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Poly(amidoamine) (PAMAM) dendrimers, as a family of synthetic macromolecules with highly branched
interiors, abundant surface functional groups, and well-controlled architecture, have received immense
scientific and technological interests for a range of biomedical applications, in particular cancer nanome-
dicine. However, due to the drawbacks of single-generation dendrimers with a quite small size (e.g., gen-
eration 5 (G5) PAMAM dendrimer has a size of 5.4 nm) such as limited drug loading capacity, restricted
tumor passive targeting based on enhanced permeability and retention effect, and lack of versatility to
render themwith stimuli-responsiveness, superstructured dendrimeric nanoconstructs (SDNs) have been
designed to break through these obstacles in their applications in cancer nanomedicine. Here, we review
the recent advances related to the creation of SDNs such as dendrimer dumbbells, core–shell tecto den-
drimers, dendrimer nanoclusters (NCs), dendrimer nanogels and dendrimer-templated hybrid NCs, and
how these SDNs have been designed as nanoplatforms for different biomedical applications related to
cancer nanomedicine including MR imaging, drug/gene delivery, combination therapy and theranostics.
This review concisely describes the latest key developments in the field and also discusses the possible
challenges and perspectives for translation applications.

� 2020 Elsevier B.V. All rights reserved.
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1. Introduction

Dendrimers, the term originated from the Greek word ‘‘den-
drons”, are recognized as a family of synthetic macromolecules
with highly branched three-dimensional architectures and
monodispersed characteristics [1–5]. Compared to conventional
linear polymers, dendrimers, especially poly(amidoamine)
(PAMAM) dendrimers, display some superiorities such as well-
defined composition with good monodispersity close to proteins,
abundant terminal functional groups, highly branched inner cavi-
ties, desired water-solubility, easiness of surface functionalization
and non-immunogenicity [6–10]. Therefore, dendrimers have been
extensively employed in the areas of biomedicine, in particular
cancer nanomedicine due to their convincing assets. PAMAM den-
drimers have been used as a platform to load different therapeutic
drugs and/or diagnostic agents for drug/gene delivery [11–20],
nuclear medicine [21–24], molecular imaging [25–34], and thera-
nostics [35–38].

With the continuous and deep exploration of dendrimers for
cancer nanomedicine applications, some limitations have been
revealed. Generally speaking, high-generation dendrimers with a
relatively large molecular dimension display a better gene trans-
fection efficiency [39,40], easier permeabilization of cell plasma
membranes [41,42], and higher drug loading efficiency than low-
generation counterparts, which nonetheless can be easily synthe-
sized [13,43]. Moreover, gadolinium (Gd) chelate-modified den-
drimers with a high molecular weight (Mw) or large global
dimension possess a higher r1 relaxivity than those with a low
Mw and small global dimension owing to the prolonged rotational
correlation time of Gd(III), which is beneficial for improved mag-
netic resonance (MR) imaging sensitivity [44,45]. In most cases,
high-generation dendrimers (G4 or above) are more suitable for
practical biomedical applications than low-generation dendrimers,
and the high-generation dendrimers, although commercially avail-
able, are expensive due to the tedious synthesis and purification
steps and their inherent generational, skeletal, and substitutional
diversities [5,46,47]. Furthermore, the size limit of single-
generation dendrimers at a high generation (e.g., G8 PAMAM) is
still smaller than 10 nm, which cannot fully benefit from the
enhanced permeability and retention (EPR)-based passive tumor
targeting, thereby limiting their effective tumor therapy and imag-
ing applications. Not to mention that, the drug loading capacity of
single high-generation dendrimers still cannot be comparable to
other formulations such as micelles, vesicles, liposomes, and nano-
gels (NGs) due to their small sizes and limited volumes of internal
cavities. Furthermore, single-generation dendrimers except for the
cystamine-cored PAMAM dendrimers with redox-responsiveness
[48] hardly display stimuli-responsiveness, thereby limiting their
desired biomedical applications, in particular in the circumstances
related to tumor microenvironment-responsive delivery.
To overcome the limitation of the single-generation den-
drimers, one of the feasible pathways is to use dendrimers as reac-
tive modules or building blocks to construct structure-controllable
nanoarchitectures of higher complexity and dimensions. In this
review, we refer to these dendrimeric nanoarchitectures as super-
structured dendrimeric nanoconstructs (SDNs). Based on the pro-
duct structure or synthesis strategy, the SDNs are typically
classified into five categories such as dendrimer dumbbells (DDs)
[49,50], core–shell tecto dendrimers (CSTDs) [51–53], dendrimer
nanoclusters (NCs) [54–56], dendrimer NGs [57,58], and
dendrimer-templated hybrid NCs [59–61]. Importantly, when
compared to the preparation of high-generation dendrimers, these
SDNs with diverse frameworks can be easily prepared. For
instance, dendrimers of two different generations with interactive
terminal groups can be coupled or self-assembled to construct
nanoscale CSTDs, showing similar structure to high-generation
dendrimers [4,52]. Dendrimer-based micelles with multiple den-
drimers contained in each micelle can be prepared via electrostatic
interaction of cationic-neutral diblock copolymers and carboxyl-
terminated PAMAM dendrimers to form supramolecular structures
[62]. In addition, single dendrimers are also able to be crosslinked
to prepare dendrimer NCs with defined size and dimension [54,56].
In brief, the SDNs are generally based on two or more dendrimers
to form superstructured nanocontructs through different types of
interactions or driving forces.

