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Abstract

Cancer is estimated to overtake cardiovascular diseases and take the top spot as the
leading and most important cause of mortality globally in the near future. Given
the importance of early diagnosis to reduce mortality, many efforts have been made
to discover a theranostic system for simultaneous cancer diagnosis and treatment.
So far, the use of nanotechnology has greatly contributed to the improvement and
development of these systems. Meanwhile, dendrimer nanoparticles have attracted
considerable attention in medical research due to their unique properties.
Poly(amidoamine) (PAMAM) dendrimers have become the primary category of
dendrimers and have been widely studied for their possible application in cancer
treatments. These nanoparticles have features including interior cavities and
peripheral functional groups that allow the encapsulation of diverse medications
or diagnostic agents. As a result, these particles can function as efficient
nanocarriers and vectors for medical applications. This capability allows for the
resolution of the obstacles presented by the tumor microenvironment. The
prospective use of multifunctional PAMAM holds promise in enabling thorough
monitoring of different stages of treated cancer tissue, hence providing substantial
support in the early detection and prediction of tumor response. The primary focus
of this study will be to investigate the most recent developments of PAMAM
dendrimers in the field of cancer theranostics. The employment of NPs in
anticancer medicine administration for radiation treatment, chemotherapy, and
diagnostic imaging is underscored due to its significant potential.
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1. INTRODUCTION

According to a recent report by the World Health
Organization (WHO), it is anticipated that cancer will rank
as the second most significant contributor to global
mortality in the year 2020. This will result in an estimated
10 million deaths, or about one-sixth of all recorded
mortalities (1). The timely identification and screening of
cancer are paramount in providing optimal and efficacious
therapy, hence significantly mitigating death rates. Early
diagnosis has a pivotal role in augmenting the efficacy of
cancer treatment and improving the prospects of patient
recovery (2, 3). Despite the progress achieved in traditional
modalities such as surgical interventions, chemotherapy,
and radiation therapy, their effectiveness has been proven
to be restricted to specific categories of malignant tumors.
The observed phenomenon can be ascribed to the diverse
origins of tumors and the complex and diverse character of
individual components. As a result, recent advancements
in the field have given rise to complementary approaches,
including immunotherapy and nanotechnology (4, 5) . The
use of nanotechnology in the field of oncology has
attracted a lot of attention. It has shown its efficiency in
selectively targeting cells and administering appropriate
therapeutic and diagnostic substances (6). A new approach
to cancer care has mainly emerged thanks to the use of
nanoparticles as effective carriers. Early cancer detection,
imaging, and drug delivery are just some of the many
applications of this technique (7). The synthesis and design
of nanoparticles have made significant progress, resulting
in the creation of theranostic nanoparticles that exhibit
exceptional efficacy. These nanoparticles have shown
promising results in several cancer models, both in
laboratory settings (in wvitro) and living organisms (in vivo)
(8). Recent advances in the fields of imaging and drug
delivery have led to the introduction of dendrimer-based
nanoparticles as a novel class of applied nanoparticles with
impressive capabilities (9). Dendrimer-based NPs of various
sorts have recently emerged as potential tools for imaging
and treating cancerous cells. These NPs range in size from
1 to 15 nm and have a polymer globular branching and
symmetrical structure that defines their morphology and
specificity (10). Dendrimers made of Poly(amidoamine)
(PAMAM) have been studied extensively and are widely
known to be an important form of nanoparticles used in
cancer therapy (11). Several studies have demonstrated the
efficacy of PAMAM as a highly efficient nanocarrier and
vector for drug targeting, gene delivery, and various
biomedical applications. This effectiveness is primarily
related to its capacity to overcome the challenges given by
the tumor microenvironment (12). The manufacturing of

PAMAM nanocarriers can be accomplished by the
divergent approach, which is often utilized for synthesizing
dendrimers. The approach employed in this technique
entails a systematic and incremental process, commencing
from the central core and advancing outward in a
sequential manner, layer by layer until the ultimate
dendrimer architecture is achieved (13). Nanoparticles
possess internal cavities and external functional groups
that offer the potential for medication encapsulation or the
incorporation of diagnostic components. PAMAM has
distinctive  characteristics, such as its nanoscale
dimensions, flexible surface features, and proficient guest
molecule binding capabilities, rendering it a very promising
nanocarrier for therapeutic and diagnostic pharmaceuticals
(14). In terms of early diagnosis and prediction of tumor
response, the multifunctional PAMAM is invaluable due
to its capacity to permit monitoring of various phases of
treatment for cancer tissue (9). This review will focus on
the latest advancements in the field of cancer theranostic
PAMAM dendrimer. The potential of these nanoparticles
for the administration of anticancer drugs in
chemotherapy, radiation therapy, and diagnostic imaging
is underscored.

2. Different types of dendrimers

Dendrimers can be categorized into many groups based on
their geometric configuration, central core, and surface
constituents. The types of dendrimers that have been
studied extensively in the field include PAMAM
dendrimers, PPI dendrimers, Chiral Dendrimers,
Phosphorus Dendrimers, PLL (Poly-lysine) dendrimers,
Peptide Dendrimers, and Hybrid dendrimers (15, 16). In
this context, we briefly introduce the two most prevalent
forms of dendrimers, namely PAMAM and the
polypropylene imine (PPI) dendrimers.

PAMAM dendrimers are considered to be the pioneering
category of synthetic dendrimers. The divergent
methodology is used in the synthesis of chemicals, whereby
either ammonia or ethylene diamine is employed as the
central core. The existence of multiple functional end
groups is responsible for the high solubility and reactivity
exhibited by molecules. The morphology of these
structures exhibits a spherical or elliptical shape, and it is
possible to acquire cost-effective samples up to the tenth
generation (G10). Antibacterial, antiviral, and antioxidant
capabilities of dendrimers, namely PAMAM dendrimers,
are only a few of their many applications (17, 18).
Dendritic polymers belonging to the polypropylene imine
(PPI) family are also known as polypropylene amine
dendrimers. Their basic ingredients are ethylenediamine
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(EDA) and diaminobutane (DAB), and they are
synthesized using a different approach. Currently,
commercially available technology generations extend up
to the fifth generation (G5). Efficient delivery of
hydrophobic compounds may be achieved by using carriers
with high water solubility. This solubility is increased by
the inclusion of terminal amino groups. Due to having

fewer bonds (four as opposed to seven), PPl dendrimers are
smaller in size than PAMAM dendrimers (19, 20).

