. Lee, EJ. Oh, H.Y. Chung, S.I. Han, EJ. Kim, S.Y. Seo, H. Do Ghim,
J.H. Yeum, J.H. Choi, Antimicrobial polyethyleneimine-silver nanoparticles in
a stable colloidal dispersion, Colloids Surf. B Biointerfaces 88 (1) (2011)
505—511, https://doi.org/10.1016/j.colsurfb.2011.07.041.

N. Sahiner, S. Sagbas, M. Sahiner, R.S. Ayyala, Polyethyleneimine modified
poly (Hyaluronic acid) particles with controllable antimicrobial and anti-
cancer effects, Carbohydr. Polym. 159 (2017) 29-38, https://doi.org/
10.1016/j.carbpol.2016.12.024.

Z. Liu, Y. Wang, Y. Zu, Y. Fu, N. Li, N. Guo, R. Liu, Y. Zhang, Synthesis of
polyethylenimine (PEI) functionalized silver nanoparticles by a hydrother-
mal method and their antibacterial activity study, Mater. Sci. Eng. C 42
(2014) 31-37, https://doi.org/10.1016/j.msec.2014.05.007.

R.E. Duval, J. Gouyau, E. Lamouroux, Limitations of recent studies dealing
with the antibacterial properties of silver nanoparticles, Fact and Opinion,
Nanomater. 9 (12) (2019) 1775, https://doi.org/10.3390/nan09121775.

P. Chanphai, H. Tajmir-Riahi, Trypsin and trypsin inhibitor bind PAMAM
nanoparticles: effect of hydrophobicity on protein—polymer conjugation,
J. Colloid Interface Sci. 461 (2016) 419—424, https://doi.org/10.1016/
j-jcis.2015.09.048.

M. Zuo, X. Li, S. Liu, B. Chen, D. Cheng, Nuclear-targeting delivery of CRISPRa
system for upregulation of B-defensin against virus infection by dexameth-
asone and phenylalanine dual-modified dendrimer, Adv. Polym. Technol.
(2020) 2020, https://doi.org/10.1155/2020/6582825.

J. Lee, S. Lee, Y.-E. Kwon, Y.-]. Kim, J.S. Choi, Gene delivery by PAMAM
dendrimer conjugated with the nuclear localization signal peptide derived
from influenza B virus nucleoprotein, Macromol. Res. 27 (4) (2019) 360—368,
https://doi.org/10.1007/s13233-019-7057-9.

M. Bayat, A.A. Taherpour, S.M. Elahi, Molecular interactions between PAMAM
dendrimer and some medicines that suppress the growth of hepatitis virus
(Adefovir, Entecavir, Telbivudine, Lamivudine, Tenofovir): a theoretical
study, Int. Nano Lett. 9 (3) (2019) 231—244, https://doi.org/10.1007/s40089-
019-0277-3.

K. Jain, P. Kesharwani, U. Gupta, N. Jain, Dendrimer toxicity: let's meet the
challenge, Int. ]. Pharm. 394 (1—-2) (2010) 122—142, https://doi.org/10.1016/
j.ijpharm.2010.04.027.

R. Duncan, L. Izzo, Dendrimer biocompatibility and toxicity, Adv. Drug Deliv.
Rev. 57 (15) (2005) 2215—2237, https://doi.org/10.1016/j.addr.2005.09.019.
S. Mignani, J. Rodrigues, R. Roy, X. Shi, V. Cena, S. El Kazzouli, J.-P. Majoral,
Exploration of biomedical dendrimer space based on in-vitro physico-
chemical parameters: key factor analysis, Drug Discov. Today (2019), https://
doi.org/10.1016/j.drudis.2019.03.001.

S.P. Mukherjee, M. Davoren, H.J. Byrne, In vitro mammalian cytotoxicological
study of PAMAM dendrimers—towards quantitative structure activity re-
lationships, Toxicol. Vitro 24 (1) (2010) 169—177, https://doi.org/10.1016/
j.tiv.2009.09.014.

P.C. Naha, S.P. Mukherjee, HJ. Byrne, Toxicology of engineered nano-
particles: focus on poly (amidoamine) dendrimers, Int. J. Environ. Res. Publ.
Health 15 (2) (2018) 338, https://doi.org/10.3390/ijerph15020338.

H. Khalid, S.P. Mukherjee, L. O'Neill, HJ. Byrne, Structural dependence of
in vitro cytotoxicity, oxidative stress and uptake mechanisms of poly (pro-
pylene imine) dendritic nanoparticles, ]J. Appl. Toxicol. 36 (3) (2016)
464—473, https://doi.org/10.1002/jat.3267.

S. Parimi, T.J. Barnes, D.F. Callen, C.A. Prestidge, Mechanistic insight into cell
growth, internalization, and cytotoxicity of PAMAM dendrimers, Bio-
macromolecules 11 (2) (2010) 382—389, https://doi.org/10.1021/
bm9010134.

R.B. Kolhatkar, K.M. Kitchens, P.W. Swaan, H. Ghandehari, Surface acetylation
of polyamidoamine (PAMAM) dendrimers decreases cytotoxicity while
maintaining membrane permeability, Bioconjugate Chem. 18 (6) (2007)
2054—2060, https://doi.org/10.1021/bc0603889.

D. Fischer, T. Bieber, Y. Li, H.-P. Elsasser, T. Kissel, A novel non-viral vector for
DNA delivery based on low molecular weight, branched polyethylenimine:
effect of molecular weight on transfection efficiency and cytotoxicity,
Pharmaceut. Res. 16 (8) (1999) 1273—1279, https://doi.org/10.1023/a:
1014861900478.