Besides the inherent larger size-associated advantages, the
SDNs own the similar properties to single-generation dendrimers
such as abundant terminal functional groups, hydrophobic interi-
ors, and high water-solubility, hence arousing great interest for
various applications in cancer nanomedicine, including bioimaging
[50,54], gene delivery [63,64], chemotherapy [65,66], combination
therapy [67], and imaging-guided therapy [68]. For instance,
amine-surfaced CSTDs formed through supramolecular assembly
of G5 dendrimers as cores and G3 dendrimers as shells enabled
much higher gene delivery efficiency than singe G5 or G3 den-
drimers [63]. Dendrimer NCs formed via crosslinking of PAMAM
dendrimers could be conjugated with Gd(III) chelates for enhanced
MR imaging [25,55], and dendrimer NCs loaded with anticancer
drugs could be utilized for accelerated drug penetration within
tumors to achieve improved therapeutic efficacy [59,60]. Den-
drimer NGs with excellent flexibility and versatility have been
employed for tissue engineering, cancer imaging, and drug delivery
[58,65,69]. Although various achievements have been made so far
in the field, currently, there are no reviews specifically focused on
the development of SDNs for cancer nanomedicine applications.
Herein, we review the recent key achievements in the generation
and biomedical applications of SDNs, with a focus on cancer nano-
medicine. It should be noted that this is not an extensive review to
cover all aspects of SDNs, but rather covers the recent key develop-
ments of SDNs for improved cancer nanomedicine applications.
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Therefore, aspects associated to dendron-related nanoarchitec-
tures such as supramolecular hybrid dendrimers derived from
low-generation peptide dendrons [70], binary dendrons [71], and
amphiphilic dendron-assembled micelles [72–74], dendrimer-
stabilized [27,75–85], dendrimer-assembled [34,86–90] nanoparti-
cles (NPs), or polydendrimers [91] not related to PAMAM den-
drimers will not be covered here.

2. Synthesis of superstructured dendrimer nanoconstructs

The well-defined structure and controllable surface functional-
ities render dendrimers with promising reactive modules or build-
ing blocks to create versatile SDN-based platforms. Dendrimers
have been used to construct supramolecular DDs, CSTDs, den-
drimer NCs, dendrimer NGs or dendrimer-templated hybrid NCs.
For the sake of clarity, Table 1 highlights various types of represen-
tative SDNs existing in the literature (Table 1).

2.1. Dendrimer dumbbells

Oligonucleotides have been deemed as outstanding tools for
driving the self-assembly of dendrimers in precise structural
arrangements due to the base specificity of the resulting duplex
structure [49,92]. The oligonucleotide-mediated self-assembly of
dendrimers to form DDs is quite simple and just requires only
two conjugation steps [50,93]. In an earlier report, Baker and
coworkers investigated DNA-directed synthesis of G7 and G5
PAMAM dendrimer DDs (G7-DNA-G5) [49]. Carbodiimide/imida-
zole chemistry was used to partially link complementary oligonu-
cleotides (50-phosphate-modified) to acetylated G7 and G5
PAMAM dendrimers, respectively. After that, equimolar amounts
of the G5 and G7 conjugates were hybridized via complementary
base pairing to afford the DNA-directed self-assembly of
supramolecular DDs. Agarose gel electrophoresis was used to con-
firm the successful covalent linking of dendrimers with oligonu-
cleotides, and atomic force microscopy (AFM) imaging was
utilized to prove the formation of DDs.

Based on the easiness to generate oligonucleotide-conjugated
dendrimer components, construction of combinatorial libraries of
dendrimer-linked anticancer therapeutics, imaging, and targeting
Table 1
Summary of the formation of SDNs.

Designations Dendrimer-based monomer types

DDs G7 and G5
FITC-G5 and G5-FA
G3

CSTDs Amine-terminated dendrimers (G5 to G7) and
terminated dendrimers (G1 to G4)
G5-CD and G3-Ad
G5.NHAc-CD and G3.NHAc-BM

Dendrimer NCs G5
G3
G2
G1
Fluorodendrimers

Dendrimer NGs G4-PEG/RGDC/RAADyC
Hydroxyl-terminated G5
G3 or G5
FITC-G5
G3-Ad

Dendrimer-templated hybrid NCs G2 to G9
Au-DENs, DNs or Au-DSNs
G6-P22
PCL-PAMAM/Pt or PEG-b-PAEMA-PAMAM/Pt
G2-Ad
agents would be possible. In another noticeable study from the
Baker group, DDs with functional molecules were built up [50].
G5 PAMAM dendrimers were respectively conjugated with fluores-
cein (FITC) and folic acid (FA), then linked together through
hybridization of complementary DNA oligonucleotides to produce
DDs of FITC-G5-DNA-G5-FA. The obtained FITC-G5-DNA-G5-FA
DDs enabled targeted fluorescence imaging of cancer cells overex-
pressing the high-affinity FA receptor.