3. Synthesis of PAMAM dendrimer

To date, several methodologies have been put forth for the
synthesis of PAMAM dendrimers, with divergent and
convergent approaches being the primary tactics employed.
The initial method of divergent synthesis was developed by
Tomalia in 1985. This approach involves the sequential
formation of nanoparticles, starting from the core and
progressing toward the shell. The core material is
ethylenediamine or NH3, which undergoes a Michael
addition reaction and subsequent amidation reaction to
produce the surface of the nanoparticles. The
aforementioned procedure was iterated until the required
production of PAMAM dendrimer was achieved (22, 23).
The convergent technique involves a reversal of the
procedure. In contrast to the divergent process, the
synthesis process proceeds from the surface towards the
core. Poly(amidoamine) branches are synthesized initially,
followed by their subsequent attachment to the core.
Applying this particular strategy allows for greater control
over the synthesis process, resulting in reduced production
of faulty dendrimers compared to the divergent approach.
An alternative technique known as hybrid convergent-
divergent synthesis, commonly referred to as double
exponential growth synthesis, was initially documented by
Kawaguchi in 1994. The synthesis process is expedited by
the simultaneous production of Poly(amidoamine)
branches and core in this particular technique (24).

Click and Lego chemistry is two alternatives that can
improve the speed and efficiency of both convergent and
divergent approaches while also reducing costs and
facilitating easier implementation (25).

4. Application of PAMAM dendrimer in cancer
management

Recent years have witnessed a significant increase in
research into polymeric drug delivery systems to create
sustained-release medication delivery systems. Dendrimers,
also known as dendritic polymers, have a nanosized

structure that allows them to be used for the delivery of any

medication, hydrophilic or lipophilic, via oral, injectable,
pulmonary, or nasal administration routes (27).

4.1. Drug delivery

Chemotherapy has employed a range of NPs, including
liposomes, nanotubes, and polymer-drug conjugates.
Studies have also explored the utilization of diverse
dendrimer variants, including PAMAM, PPI, PLL, and
polyether, to deliver anticancer drugs. Inorganic NPs are
confined within dendrimers because of their distinctive
structure, which includes internal cavities and peripheral
functional groups. Targeting ligands, medicines, and
bioactive substances are covalently conjugated to
dendrimers to deliver a variety of medications (28).
Dendrimers are utilized in the treatment of serious medical
conditions such as cancer owing to their distinctive
characteristics. Several notable characteristics of these
structures can be identified. Firstly, they consist of
branched, tree-shaped repeating units composed of drug
molecules. Secondly, their surface contains functional
moieties that can bind to particular targeting moieties.
These structures exhibit biocompatibility, resilience, and
solubility in aqueous conditions. The majority of
dendrimers utilized in biomedicine are PAMAM-based
(29).

PAMAM dendrimers possess properties that render them
suitable for employment as drug carriers in targeted
therapy. These properties include the enhancement of
hydrophobic drug solubility, the capacity to modulate
molecular size, and the potential to affix specific ligands
that exhibit recognition by receptors that are overexpressed
in cancer cells (13).

The water solubility of PAMAM dendrimers renders them
promising candidates for the field of oral medication
administration. Also, it has been shown that PAMAM
dendrimers are capable of crossing epithelial junctions by
engaging both transcellular and paracellular pathways.
Consequently, their transportation via paracellular routes
is enhanced. However, it is important to note that these
dendrimers possess some drawbacks attributable to their
substantial size and elevated molecular weight (29, 30).
Dendrimers are employed to control the release of drugs
because of their multivalent nature. As a result, several
medications can be attached covalently to distinct
dendrimer groups. It is possible that the pharmacological
effects of medications might be improved by their
interaction with dendritic polymers (27). For example,
cisplatin can be covalently bonded to PAMAM

dendrimers to increase its concentration in solid tumors
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Figure 1. Types of dendrimers: (A) PAMAM Dendrimers; (B) PPI  Dendrimers; (C) PLL
Dendrimers; (D) Carbosilane Dendrimers; (E) Phosphorus Dendrimers; (F) Peptide dendrimers. Types

of dendrimers: (G) Triazine

dendrimers; (H) Polyglycerol

dendrimers; (I) Citric acid

dendrimer; (J) Polyether dendrimers; (K) Surface engineered dendrimers (adapted from Kaurav et al.,

2023)21).

while reducing its toxicity and extending its release time
course (31). Hydrolysis of the release mechanism for
cisplatin from the dendrimer occurs when anticancer
prodrug complexes are formulated using carboxylated
terminated PAMAM dendrimers of cisplatin, leading to an
increased maximum tolerated dose, increased survival time
in tumor-bearing mice, and a more sustained drug release
over a longer period. The dendritic polymer can be given
to the animal in several different routes in this procedure,
including  orally,  intramuscularly, intravenously,
subcutaneously, and topically for the treatment of
malignant tumors (32).

Various generations of PAMAM dendrimers have been
employed to deliver diverse chemotherapeutic agents to
distinct cancer cell populations. The use of DOX-PAMAM
G4 dendrimer in a lung cancer metastasis model, including
B16-F10 melanoma cells, demonstrated that these

dendrimers exhibited aggregation inside the lungs,
reducing tumor burden (33). When employed for
combination treatment (photothermal chemotherapy) of
cancer cells (murine colon carcinoma), PEGylated-G4
PAMAM exhibited enhanced effectiveness compared to a
single therapy module. It was attached through covalent
bonding to mercaptohexadecanoic acid-functionalized
gold nanorod and loaded with DOX (34).