D. Fischer, Y. Li, B. Ahlemeyer, ]. Krieglstein, T. Kissel, In vitro cytotoxicity
testing of polycations: influence of polymer structure on cell viability and
hemolysis, Biomaterials 24 (7) (2003) 1121—1131, https://doi.org/10.1016/


https://doi.org/10.1080/00914037.2017.1320661
https://doi.org/10.1016/j.apsusc.2016.10.110
https://doi.org/10.1016/j.apsusc.2016.10.110
https://doi.org/10.1016/j.bioorg.2019.103121
https://doi.org/10.1016/j.bioorg.2019.103121
https://doi.org/10.1016/j.msec.2019.110526
https://doi.org/10.1021/bm0701088
https://doi.org/10.1021/bm0701088
https://doi.org/10.1039/C2NJ40421D
https://doi.org/10.1016/j.msec.2016.10.064
https://doi.org/10.1081/MA-200058653
https://doi.org/10.1021/nl005502p
https://doi.org/10.1016/j.nano.2012.03.006
https://doi.org/10.1016/j.nano.2012.03.006
https://doi.org/10.1039/c0nr00610f
https://doi.org/10.1039/c0nr00610f
https://doi.org/10.1016/j.ijbiomac.2016.05.091
https://doi.org/10.1016/j.ijbiomac.2016.05.091
https://doi.org/10.1016/j.cej.2018.04.159
https://doi.org/10.1016/j.msec.2012.05.019
https://doi.org/10.1021/am2004398
https://doi.org/10.1039/C7PY00811B
https://doi.org/10.1039/C7PY00811B
https://doi.org/10.1016/j.nano.2010.10.008
https://doi.org/10.1016/j.nano.2010.10.008
https://doi.org/10.1016/j.ejmech.2006.12.035
https://doi.org/10.1016/j.ejmech.2006.12.035
https://doi.org/10.3390/molecules17044612
https://doi.org/10.3390/molecules17044612
https://doi.org/10.3390/molecules18078607
https://doi.org/10.3390/molecules18078607
https://doi.org/10.18433/jpps29659
https://doi.org/10.18433/jpps29659
https://doi.org/10.3390/molecules201019330
https://doi.org/10.1039/C3NJ01338C
https://doi.org/10.1039/C3NJ00760J
https://doi.org/10.1039/C3NJ00760J
https://doi.org/10.1021/acsami.8b03185
https://doi.org/10.1021/acsami.8b03185
https://doi.org/10.1016/j.colsurfb.2011.07.041
https://doi.org/10.1016/j.carbpol.2016.12.024
https://doi.org/10.1016/j.carbpol.2016.12.024
https://doi.org/10.1016/j.msec.2014.05.007
https://doi.org/10.3390/nano9121775
https://doi.org/10.1016/j.jcis.2015.09.048
https://doi.org/10.1016/j.jcis.2015.09.048
https://doi.org/10.1155/2020/6582825
https://doi.org/10.1007/s13233-019-7057-9
https://doi.org/10.1007/s40089-019-0277-3
https://doi.org/10.1007/s40089-019-0277-3
https://doi.org/10.1016/j.ijpharm.2010.04.027
https://doi.org/10.1016/j.ijpharm.2010.04.027
https://doi.org/10.1016/j.addr.2005.09.019
https://doi.org/10.1016/j.drudis.2019.03.001
https://doi.org/10.1016/j.drudis.2019.03.001
https://doi.org/10.1016/j.tiv.2009.09.014
https://doi.org/10.1016/j.tiv.2009.09.014
https://doi.org/10.3390/ijerph15020338
https://doi.org/10.1002/jat.3267
https://doi.org/10.1021/bm9010134
https://doi.org/10.1021/bm9010134
https://doi.org/10.1021/bc0603889
https://doi.org/10.1023/a:1014861900478
https://doi.org/10.1023/a:1014861900478
https://doi.org/10.1016/S0142-9612(02)00445-3

M. Delyanee, S. Akbari and A. Solouk European Journal of Medicinal Chemistry 221 (2021) 113572

S0142-9612(02)00445-3. PEI and low-generation PAMAM for EGFRvIII-chimeric antigen receptor
[212] Q. Yu, M. Zhang, Y. Chen, X. Chen, S. Shi, K. Sun, R. Ye, Y. Zheng, Y. Chen, gene loading and T-cell transient modification, Int. ]. Nanomed. 15 (2020)
Y. Xu, Self-assembled nanoparticles prepared from low-molecular-weight 483, https://doi.org/10.2147/1JN.S229858.

24


https://doi.org/10.1016/S0142-9612(02)00445-3
https://doi.org/10.2147/IJN.S229858

	Amine-terminated dendritic polymers as promising nanoplatform for diagnostic and therapeutic agents’ modification: A review
	1. Introduction
	2. Dendritic polymers
	3. Amine-terminated dendritic polymers
	4. Biomedical applications of modified diagnostic and therapeutic agents with amine-terminated dendritic polymers
	4.1. Drug delivery
	4.1.1. PAMAM in drug delivery
	4.1.2. PPI in drug delivery
	4.1.3. PEI in drug delivery

	4.2. Gene delivery
	4.2.1. PAMAM in gene delivery
	4.2.2. 4-2-2 PPI in gene delivery
	4.2.3. PEI in gene delivery

	4.3. Biosensor
	4.3.1. PAMAM in biosensor
	4.3.2. PPI in biosensor
	4.3.3. PEI in biosensor

	4.4. Bioimaging
	4.5. Tissue engineering
	4.6. Antimicrobial agents

	5. Cytotoxicity of amine-terminated dendritic polymers
	6. Conclusion and future trend
	Funding
	Authors’ contribution
	Declaration of competing interest
	References