As mentioned, DNA-mediated DDs do have a number of advan-
tages to be applied in the field of cancer nanomedicine. However, it
is well advocated that the current method to synthesize DDs with
multiple oligonucleotides on each dendrimer surface produces a
statistical array of base-paired structures from which the desired
product must be separated. Furthermore, a recent study showed
that the same self-assembly process of DNA-mediated G3 DDs
strongly depended on the charge of the dendrimer and length of
the DNA used [94]. The DDs with non-protonated dendrimers
could be easily prepared, and their inter-dendrimer distance
strongly depends on the DNA length. In contrast, for complexes
with protonated dendrimers, the inter dendrimer distance is inde-
pendent of the DNA length, because the positively charged proto-
nated dendrimers are combined with negatively charged DNA
strands via electrostatic complexation. Hence, it is crucial to main-
tain the non-protonation of PAMAM dendrimers for the successful
synthesis of DNA-dendrimer conjugates through a covalent man-
ner for the subsequent generation of the DDs.
2.2. Core-shell tecto dendrimers

To avoid the tedious and time-consuming synthesis and purifi-
cation of high-generation dendrimers, Tomalia and coworkers first
initiated the synthesis of CSTDs [4,53]. In their work, amine-
terminated high-generation PAMAM dendrimers were used as
cores (e.g., G5, G6, or G7) to react with low-generation carboxyl-
terminated PAMAM dendrimers as shells (e.g., G1, G2, G3, or G4)
via 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochlo-
ride (EDC) coupling chemistry [52]. The formed individual CSTDs
can be confirmed through AFM imaging to have increased dimen-
sion depending on the combination of different core/shell den-
drimer components (i.e., G5/G3 < G6/G4 < G7/G5) [51]. For
Interaction Reference

DNA-directed self-assembly via
complementary base

[49]
[50,93]
[94]

carboxyl- EDC coupling chemistry [4,51–53,66,95]

Host-guest recognition of b-CD and Ad/BM [63,67]
[96]

Crosslink reaction [54]
Thiolation reaction [55]
Crosslink reaction [56,97]
Crosslink reactions in situ [98]
Self-assembly [99]

Oxidation reaction [57]
Hydrophobic association [58]
EDC chemistry [65,69]
Emulsion method [68]
Host-guest recognition of b-CD and Ad [100]

Electrostatic interaction [62]
[101,102]
[103]

Nanoprecipitation [59,60]
Host-guest recognition of b-CD and Ad [104]
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instance, G5/G3 CSTDs were found to have on the average 10 G3
dendrimers surrounding each G5 dendrimer core, and the diameter
of G5/G3 CSTDs was between those of G7 and G8 PAMAM den-
drimers. Importantly, the G5/G3 CSTDs could be produced in only
one step with a yield as high as 75%-83%, whereas adding three
generations to a G5 core by the divergent dendrimer synthesis
method would involve six reaction steps [52]. Besides the forma-
tion of CSTDs using full-generation dendrimers, half-generation
carboxylated PAMAM dendrimers can also be modified onto full-
generation dendrimers through the same chemistry. For instance,
G5/G2.5 CSTDs could be prepared using G5 PAMAM as core and
G2.5 PAMAM as shell to have a hydrodynamic size close to that
of G6.5 dendrimer [95]. In general, to ensure the successful gener-
ation of CSTDs, the core size of dendrimers must be larger than that
of the shell dendrimer component to ensure the coverage of the
core surface, and desired CSTDs can be quickly formed by selecting
different dendrimer generations. Unfortunately, the generated
CSTDs through EDC chemistry cannot be applied to synthesize
CSTDs with amine surfaced shells by reacting carboxylated den-
drimer core with the aminated dendrimer shell due to the techni-
cal problems related to the aggregation and precipitation.

To synthesize CSTDs with amine surface groups that can be bet-
ter adapted for biomedical applications, our group has developed
an original host–guest supramolecular assembly approach
[63,96]. As an example (Fig. 1a), amine-terminated G5 and G3
PAMAM dendrimers were first modified with the host (b-
cyclodextrin, b-CD) and guest (adamantane, Ad) molecules, respec-
tively. Through supramolecular recognition of b-CD and Ad moi-
eties, G5-CD/Ad-G3 CSTDs were formed and confirmed by two-
dimensional nuclear overhauser effect nuclear magnetic resonance
spectroscopy (2D NOESY) and AFM imaging to have a uniform
morphology [63]. The facile non-covalent host–guest assembly
can be extended to prepare pH-responsive CSTDs via host–guest
recognition of G5-CD as a core and benzimidazole (BM)-
functionalized G3 dendrimers as shell components. Since the
assembly between b-CD and BM is pH-responsive and can be dis-
sociated under slightly acidic pH (pH < 6), the G5.NHAc-CD/BM-
G3.NHAc CSTDs could be adopted for pH-responsive drug delivery
applications [96].
2.3. Dendrimer nanoclusters