The 5th generation (G5) modified polyethylene glycol-
phenylboronic acid (PEG-PBA) PAMAM dendrimers (G5.
NHACc-PEG-PBA @Cu) (II)/TPZ (GPPCT), which contain
the Cu (II) chelate and the hypoxia-sensitive drug
tirapazamine (TPZ), exhibit effective uptake by cancer cells
that have an overexpression of sialic acid residues. This
uptake produces reactive oxygen species (ROS) within the
cells, depletion of glutathione (GSH), and significant

elimination of hypoxic tumor cells. Furthermore, in the
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Figure 2. Schematic representation of divergent and convergent synthesis methods of dendrimers

(adapted from Santos et al., 2020)(26).

In wivo experiment, it was observed that GPPCT
accumulated at tumor sites during an extended circulation
period. This accumulation effectively hindered the
development and spread of 4T1 breast cancer. Importantly,
the metabolism of GPPCT occurred without causing any
systemic damage. Zhao et al. also reported on the
utilization of a modified GO PAMAM dendritic Schiff base
in conjunction with platinum (II) and copper (II) for cancer
treatment (12)

Certain PAMAM dendrimers exhibit notable selectivity in
facilitating the drug delivery specifically to desired target
cells. An instance of gemcitabine-loaded YIGSR-
CMCht/PAMAM dendrimers, which are carboxymethyl
(CMCht/PAMAM)

dendrimer nanoparticles functionalized with YIGSR

chitosan/poly(amidoamine)

laminin receptor binding peptide, has been observed to
result in significant mortality rates in HCT-116 cancer cells
when co-cultured with 1929 fibroblasts (a model of healthy
cells) (35). The enhancement of molecular targeting can be
achieved by the incorporation of additional ligands. An

instance of this can be observed in the experiment

conducted by Marcinkowska et al., where they successfully
coupled PAMAM dendrimers with both the antibody
trastuzumab (36) and Doxorubicin (DOX), resulting in the
of DOXTZPAMAM. This

enhanced the targeted efficacy of the nanodrug against

formation conjugation
breast cancer cells (37). Furthermore, the use of paclitaxel
(PTX)-biotinylated PAMAM complexes resulted in an
enhanced internalization of nanomedicine by ovarian
cancer cells (OVCAR-3) and human embryonic kidney
cells (HEK293T) while concurrently reducing negative
consequences (38).

A study was conducted in which ultrasound-targeted
microbubble destruction (UTMD) technology was used to
achieve adequate tumor accumulation and drug
penetration. This approach involves creating several small
holes on the surface of the cell membrane through the
phenomenon of cavitation. The goal is to increase the
transport of foreign macromolecules, facilitate gene
transfer, accelerate the penetration of nanoparticles into
tumors, and, as a result, improve the delivery of therapeutic

drugs to tumor sites (39). The combined use of gold
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Table 1. An overview of the literature concerning the application of PAMAM dendrimer nanoparticles in

chemotherapy drug delivery

Functional components Applications Tumor types Ref
PEGylated-G4 PAMAM dendrimer, mercaptohexadecanoic Photothermal/ Chemotherapy ~ Mouse colon carcinoma (34)
acid, gold nanorod, DOX

G5 modified polyethylene glycol-phenylboronic acid (PEG- Chemotherapy 4T1 breast tumors (54)
PBA) PAMAM dendrimer, Cu(ll) chelate, tirapazamine

(TPZ), (G5.NHAcPEG-PBA @Cu)(II)/TPZ (GPPCT))

YIGSR-CMCht/PAMAM dendrimers, Gemcitabine Chemotherapy HCT-116 cancer cells (35)
PAMAM dendrimers, antibody trastuzumab, doxorubicin Chemotherapy Breast cancer cells (37)
biotinylated PAMAM dendrimers, paclitaxel Chemotherapy Ovarian cancer cells (OVCAR-3) (38)

G5 PAMAM dendrimer, drug-efflux inhibitor TPGS, y-CDs,
anticancer drug DOX

G4 PAMAM dendrimer, folic acid

G5 PAMAM dendrimer, folic acid, DOX

PAMAM dendrimer, photothermally active polydopamine
(PDA), polyethylene glycol (PEG), folic acid (FA), DOX
PAMAM dendrimers, DOX, angiopep-2

G5 PAMAM dendrimer, arsenic trioxide

smaller PAMAM dendrimers (75 nm in diameter), larger
poly(ethylene glycol)-b-poly(D,L-lactide ) (PEG-PLA) NPs
(770 nm)

half-generation anionic PAMAM dendrimer, cisplatin,

platinum

G5 PAMAM-glutaric acid dendrimers (G5-GA), cisplatin

G4 PAMAM dendrimer, capecitabine (CPB)

Fluorescence imaging and

human embryonic kidney cells
(HEK293T)

Xenografted human breast MDR (28)

chemotherapy tumor model
Head and neck cancer (42)
Glioma cells (43)
Chemo/photothermal therapy =~ Hepatocellular carcinoma cells (44)
(with near-infrared laser
irradiation)
Chemotherapy Glioma cells (45)
Chemotherapy Rodent model of glioma (46)
Chemotherapy Human epithelial carcinoma cells (49)
Chemotherapy A2780, A2780cisR, MCF-7, and (50)
CACO:-2 cells and non-cancer cell
line (B] cells)
Chemotherapy MCEF-7R Breast Cancer cells (52)
Chemotherapy Colon cancer (53)

nanoparticles (AuNDPs), gemcitabine medication, and a
microRNA-21 inhibitor has proven to be advantageous in
augmenting combinational therapy for a pancreatic cancer
model (40).