Unlike the preparation of DDs and CSTDs that have generally
involved the use of dendrimers with two different generations,
dendrimer NCs with a larger size can be prepared by crosslinking
dendrimers of the same generation [54–56,98]. In an earlier report,
Fig. 1. (a) The preparation of G3-Ad, G5-CD, and G5-CD/Ad-G3 dendrimers. Reproduced
preparation of Gd-G3 NCs. Reproduced with permission from ref. [55], copyright 2012,
Tsourkas and coworkers created G5 dendrimer-based NCs (G5 NCs)
by crosslinking amine-terminated G5 PAMAM dendrimers with
bifunctional amine reactive polyethylene glycol (PEG)-NHS ester
(NHS-PEG-NHS) [54]. The prepared G5 NCs had a good water solu-
bility because of the hydrophilicity of the PEG spacers. In order to
maintain an average hydrodynamic diameter of 150 nm with a rel-
atively narrow size distribution, the optimal [NH2]/[NHS] molar
ratio of 50: 1 was selected. In another work, the same group man-
ufactured G3 NCs crosslinked through disulfide bonding [55]. As
shown in Fig. 1b, the main steps were as follows: (1) G3 PAMAM
dendrimers were reacted with N-succinimidyl (S)-acetyl
(thiotetraethylene) glycol (SAT(PEG)4) to synthesize thiolated den-
drimers; (2) the thiolated dendrimers were suspended in an alka-
line buffer for deprotection to form polydisulfide G3 NCs; and (3)
after quenching of free thiols with maleimide, Gd(III) chelates were
conjugated with the G3 NCs (Gd-G3 NCs) for further MR imaging
applications. In this process, the size of G3 NCs increased with
the extension of the reaction time. In order to obtain G3 NCs with
various sizes, the unreacted thiols in an alkaline buffer could be
quenched by adding excess maleimide at different reaction time
points. The G3 NCs with average hydrodynamic diameters of 42,
59, 91, 142 and 190 nm were prepared.

Besides the use of PEGylated crosslinkers, dendrimeric NCs have
also been prepared using small molecular crosslinkers [56]. For
instance, in a recent study by Cheng et al. [56], G2 NCs were syn-
thesized by a disulfide-containing linker of 3,30-dithiodipropionic
acid-di(N-succinimidyl ester) (DSP). The produced G2 NCs had a
relatively large hydrodynamic size around 40 nm. In another
report, Mamadou and co-workers synthesized low-generation
PAMAM supramolecular dendrimer particles (SDPs) in situ in a cat-
alytic polyvinylidene fluoride (PVDF) casting solution using amine-
terminated G1 PAMAM dendrimers (G1.NH2) crosslinked by
epichlorohydrin (ECH) [98]. In brief, G1 and PVDF as homogeneous
dispersion were mixed in triethyl phosphate at 80 �C, and cross-
linked by ECH. Through a phase inversion casting method, a flat
SDP-containing sheet was formed with an average diameter of
the PVDF-SDPs at 2.4 lm. The diameter of the PVDF-SDPs ranged
from 0.7 to 3.3 lm, and it seemed that controlling the size of the
dendrimer NCs was difficult via the developed method.
2.4. Dendrimer NGs

Unlike the difficulty to control the size of dendrimer NCs, den-
drimer NGs, a type of nanoscale-sized hydrogel particles can have a
better control of their sizes due to the formulation with the assis-
tance of crosslinking agents, hydrophilic polymers or amphiphilic
with permission from ref. [63], copyright 2017, Royal Society of Chemistry. (b) The
American Chemical Society.
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surfactants to retain a significant amount of water. These den-
drimer NGs possess several advantages, including good biocompat-
ibility, ease of synthesis, and high drug loading capacity [57,58].
For instance, enzyme-sensitive dendrimer NGs loaded with drugs
have been prepared through a chemical crosslinking method
[57]. In this study, G4 PAMAM dendrimers modified with
PEG2000-NHS were covalently conjugated with the bioadhesive
components (Fmoc-arg-gly-asp-cys-SH, RGDC) and enzyme-
responsive components (Ac-arg-ala-ala-asp-D-tyr-cys-NH2, RAA-
DyC). Meanwhile, anticancer drug doxorubicin (DOX) was loaded
within the dendrimer-based macromonomers. Then, the DOX-
loaded dendrimer NGs were constructed using sodium periodate
to initiate the chemical crosslinking of the functional groups on
the periphery of dendrimers. The resultant NGs were able to be
decomposed in the presence of elastase to lead to the rapid release
of drugs.

Different from Wang’s work, Matai et al. [69] designed drug-
loaded alginate (AG)-G5 hybrid NGs through EDC coupling chem-
istry (Fig. 2). Three steps were developed to create the AG-G5
hybrid NGs: 1) AG carboxyl groups were first activated by EDC;
2) amine-terminated G5 dendrimers were then added dropwise
into the AG solution to have increased viscosity, indicating the suc-
cessful coupling between the dendrimer amine groups and the AG
carboxyl groups; and 3) the mixture was then added with an anti-
cancer drug epirubicin (EPI) to be encapsulated within the AG-G5
framework, followed by addition of divalent Ca2+ ions to crosslink
the remaining AG carboxyl groups to form the EPI 2 AG-G5 NGs.
The average hydrodynamic diameter of EPI 2 AG-G5 hybrid NGs
(360.7 nm) was smaller than those of the single AG NGs
(918.3 nm) and drug-free AG-G5 NGs (417.6 nm), respectively,
likely due to the increased crosslink densities of the starting mate-
rials. Alternatively, AG-G5 hybrid NGs could also be synthesized
using an emulsion method to afford drug loading and imaging
capability [68]. In this case, FITC-modified G5 PAMAM dendrimers
were mixed with DOX and AG, double emulsified to form G5-
containing AG NGs, and added with Ca2+ ions to promote the
crosslinking reaction, where both CaCl2 and G5 dendrimers acted
as crosslinkers. It appears that G5 dendrimers could afford the
Fig. 2. Stepwise synthesis of EPI 2 AG-G5 NGs. Reproduced with perm
NGs with a compact morphology with a smaller size
(433 ± 17 nm) than those formed solely using the Ca2+ as a cross-
linker (873 ± 116 nm).

2.5. Dendrimer-templated hybrid NCs

Hierarchical control of molecules, macromolecules, and NPs is
the central core of supramolecular and nanoscale chemistry
[105–107]. Dendrimers or dendrimer-based NPs have been
demonstrated to be excellent building blocks to construct hybrid
SDNs. For example, a kind of particle-in-a-box-in-a-box system
based on dendrimer-templated hybrid NCs has been constructed
by Hove and co-workers [101]. As shown in Fig. 3a, G7 PAMAM
dendrimer-entrapped gold nanoparticles (Au-DENs) were first
formed by in situ reduction of Au salt precomplexed with den-
drimers. The dendrimer-templated hybrid micelles (named den-
drimicelles) were then assembled via mixing the Au-DENs at
pH = 7 with an anionic-neutral block copolymer having a 64-
subunit polymethacrylic acid block and 885-subunit polyethylene
oxide block. Simultaneously, other dendrimicelles with empty
dendrimers (DNs) or mixed DNs and Au-DENs were also synthe-
sized via the same process. TEM imaging revealed that each Au-
DEN had an Au core size of 1.7 nm and each dendrimicelle had
23 ± 7 Au-DENs. In addition, as shown in Fig. 3b, the cryoTEM
micrographs suggested that mixing empty and filled micelles did
not seem to result in half-filled micelles, and the dendrimicelles
still displayed the high stability even though they were left for
30 days at room temperature. Similarly, in another study of hove
et al. [102], two kinds of dendrimicelles with supramolecular struc-
ture were manufactured using a congeneric mode through assem-
bling G5 Au-DENs or G5 dendrimer-stabilized gold NPs (Au-DSNs).
Among them, Au-DSNs refer to one Au NP surrounded by two or
three dendrimers. In this case, the authors discovered that the for-
mation of dendrimicelles with DENs or DSNs were dependent on
the charge fraction (f), where f = (negative charge from the block
copolymers)/(positive charge from the dendrimers). The dendrim-
icelles with explicitly defined nanostructures were able to be
formed in the case of excess block copolymer to dendrimer
ission from ref. [69], copyright 2016, American Chemical Society.



Fig. 3. (a) The formation of particle-in-a-box-in-a-box. (b) Cryo-TEM micrograph of mixed dendrimicelles with empty dendrimers and dendrimicelles formed with Au-DENs,
these were separately prepared and consecutively mixed, and measured after 30 days. For visualization purposes, the blue circles are drawn around the micelle-core of three
empty dendrimicelles, whereas red-dotted lines are drawn around the cores of three dendrimicelles containing Au-DENs. The scale bar is 100 nm. Reproduced with
permission from ref. [101], copyright 2017, Royal Society of Chemistry.
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(f � 1), whereas excess dendrimer to block copolymer (f < 1) pro-
vided ill-defined nanostructures.

Different from those hybrid SDNs described above, Li et al. [59]
established a smart polymeric clustered NP (iCluster) through co-
assembling polymer components including polycaprolactone
(PCL) homopolymer, PEG-b-PCL copolymer and platinum (Pt) pro-
drug conjugated PAMAM-graft-PCL (PCL-PAMAM/Pt) via a nano-
precipitation method. In this process, PCL was chosen to control
the size and stability of the iCluster, whereas PAMAM dendrimers
were treated as a template to link these components through the
reaction of the amine groups and the anhydride residue. In another
work, Douglas et al. [103] employed G6 PAMAM dendrimers as
templates to make bacteriophage P22 virus-like particles into an
ordered array via electrostatic interaction. The ditopic capsid dec-
oration protein acted as an auxiliary to cement P22 into place syn-
chronously. It appeared that interparticle assembly occurred upon
mixing P22 and G6 dendrimer at a molar ratio of 1:1000. Further-
more, the G6 dendrimers could be finally removed under a high
ionic strength from the protein clusters.
3. Biomedical applications of superstructured dendrimeric
nanoconstructs

Various SDNs have been synthesized for different biomedical
applications in the field of cancer nanomedicine including biologi-
cal imaging [50,55], gene delivery [56,63], chemotherapy [65,69],
combination therapy [64], and theranostics [68]. Herein, we
reviewed several key examples of the developed SDNs as nanoplat-
forms for cancer nanomedicine applications.
3.1. Biological imaging

Biological imaging is critical to characterize and measure the
biological processes at the molecular or cellular level [108,109].
Nanoplatform-enabled bioimaging technology (e.g., fluorescence
imaging and MR imaging) has become indispensable for tumor
diagnosis. SDNs, as a unique nanoplatform, have been linked with
fluorescent dyes or Gd(III) chelates for fluorescence or MR imaging
of cancer cells or tumor tissues. As reported earlier by Baker and
coworkers [50], DDs were designed with one dendrimer attached
with targeting ligand FA and the other one linked with FITC for
effective targeted imaging of FA receptor-expressing cancer cells
in vitro. The DDs could be internalized across the cell membrane
into the cancer cells by detecting and observing the FITC green flu-
orescence by confocal microscopy. Unfortunately, due to the lim-
ited penetration depth, the clusters have not been used for
fluorescence imaging of a tumor model in vivo.