In a separate study, researchers employed (G5-TPGS@y-
CDs)-DOX, a combination of generation 5 PAMAM
dendrimers (G5) covalently bonded with the drug-efflux
inhibitor TPGS, complexed with yCDs through
electrostatic interaction, and subsequently physically
loaded with the anticancer drug DOX. This formulation
was utilized for ultrasound (US)-enhanced fluorescence

imaging and chemotherapy in a xenografted human breast
MDR tumor model. In this experimental approach, the
introduction of additional DOX and a P-gp (P-
glycoprotein) inhibitor leads to a notable inhibition of
cancer cells. This inhibition is achieved by the reduction of
intracellular ATP levels and mitochondrial membrane
potential, as well as the augmentation of ROS generation.
Furthermore, using UTMD has been shown to enhance
the effectiveness of chemotherapy in treating cancer cells
in a subcutaneous tumor model with multidrug resistance
by exploiting the sonoporation phenomenon (28).
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The use of folate ligands for targeted cancer therapy is
possible as for the overexpression of folate receptors in
several types of cancer cells, including kidney, breast,
ovarian, and brain cancer cells. The solubility and affinity
of this compound for receptor binding make it very
compatible with dendrimers. Hence, the utilization of
folate-conjugated dendrimers offers a promising avenue in
the therapy of cancer (41). Folic acid and biotin have been
identified as important elements that enhance the specific
localization of dendrimers to brain tumors. The
enhancement of the absorption of nanoparticles (NPs) by
head and neck cancer cells was observed in an experiment
by the conjugation of folic acid to G4 PAMAM dendrimers
(42). The in vitro studies on glioma cells demonstrated that
the presence of folic acid coupled with G5 PAMAM
dendrimers, which were loaded with DOX, led to greater
absorption by cancer cells than in cases where folic acid was
not present (43). The efficacy of FA-FTICMTX-
PAMAMGS5, a G5 PAMAM dendrimer conjugated with
folic acid (FA), fluorescein isothiocyanate (FITC), and
methotrexate  (MTX), a  chemotherapeutic  and
immunosuppressive agent, is enhanced in the treatment of
human epithelial carcinoma KB cell line, which exhibits
elevated expression of folate receptors, compare to the
administration of free MTX (33). The particle surfaces were
coated with photothermally active polydopamine (PDA)
that was functionalized with PAMAM dendrimers. Then,
conjugated by PEG moieties and folic acid (FA) targeting

ligands. Finally, the anticancer medication DOX was
absorbed onto the surface of particles. The aforementioned
nanoparticles were administered to cancer cells with
precise targeting and effectively inhibited their
proliferation. The manufactured nanoparticles were
employed in a treatment approach that combined
chemotherapy with photothermal therapy, employing near-
infrared laser irradiation, to target hepatocellular cancer
cells (44).

Glioblastoma is a malignant brain tumor that may be
treatable using dendrimers (particularly PAMAM
dendrimers), which can pass the blood-brain barrier (BBB)
(33). PAMAM dendrimers loaded with DOX and
angiopep-2 have the ability to selectively target tumor tissue
by specifically binding to a protein that is overexpressed on
both glioma cells and BBB (45). The in vitro and in vivo
efficacy of G5 PAMAM dendrimers loaded with arsenic
trioxide in promoting apoptosis in a mouse model of
glioma has been shown (46).

The neutral form of PAMAM can go through the BBB and
bind to microglia and other inflammatory cells. Improved
sitespecific targeting and distribution of therapeutic
medicines can be reached by adding functional groups to
PAMAM (47).

G5 PAMAM-NH2 dendrimers were shown to enhance
cytotoxicity in a study of MCFE-7 cell sublines with acquired
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Table 2. An overview of the literature concerning the application of PAMAM dendrimer nanoparticles in tumor

radiosensitization.

Functional components

Applications

Tumor types Ref

G5 PAMAM dendrimers,3{4"

Targeted radiotherapy and SPECT

The glial cell line of a rat (C6 cells) (57)

hydroxyphenyl)propionic acid-OSu (HPAO), PEG- imaging

linked FA, P'1

G5 PAMAM dendrimers, pol Chlorotoxin (CTX), I  Targeted radiotherapy and SPECT Mice glioma model (58)
imaging

G5 PAMAM dendrimer, (Fe304/Au DSNFs) T1-weighted MR/CT/PA imaging and ~ Murine breast tumor model (59)
photothermal therapy/radiotherapy

G4 PAMAM dendrimer,2-(p-isothiocyanatobenzyl)-6- Targeted radiotherapy Human osteosarcoma xenograft (60)

methyl-diethylene triamine penta-acetic acid (1B4M), tumor (KTO005)

OST7, "'In or Gd (I11)

G4 PAMAM dendrimer, FA, bombesin-grafted, 177Lu  Targeted radiotherapy, fluorescence

Human breast cancer cell (T47D) 61)

imaging, and photothermal therapy

drug resistance. The charge of amine group of PAMAM is
positive, and the negative charge of cell membranes leads
to membrane degradation and eventual cell lysis (48).
Using larger NPs with diameters generally ranging from 50-
200 nm in passive targeting leads to accumulating NPs
within tumors by passive means. However, this approach
hinders the effective penetration of NPs into the tumor
tissue. On the other hand, smaller NPs with diameters
below 20 nm, which are actively targeted, exhibit enhanced
ability to enter the tumor mass. Nevertheless, their rapid
systemic elimination poses a challenge. To address this
constraint, Sunoqrot et al. developed a multi-scale hybrid
NP platform that incorporates smaller poly(amidoamine)
(PAMAM) dendrimers (5 nm in diameter) into larger
poly (ethylene glycol)-b-poly (D, L-lactide) (PEG-PLA) NPs
(770 nm). These larger NPs exhibit prolonged circulation
in the bloodstream compared to free dendrimers. The
study was conducted on BALB/c athymic nude mice with
folate receptor (FR) expression. The KB (human epithelial
carcinoma cells) xenograft is frequently observed to be
overexpressed and then eliminated by liver and spleen
macrophages (49).

The HER2 protein exhibits overexpression in several
cancer types and serves as a focal point for
immunotherapeutic interventions. past studies have shown
the ability of G5 PAMAM dendrimers, when coupled with
anti-HER2 monoclonal antibodies, to effectively target
HER2 cell lines (48).

Multiple surveys have demonstrated the suitability of
PAMAMs for the treatment of breast cancer. An instance
of enhanced transport of docetaxel to breast cancer cells
that overexpress the HER2+ receptor and subsequent
apoptosis induction in MDA-MB-453 cancer cells may be
observed with the aid of PAMAM dendrimers coupled with

Trastuzumab. Additionally, G5 PAMAM dendrimers
hydrophobically modified by lipid-like myristic acid (My)
tail grafting improve tamoxifen transport to breast cancer
cells. Additionally, the cytotoxic activity of the compound
is increased in MCF-7 breast cancer cells when DOX is
delivered using a glucose-modified PAMAM dendrimer
(13).