For MR imaging of tumors, dendrimer NCs formed through
crosslinking of G5.NH2 dendrimers with NHS-PEG-NHS were used
as a platform to sequentially link diethylenetriaminepentaacetic
acid (DTPA) dianhydride for Gd(III) chelation, FA, and FITC
(Fig. 4a) [54]. The multifunctional G5 NCs were applied for targeted
fluorescence imaging of FA receptor-overexpressing cancer cells
in vitro as confirmed by both flow cytometry and confocal micro-
scopy. Moreover, due to enlarged molecular dimension of Gd(III)
within the NCs to have prolonged rotational correlation time, the
NCs displayed an r1 relaxivity (12.3 mM�1 s�1), much higher than
Gd(III)-labeled individual G5 dendrimers (10.1 mM�1 s�1) and the
small molecular Gd-DTPA complex (3.9 mM�1 s�1). The multifunc-
tional NCs enabled enhanced targeted T1-weighted MR imaging of
a xenografted tumor model, much better than the Gd(III)-labeled
individual G5 dendrimers (Fig. 4b) presumably due to the larger
size-induced improved EPR effect and r1 relaxivity.

In another work, the same group prepared G3 NCs crosslinked
through disulfide bonding and modified the G3 NCs with DOTA
for Gd(III) chelation for T1-weighted MR imaging in vivo [55]. The
authors showed that a significant contrast enhancement was seen
in the kidneys and abdominal aorta at 15 min and 1 h postinjec-
tion, respectively. Quantitative analysis revealed a statistically sig-
nificant MR enhancement in the kidneys for as long as 4 h when
compared to the control group (p < 0.5). In sharp contrast, Gd
(III)-chelated individual G3 dendrimers did not reveal any
enhancement in the kidneys at any of the time points. This illus-
trates the great advantage to use the NCs for better bioimaging
applications than single dendrimers.

3.2. Gene delivery

Gene therapy based on transfection of DNA or RNA into targeted
cells, has been extensively explored for cancer therapy [110]. In
order to allow genes to quickly enter cells and function without
being degraded, positively charged NPs are usually used as vectors
to compact negatively charged genes for gene delivery to cells
[111]. In principle, the transfection efficacy of high-generation
PAMAM dendrimers is greater than the low-generation counter-



Fig. 4. (a) Synthesis of targeted Gd-G5-FITC NCs. (b) MR images of nude mice with subcutaneous tumor xenografts at various time points following the intravenous injection.
The local hyperintensity generated was visualized using a 4.7 T small-animal MR scanner. Mice with KB cell tumor xenografts before and after injection with FA-targeted G5
NCs, FA-targeted G5 NCs in the presence of 50 mM free FA and FA-targeted & Gd(III)-labeled individual G5 dendrimers, respectively. Images were acquired pre-injection and
at 1, 4 and 24 h post-injection. White arrow shows location of tumor. Reproduced with permission from ref. [54], copyright 2010, WILEY-VCH Verlag GmbH & Co. KGaA.
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parts, while their cytotoxicity is higher [112,113]. Breaking up the
correlation between transfection efficacy and cytotoxicity for
dendrimer-based gene delivery system is urgent. In addition to
the functional modification of dendrimers [18,114,115], SDNs has
been considered as one of the alternative solutions for highly effi-
cient gene transfection with low toxicity. As demonstrated by Liu
et al. [56], the G2 PAMAM dendrimers were utilized to obtain G2
NCs crosslinked with disulfide bond. Owing to the disulfide bond
break in the endocytic pathway, the G2 NCs could degrade to form
individual G2 dendrimers within cells, thus minimizing the dam-
age of cationic single G2 dendrimers as a gene transfection vector
to cells. Under an appropriate N/P ratio (the molar ratio of primary
amines of the dendrimers to phosphates in the pDNA backbone),
the G2 NCs displayed comparable luciferase (Luc) gene expression
efficacy to the gold standard of branched polyethylenimine (PEI)
(Mw = 25 kD), and superior efficacy than naked DNA, and single
G2 or G5 dendrimers. In another study, Wang et al. [99] prepared
dendrimer-based NCs via a self-assembly method. G1 and G2 den-
drimers were first reacted with heptafluorobutyric anhydride to
generate fluorodendrimers that were then self-assembled to form
low-molecular-weight fluorodendrimer NCs with a spherical
shape. The spherical NCs were used as vectors for gene transfection
in the end. The results showed that the uniform NCs displayed a
high transfection efficacy in vitro and in vivo, high permeability
in 3-dimensional multicellular tumor spheroids (3D MCTS), mini-
mal toxicity, and high serum stability, which presents a promising
potential for clinical gene therapy applications.

Besides the dendrimer NCs, CSTDs with amine terminal groups
synthesized in our previous work through supramolecular assem-
bly were also used as a vector for gene delivery applications [63].
Our studies showed that the CSTDs with abundant surface amines
on the surface were able to transfect the Luc gene with an effi-
ciency 20 times and 170 times higher than single G5-CD and G3-
Ad dendrimers, respectively.

To render the cellular gene delivery with targeting specificity,
SDNs have been modified with targeting ligands for enhanced
and specific gene delivery. As reported by Wang et al. [104], the
size-controllable RGD-targeted supramolecular nanoparticles
(SNPs) were designed for gene delivery through four-step synthe-
sis: (1) Ad-grafted G2 PAMAM (Ad-PAMAM), b-CD-grafted
branched PEI (CD-PEI), and Ad-grafted PEG (Ad-PEG) were formed,
respectively; (2) Ad-PEG was modified by RGD peptide; (3) the
SNPs were synthesized through host–guest recognition based on
b-CD and Ad motifs; and (4) the anionic pDNA were compressed
by cationic SNPs via electrostatic interactions. The results revealed
that the SNP/DNA polyplexes had a satisfactory gene transfection
efficiency in different cell lines such as U87, MCF-7 and 3 T3 cells.
Furthermore, the SNP/DNA polyplexes enabled RGD-targeted
specific gene delivery to cancer cells expressing integrin avb3.

3.3. Chemotherapy

NP-based drug delivery systems enable improved cancer
chemotherapy by improving the pharmacokinetics and biodistri-
bution of the anticancer drug and by controlling the release kinet-
ics of the drugs to the target site [13]. As an ideal drug carrier, the
SDNs with unique architectures have been employed as a carrier
system for anticancer drug delivery applications [60,65,96]. Taking
CSTDs as an example, G5/G2.5 CSTDs were used to load anticancer
drug methotrexate (MTX) and zoledronic acid (ZOL) to treat mela-
noma cells in vitro [66]. In this study, 6 MTX and 31 ZOL molecules
were loaded within the hydrophobic interior of the CSTDs (G5
cores), respectively, and the G2.5 shells were covered on the sur-
face to improve the stability of the formulation. The obtained drug
sandwiches showed a higher cytotoxicity to melanoma (Sk-Mel-
28) cells than both free drugs and G5/G2.5 CSTDs alone. At a cer-
tain MTX concentration (e.g., 50 lM), the MTX-sandwich could sig-
nificantly inhibit the growth of Sk-Mel-28 cells without harming
the keratinocytes.

The microenvironment of tumors can be considered as a battle-
ground of a mixture of different molecules including lymphokines,
cytokines, matrix metalloproteinase, collagen fibers, proteogly-
cans, and glycosaminoglycans, etc. To render the anticancer drug
with tumor microenvironment-responsive delivery property, we
developed original pH-sensitive supramolecular G5.NHAc-CD/
BM-G3.NHAc CSTDs for anticancer drug DOX delivery [96]. The
hydrophobic interior of the CSTDs rendered themwith a drug load-
ing percentage of 5.16%. By virtue of the pH-sensitive assembly of
BM and b-CD pair, the formed CSTDs/DOX complexes could be
swallowed by cancer cells and dissociated to form single-
generation dendrimers, enabling acidic pH-triggered fast release
of DOX. As shown in Fig. 5, the drug penetration depth and thera-
peutic efficacy of the CSTDs/DOX complexes were assessed in vitro
via 3D MCTS, and the pH-insensitive CSTDs (G5.NHAc-CD/Ad-G3.
NHAc)/DOX complexes were also compared. On one hand, the
pH-sensitive CSTDs/DOX complexes displayed the strongest pene-



Fig. 5. (a) Confocal laser scanning microscopic images of HeLa MCTS incubated with G5.NHAc-CD/BM-G3.NHAc/DOX, G5.NHAc-CD/Ad-G3.NHAc/DOX and free DOX at
different time points. The scale bar in each panel represents 100 lm. (b) Fluorescence intensity of MCTS co-cultured with G5.NHAc-CD/BM-G3.NHAc/DOX, G5.NHAc-CD/Ad-
G3.NHAc/DOX and free DOX for various time periods. (c) Representative optical micrographs of HeLa MCTS treated with PBS, G5.NHAc-CD/BM-G3.NHAc/DOX, G5.NHAc-CD/
Ad-G3.NHAc/DOX and free DOX, respectively. The scale bar in each panel represents 50 lm. (d) Tumor MCTS diameter changes in each group at various time points.
Reproduced with permission from ref. [96], copyright 2019, Royal Society of Chemistry.
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tration and cellular uptake ability as compared to free DOX and
pH-insensitive CSTDs/DOX (G5.NHAc-CD/Ad-G3.NHAc/DOX) com-
plexes (Fig. 5a,b). On the other hand, through measurements of
the size of 3D MCTS (Fig. 5c,d), we found that the inhibition effi-
ciency followed the order of pH-responsive CSTDs/DOX group
(26.7%) > free DOX (19.2%) > pH-insensitive CSTDs/DOX group
(13.5%) within 7 days of treatment.

Efficient drug delivery vehicles should possess favorable drug
loading and releasing capabilities [13,116]. Unlike the CSTDs with
limited drug loading capacity, dendrimer NGs with a larger dimen-
sion can be regarded as nanocarriers with an enhanced drug load-
ing capacity and efficiency [65]. For instance, AG-G5 NGs could be
loaded with anticancer drug EPI with a loading efficiency of
93.3 ± 2.22% for chemotherapy of cancer cells [69]. The obtained
EPI 2 AG-G5 NGs could release EPI in a sustained manner with a
faster EPI release at pH 5.5 than pH 7.4. Within 48 h, 47.6% EPI
was released at pH 5.5, while 37.2% of EPI was released in PBS
(pH 7.4). What is more, the EPI 2 AG-G5 NGs could not only be
uptaken and sufficiently accumulated in MCF-7 cells in a dose-
and time-dependent manner, but also induced effective cancer cell
death.