Cisplatin, a chemotherapeutic agent, is associated with
significant  consequences, including nephrotoxicity,
ototoxicity, and cardiotoxicity, hence imposing constraints
on the maximum permissible dosage for safe
administration. To mitigate the complexities associated
with cisplatin, Camacho et al. conducted a study where
they chemically linked cisplatin with anionic PAMAM
dendrimers of half-generation. This linkage was gained
through the coordination of the terminal functional
groups of the dendrimers with platinum. Subsequently, the
researchers investigated the potential cytotoxic effects of
these conjugates on various cancer cell lines (A2780,
A2780cisR, MCF-7, and CACO-2 cells) as well as a non-
cancer cell line (B] cells). The degree of cytotoxicity
exhibited by metallodendrimers was found to be
contingent upon both the specific cell line being studied
and the particular coordination mechanism employed,
whether it be mono- or bidentate. The A2780 and
A2780cisR cell lines exhibited more selectivity in
comparison to non-cancerous BJ cells, and, in general,
metallodendrimers showed stronger potency than cisplatin
(50).

Cisplatin toxicity is reduced, and its accumulation in breast
cancer tumors is increased by using PAMAM dendrimers
to encapsulate the drug (51). Scaffolds made of PAMAM
dendritic polymers are commonly used in breast cancer

treatment (48). MCF-7R Breast Cancer cells, which were
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Figure 4. Schematic illustration of the preparation of the Fe304/Au DSNFs for multimode imaging-guided combination

therapy of tumors (adapted from Lu, et al., 2018)(59).

resistant to cisplatin, were used to assess the cytotoxicity of
G5 PAMAM-glutaric acid dendrimers (G5-GA) coupled
with cisplatin to that of free drug cisplatin. The study
demonstrates that MCE-7R cells are more sensitive to G5-
GA cisplatin than they are to free cisplatin (52). In
addition, G4 PAMAM dendrimers have been employed to
minimize side effects, enhance anticancer efficacy, and
reduce nonspecific effects of CPB on organs other than the
colon (53). Table 1 provides a summary of the
nanoplatforms discussed in this section.

4.2. Radiosensitization

Since radiotherapy (teletherapy) employs high amounts of
radiation, it also affects normal tissues in the vicinity of the
tumor, which might have negative health consequences.
However, fewer dosages may cause less harm to normal
tissues without eliminating the tumor. As a result, the
development of radiation sensitizers is a priority so that
therapeutic goals can be met with little radiation exposure.
Silver (Ag), gold (Au), and platinum (Pt) are just a few
examples of the many nanomaterials currently in use; other
examples include those based on rare earth metals

(gadolinium (Gd), hafnium (Hf), semiconducting metals

(bismuth (Bi), and other metals (titanium (Ti)).
Chemotherapeutic agents known for their radio-sensitizing
effects, such as adriamycin, catechin, docetaxel, paclitaxel,
cisplatin, cyclopamine, and other platinum-based drugs,
selenocysteine, mitomycin C, camptothecin, topotecan,
curcumin, tirapazamine, histone deacetylase inhibitors,
arsenic trioxide, etanidazole, and selenium derivatives, are
combined with liposomes, proteins, polymers, dendrimers,
exosomes, and other materials to create nanomedicines
aimed at enhancing radiosensitization (55).

The usage of radiopharmaceuticals, such as iodine-131
(1311), yttrium-90 (90Y), and rhenium-188 (188Re), in
radiotherapy methods that employ alpha () or beta (f3)
radiation, has demonstrated notable therapeutic efficacy
and has found widespread application in healthcare
facilities (12). The emitted particles possess non-
penetrating characteristics, allowing for precise delivery to
the tumor tissue while reducing harm to adjacent normal
tissues (56).

In the context of tumor-targeted irradiation and single-
photon emission computed tomography (SPECT) imaging,
G5 PAMAM dendrimers were utilized. These dendrimers
were coupled with 3-(4"-hydroxyphenyl) propionic acid-
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Figure 5. Use 177Lu-DenAuNP-folate-bombesin in optical imaging at 1 h and 96 h after intratumoral administration

(adapted from Mendoza-Nava et al., 2016)(61).

OSu (HPAO) for 1311 labeling. Additionally, they were
conjugated with PEG-linked folic acid (FA) to facilitate
targeting. The resulting conjugate exhibited targeted
biodistribution inside the tumor and showed remarkable
effectiveness in suppressing tumor growth (57).

In the study, the use of G5 PAMAM dendrimers that were
coupled with pol Chlorotoxin (CTX) and tagged with
radioactive 1311 was employed to augment the signal
intensity in SPECT imaging and the therapy of a glioma
model in mice (58).

In a separate study, researchers employed G5 dendrimer
stabilized Fe304/Au nanoflowers (Fe304/Au DSNFs) to
achieve enhanced therapeutic efficacy in a murine breast
tumor model. These nanoflowers exhibited favorable
colloidal stability, cell compatibility, and efficient cellular
uptake. The researchers utilized these nanoflowers for
Tlweighted MR/CT/PA
combined radiotherapy and photothermal therapy (59).
To label the murine monoclonal IgG1 OST7 with either
111In or Gd (III), Kobayashi et al. coupled the 64-amine
PAMAM of generation 4 (G4) with 43 molecules of 2-(p-
isothiocyanate benzyl)-6-methyl-diethylene triamine penta-
acetic acid (1B4M). PAMAM G4 generates high
accumulation in human osteosarcoma xenograft tumors
(KTO005), rapid

bloodstream, and negligible loss of immunoreactivity (60).

multimode imaging and

clearance of radioactivity in the

Nava et al. developed a nanosystem that combines targeted
radiotherapy, fluorescence imaging, and photothermal
treatment. This was achieved by entrapping gold
nanoparticles (with a diameter of 2.1 nm) within FA- and

177Lu-labeled G4 PAMAM

dendrimers. The combination of this nanosystem, laser

bombesin-grafted and

irradiation, and radiation of 177Lu resulted in a
substantial reduction in the viability of T47D cancer cells
derived from a human breast cancer cell line (61). Table 2
lists some of the nanoparticles addressed in this section.
Table 2. An overview of the literature concerning the
application of PAMAM dendrimer nanoparticles in tumor
radiosensitization.

4.3. Imaging

The versatility of PAMAM dendrimer in diagnostic and
therapeutic applications may be attributed to its distinctive
characteristics, including a well-defined three-dimensional
structure, remarkable molecular uniformity, limited
molecular weight distribution, mono-dispersity, and
multifunctional terminal surfaces (62). This chapter
presents the prevailing approaches in molecular imaging
commonly employed for diagnostic purposes. These
Optical
tomography (CT), magnetic resonance imaging (MRI), and

techniques  include imaging, computed
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Figure 6. SPECT imaging of the nude mice with C6 xenografted tumors by 9mTc-duramycin-Au G4-PAMAM dendrimer
(adapted from Xing et al., 2018) (79).

nuclear medical imaging (PET, SPECT), which utilize
contrast agents (CAs).

4.3.1. Optical imaging

Optical imaging may be achieved by conjugating
fluorescent dyes to the PAMAM nano-dendrimer platform.
Compared to other imaging methods, fluorescence
imaging is distinguished by its various detection
capabilities, low cost, and high sensitivity, all of which have
recently attracted more attention (56). The near-infrared
spectrum has been well recognized as a very efficient optical
modality for spectroscopic and imaging purposes. It has
demonstrated notable efficacy in targeting the
accumulation of PAMAM-dendrimer-attached dye within
malignant tumors (63). The fifth generation of PAMAM
showed higher efficiency in fluorescence imaging
compared to other generations. The use of theranostic
methods, namely PAMAM-based MR/CT/PA
nanoprobes, has the potential to elucidate the course of
tumors in cancer. These nanoprobes can act as
multifunctional diagnostic agents (59). Fluorescence
Nanoprobe used for imaging that was coupled to G5
PAMAM might bind to KB cell lines and treat resistant
cervical cancer (64). PAMAM dendrimers coupled with a

6h 8h 12 h

M e-Au DENPs T e-duramycin-Au DENPs

specific dye for photoacoustic (PA) imaging in medication
delivery and therapy have exhibited noteworthy efficacy in
absorption and penetration over the BBB. Consequently,
investigations have demonstrated the capacity to create
photoacoustic images that provide valuable insights into
glioblastoma tumors' depth, size, and vascular angiogenesis
(65). Fluorescence spectroscopy is an optical modality that
employs high luminescence intensity to study cell uptake,
among  other  applications.  Various  conjugated
compositions of gold nanoparticles have been used in
numerous applications, such as anticancer medication
delivery and fluorescence imaging. The theranostic
technique known as PEG-DOX-G4 PAMAM-AuNR has
been utilized in colon cancer in a mouse model,
demonstrating notable efficacy in inhibiting tumor
development and facilitating the administration of drugs
(34). A novel theranostic radiopharmaceutical combining
dendrimer (PAMAM-G4), folate, and bombazine with gold
nanoparticles (AuNPs) has shown hopeful outcomes in
nuclear and optical imaging of breast cancer (61). The
anticancer drug DOX was conjugated with G3 PAMAM
NP has demonstrated high performance in cancer cell
induction and could be used as a theranostic agent in
photothermal therapy and fluorescence imaging in
hepatocellular carcinoma HepG2 cells (44).
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4.3.2. Nuclear imaging

Early cancer identification may be possible with the use of
radiological imaging due to its ability to monitor and
characterize the biological makeup of cancer -cells.
PAMAM-dendrimer nanoparticles with radionuclides
coupled to them have been exploited as medication
delivery and bio-imaging agents because of their strong
biocompatibility (66).

4.3.3. SPECT/PET imaging

Nanocomposite can be used in conjunction with a variety
of radionuclides in single photon emission computed
tomography to demonstrate accumulation and aberrant
physiologic processes in malignant tumors (67, 68).

99
Technetium-99 ( mTC) is the primary radioisotope
employed for the purpose of labeling dendrimers in order
Using very pure

to facilitate imaging objectives.

radiochemicals *"Tc in cancer research involves binding
to G5 or G4 PAMAM through direct or indirect strategies.
This approach has been employed in many mouse models
of cancer, including melanoma and KB-cell lines of

adenocarcinomas (69, 70).

Signal Intensity

Signal Intensity
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Figure 7. CT & MRI images from BALB/c nude mouse model of tumor-bearing mice inoculated with A549 cells with G5-
AuNP-Gd-Trastuzumab (adapted from Chen et al., 2020) (94).

A novel approach has been implemented to highlight the
effectiveness of powerful PAMAM dendrimers. This
involves the incorporation of a labeled '"'In/*®Ga

which  exhibits

interactions. These

supermolecule, noncovalent  weak
interactions have demonstrated
excellent efficacy and outstanding performance, making
them promising candidates for bio-imaging agents aimed at
passive tumor localization (71). Folic acid receptor-

modified G2-PAMAM gold nanoparticles, tagged with

99mTC, have demonstrated potential as a costeffective
nanoprobe for dual SPECT/CT imaging. Notably, these
nanoparticles have exhibited intriguing outcomes in both
HeLa carcinoma cell lines and mice models (72)

Positron emission tomography (PET) is a nuclear medicine
imaging technique that applies radionuclides with short
halflives. While effective in some applications, these
radionuclides are associated with limited resolution and
are less commonly employed in practice. Incorporating
dendrimer-based NPs has the potential to impact the
sensitivity of PET imaging and demonstrate promising
outcomes in identifying malignant cells. The F-18
radionuclide is widely used in PET imaging because of its
high usability. Consequently, researchers have explored

many novel approaches to enhance its effectiveness.
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Table 3. An overview of the literature concerning the application of PAMAM dendrimer nanoparticles to cancer imaging

Polymers  Contrast Linkage Drugs Cell lines Imaging Results Ref
agent/radionuclide molecule modality
PAMAM FITC FA-NHAc Multiwalled KB cell/cervical Optical imaging ~ Specifically, target cancer (61)
G5 carbon cancer cells
nanotubes
(MWCNTs)
PAMAM Fe304 USPIO Au DSNFs - 4T1 tumor MR/CT/PA Exhibit a near-infrared (56)
G5 absorption feature
PAMAM Cy5.5 RGD- A2AAR - Glioblastoma PA imaging Good result OF PA in (62)
G5 agonist (CGS). orthotopic GB
PAMAM AuNR PEG DOX Colon carcinoma CT/Optical Higher therapeutic and (34)
G4 imaging imaging efficacy
PAMAM Lu?77 Folate-bombesin-Au - Breast cancer Nuclear/ Helpful as an optical and (58)
G4 Optical imaging  nuclear imaging agent
PAMAM FITC PEG-FA DOX Liver cancer Fluorescence High performance of NP in (42)
G3 microscopy FM imaging
imaging

PAMAM Tc99m FITC - Melanoma SPECT/Optical  High tumor uptake that (66)
G4 imaging allowed tumor imaging
PAMAM Tc99m Ac-PEGFA-DTPA - Adenocarcinoma SPECT Improves the tumor 67)
G5 targeting
PAMAM In-111 NOTA - Pancreatic cancer ~ Micro-SPECT Significantly improved (68)

tumor imaging
PAMAM Tc99m FA-AuNP - Hela cells SPECT/CT High imaging efficacy (69)
G2
PAMAM Cu-64 FITC-FA-DOTA - Ovarian cancer PET/Optical Significant results targeted (72)
G5 imaging PET imaging
PAMAM Ga-68 AGuIX@NODAGA - Glioblastoma PET/MR There is great efficacy in (73)

PET/MR image-guided

radiation therapy.
PAMAM Cu-64 DOTA-FA-FI Lung PET High performance in (72)
G5 adenocarcinoma targeted

PET imaging of different

types of FR-expressing

cancer
PAMAM Cu-64 F3 DOX Breast cancer PET High performance in (72)

therapeutic and imaging
PAMAM 7r-89 (DFO)3(Bdiol)110 - Glioma cells PET/CT High cell uptake of (74)
G4 radionuclide
PAMAM PEG-Au MUC-1 DNA Curcumin Colon CT Desirable tool for imaging (76)
G5 aptamer adenocarcinoma and therapy
PAMAM AuNs Arg-Gly-Asp, RGD - Glioblastoma CT/Thermal High X-ray attenuation (77
G3 imaging
PAMAM Au DENPs NHA(PEG)14- - Activated T cells CT/FI A promising role in T-cell (36)
G5 (Fluo4)2 activation imaging
PAMAM DENPs-Au PEG-Gd-DOTA-FA - Breast cancer CT/MR High level of attenuated (78)
G5 intensity of X-ray and

significant r1 relaxivity
PAMAM Gd203 PEG-DTPA o Animal cancer MRI Good contrast agent in T1- (79)
G4 cells and T2 weighted MRI
PAMAM Gd DO3A Cystamine Breast cancer MRI Improve MR contrast (81)
G6 between similar textures
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PAMAM Gd DOTA-florescent

G5 dye

PAMAM Gd(III) Au-DENPs

G5

PAMAM Fe304 PDA DOX

G4,5,6

PAMAM Fe203/Au FA

PAMAM Gd-DTPA PEG-Au-DNGs RGD

PAMAM SPION FA CDF

PAMAM IONs FA-PEG DOX

G3.5

PAMAM Gd PEG-Au NP- RGD
entrapped CSTDs

Glioma tumor MRI/NIR High accumulation of (82)
agents in the glioma tumor

Lung cancer CT/MR Beneficial nanoprobe for (83)
dual-modal CT/MR
imaging

Hepatoma MRI High T2-weighted intensity ~ (84)

HepG2 cell

Breast cancer MRI/CT Develop both modalities (85)
sensitivities to the detection
of cancer cells.

Pancreatic MRI/CT Novel nanoprobe for (86)

adenocarcinoma specific tumor CT/MR
imaging

Cervical cancer MRI High T2-intensity contrast 87
agent

Breast cancer MRI Enhance the effect of T2- (88)
weighted MRI contrast

Breast cancer MRI/CT Effective for CT/MR (89)

dual mode imaging and

accurate diagnosis

Comprehensive studies has been carried out for several

years on the process of labeling dendrimers with non-metal
18 64
radionuclides ~ F as well as metal radionuclides CU

and *Ga (73, 74). PET imaging of ovarian cancer cells
and epithelial cells with the extension of a recnet labeled

PAMAM dendrimer with both **Cu / *Ga isotopes as
a result of advances in controlling the halflife of metal
radionuclides and their application in labeled dendrimer-
NPs and imaging is reported (75, 76). The G5-PAMAM
dendrimer has been seen to exhibit a high affinity for metal
radionuclides, particularly Cu-64, which makes it a
commonly utilized agent for tumor cell imaging. The
introduction of FA and the application of DOTA chelation
in the radiolabeling process of PAMAM with Cu-64 have
been shown to exhibit notable biostability in mouse serum.
Additionally, this modified PAMAM formulation has
demonstrated a high degree of cellular uptake, which can
be attributed to the overexpression of folate receptor alpha
(FAR) in lung adenocarcinoma tumor cells (75).
Unimolecular micelles derived from PAMAM-dendrimers
have the potential to employ as dual-purpose agents for
medication administration and imaging in the breast
cancer. Micelles made from PAMAM could transport both

*‘Cu (used in PET scans) and DOX (used to treat
cancer). The distribution of manufactured radiolabeled
nanoprobes in breast carcinoma cells has been observed to
be notably high despite their short circulation period (77).
A combination of radionuclides and a CT contrast agent
might produce a strong result in undetectable tumor cells
since PET/CT is a high-resolution combined structural

and metabolic imaging application in whole-body imaging.

The BBB of a mouse model has been pierced by Zr-89
coupled with G4-PAMAM, which might be used in brain
tumor cells (78).

4.3.4.CT

Although Gold nanoparticles have been investigated as
contrast agents for years in various CT imaging application,
dendrimers have recently garnered more interest due to the
potential for modifying new Au-dendrimer nanoparticles
for CT contrast agents (12). PAMAM has hopeful promise
as a suitable contrast agent for visualizing tumor
angiogenesis, owing to its notable attributes of great
biostability and strong x-ray attenuation. The PAMAM
dendrimer serves as a framework for the improvement of
new modified gold dendrimer nanoparticles, which has the
potential to employ as a tool for the visualization of
imperceptible malignancies such as colorectal cancer (80).
In xenograft models of glioblastoma and breast cancer, Au-
dendrimers encapsulated with different generations of
PAMAM have been characterized as exceptional contrast
agents (59, 81). PAMAM dendrimers have been employed
as versatile contrast agents for dual-modality imaging in the
context of cancer detection. Specifically, PAMAM
dendrimers have been utilized for their ability to enhance
imaging in both computed tomography/magnetic
(CT/MR) and

tomography/fluorescence (CT/fluorescence) modalities.

resonance computed

The results of the study demonstrate that a combination of
encapsulation of CT/FI G5-PAMAM dendrimer in gold
nanoparticles, which have been modified with PEG and
covalently conjugated with fluo-4, can serve as a very
effective nanoprobe for detecting activated T cells and
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assessing the likelihood of tumor development (36). A
multifunctional nanoprobe, consisting of contrast agent in
a dual CT/MR, has been created using G5-PAMAM
modified with gadolinium chelate (DOTA). This
nanoprobe has been applied in studies on human breast
cancer cells in both in vitro and in vivo. The results
demonstrate a high level of cellular uptake and favorable

biocompatibility (82).

4.3.5. MRI

Dendrimers, a novel category of intelligent nanoprobes,
can contain magnetic resonance (MR) contrast agents.
These nanoprobes could be uptake in specific population
of cells, such as tumor cells, hence enabling their use in
tumor distinction, diagnosis, and therapy screening. The
initial development of a dendrimer-based nanoparticle
involved the use of G4-PAMAM, which was connected to
Magnevist, a gadolinium chelates. This nanoparticle
exhibited favorable characteristics such as protracted blood
circulation duration and reasonable relaxation times in T1
and T2-weighted images. Consequently, it was applied as a
dual contrast agent for magnetic resonance imaging in an
animal cancer model (83). Nanoparticles based on
PAMAM dendrimers have the potential to serve as MRI
contrast agents for both T1 and T2 imaging modalities.
Gadolinium-based T1-weighted contrast agents are widely
used, and their PAMAM:-linking has resulted in new
theranostic agents (84). Increased blood CA concentration
and enhanced MR contrast between breast tissue of
different textures have been linked to the use of G6-
PAMAM conjugated to cysteamine and encapsulated by
Gd-DO3A in breast cancer (85). According to another
study, PAMAM-dendrimer conjugated to Gd is an effective
agent for glioma tumor MRI assessment, passing BBTB
and producing a high-intensity signal (86). PAMAM has
been reported to have dual-modality applications in both
CT and MRI, as well as MRI and fluorescence. G5
PAMAM and Gd-Au-DENPs have been combined to create
a dual (CT/MRI)agent for imaging lung cancer (87). To

reduce the toxicity of Gd, ferrite ( Fe;0, ) is often
associated with it. As a result, ferrite-coated G4-PAMAM
magnetic nanoparticles have been improved as a multi-
functional nanoprobe for cancer cell imaging and used as
a drug carrier in chemical and photothermal therapies (88).
Due to FAR overexpression in the tumor
microenvironment, folic acid-conjugated Au/Fe203
connected to PAMAM has been launched as a created dual
CT/MR contrast agent in the assessment of breast cancer
cells (89). In another study, a T1-weighted contrast agent

nanogel was improved by conjugating G3 PAMAM with
Gd-DTPA. This nanogel was used to identify pancreatic
cancer cell lines in a mouse model (90).

Superparamagnetic iron oxide nanoparticles (SPIONs)
have emerged as metalbased MR contrast agents,
exhibiting enhanced signal intensity in T2-weighted
images. Due to their low toxicity profile, SPIONs have
gained significant attention and have become increasingly
used in both in vitro and in vivo experimental settings. The
covalent attachment of folic acid to PAMAM, together
with the incorporation of SPION, holds promise for the
detection of elevated expression of FAR and the
characterization of enhanced functionality in cervical
cancer cells (91). Experimental breast cancer models have
shown that a G3.5 PAMAM nanoprobe conjugated to
Doxorubicin and SPIONS is an beneficial theranostic agent
for both imaging and medication administration (92).
Coreshell to dendrimer (CSTD) is the most recent
approach to synthesizing multifunctional nanoprobes, and
it is the basis for a newly developed nanoprobe consisting
of G5-PAMAM encapsulated with Au NP as the core and
G3-PAMAM as the shell (93). Breast cancer CT/MR
imaging with these newly designed NPs has shown
considerable improvement in both modalities (94). Table
3 demonstrate an overview of studies which used in this

field.

5. CONCLUSION

PAMAM  dendrimers  possess  several  notable
characteristics, including a narrow molecular weight
distribution, monodispersity, internal cavities,
multifunctional  terminal surfaces, biocompatibility,
resilience, and solubility in aqueous environments. These
traits have established PAMAM dendrimers as highly
efficient nanocarriers and vectors in the field of
nanomedicine. Several studies have demonstrated that the
encapsulation of anticancer medications using PAMAM
dendrimers has the potential to enhance the solubility of
hydrophobic pharmaceuticals, leading to increased
accumulation at tumor sites. Also, this encapsulation
technique has been found to effectively lower the toxicity
associated with these treatments. The capacity to modulate
the dimensions of molecules and the potential to attach
specific ligands enables the conjugation of these
nanoparticles with various medications and ligands,
therefore enabling site-specific targeting and delivery of
therapeutic agents. Moreover, it is worth noting that these
nanoparticles can be linked with fluorescent dyes, enabling
their utilization in optical imaging applications.
Additionally, the use of these additives enhances the
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sensitivity of PET images in the context of tumor
identification.

Furthermore, several investigations have shown evidence
that PAMAM dendrimers could form complexes with gold
nanoparticles as well as gadolinium and iron-based
magnetic contrast agents. This interaction has significantly
increased contrast in both CT and MR imaging. Although
the studies discussed here have demonstrated favorable
outcomes regarding the utilization of PAMAM dendrimers
in the preclinical phase for cancer detection and therapy,
more investigation is imperative to ascertain their

suitability for clinical application.
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