To render the carrier system with the cellular environment-
responsive drug delivery, enzyme-responsive dendrimer NGs were
prepared for drug delivery applications [57]. The dendrimer NGs
displayed good biocompatibility, five times higher DOX loading
ability (6.93 ± 1.55%) than dendrimer macromonomer (1.48 ± 0.5
9%), as well as enzyme-responsive drug release property due to
the incorporation of the enzyme-sensitive peptide sequence. The
enzyme-triggered rapid drug release within the cells rendered
the therapeutic activity of DOX-loaded dendrimer NGs to be as
high as that of free DOX, which is very important for effective can-
cer chemotherapy.

For chemotherapy, besides CSTDs and dendrimer NGs,
dendrimer-templated hybrid NCs have also been employed as an
effective nanoplatform. As depicted in Fig. 6, Li et al. [60] developed
a strategy to establish the pH-sensitive clustered nanobombs for
improved drug penetration in tumors and chemotherapeutic effi-
cacy. In this case, dendrimers were first conjugated with Pt pro-
drug. Separately, pH-sensitive amphiphilic block copolymer
(PEG-b-poly(2-azepane ethyl methacrylate), for short, PEG-b-
PAEMA) was obtained by reversible addition-fragmentation chain
transfer polymerization, reduced by 2-aminoethanol to produce
sulfhydryl-terminated PEG-b-PAEMA and modified with N-(e-mal
eimidocaproyloxy)-succinimide ester (NHS). The resulting PEG-b-
PAEMA-NHS was coupled with PAMAM/Pt to compose PEG-b-
PAEMA-PAMAM/Pt. Finally, the pH-sensitive clustered nanobombs
were created via self-assembly of PEG-bPAEMA-PAMAM/Pt. The
pH-responsive NCs could have prolonged blood circulation time
in vivo because of their large size, thereby increasing the propen-
sity of large NPs to extravasate from leaky tumor vasculature to
accumulate in the vicinity of blood vessels. In the vascular
microenvironment (pH~7.4), the pH-sensitive clustered nano-
bombs were stable, while at acidic tumor pH (pH~6.5–7.0), they
would instantaneously switch to small particles (<10 nm) for deep
tumor penetration and to release the Pt drug for effective cancer
chemotherapy. Similarly, Li et al. [59] also prepared Pt-containing
iCluster that had improved tumor accumulation through the pas-
sive EPR effect and enabled prodrugs to reach evenly inside the
tumors via pH-responsive fast release to kill cancer cells
effectively.

3.4. Combination therapy and theranostics

The treatment of malignant tumors using single-mode thera-
peutic approach always displays limited outcomes because of its
inherent imperfection [117,118]. Therefore, it is necessary to pro-
pose combination therapy approaches to enhance tumor therapeu-
tic efficacy. SDNs have also been used as a carrier system for
combination therapy. For example, through conjugating branched
PEG with G2 dendrimers, Wang et al. [97] prepared a type of
structure-invertible SDNs for co-delivery of nucleic acids and
hydrophobic drugs. In their study, the cleavage of disulfide link-



Fig. 6. (a) Structure of PEG-b-PAEMA-PAMAM/Pt. (b) Self-assembly of the pH-sensitive cluster nanobombs at neutral pH, and the decomposition of the pH-sensitive clustered
nanobombs at an acidic tumor pH. (c) Schematic illustration of the pH-sensitive clustered nanobombs to overcome biological barriers in a poorly permeable pancreatic tumor
model. Reproduced with permission from ref. [60], copyright 2010, American Chemical Society.
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ages at intracellular glutathione-rich environment significantly
decreased the cytotoxicity of the SDNs, and promoted highly effi-
cient drug release and gene transfection in vitro and in vivo. Com-
pared to free G2 dendrimers, this nanocarrier not only displayed an
enhanced endosomal escape capability and improved serum stabil-
ity in vitro, but also exhibited prolonged residence time and stron-
ger transfection activity in vivo. Most importantly, co-delivery of
DOX and B-cell lymphoma 2 (Bcl-2) small interfering RNA (siRNA)
exerted a combinational effect against tumor growth in a murine
tumor model in vivo, which was much more effective than either
DOX or Bcl-2 siRNA-based monotherapy. In our recent study, in
order to fully use the large interior space and the excellent gene
compact ability of the CSTDs, we reported the use of G5-CD/Ad-
G3 CSTDs to co-deliver therapeutic miRNA 21 inhibitor and anti-
cancer drug DOX for enhanced cancer therapy applications [67].
We showed that the transfection efficiency of CSTDs/miR 21i poly-
plexes was the highest at the N/P ratio of 10, leading to effective
regulation of the target genes/proteins and inhibition of cancer cell
migration. More importantly, co-delivery of miR21i and DOX using
CSTDs as a vector could result in more significant therapeutic effi-
cacy of cancer cells than that of DOX only. In another report [100],
dendrimer NGs constructed via host–guest interaction between
Ad-conjugated random copolymers and b-CD-modified G3 PAMAM
dendrimers were also used to simultaneously encapsulate both
DOX for chemotherapy and indocyanine green (ICG) for photother-
mal therapy by electrostatic interaction. The release of DOX from
the NGs could be triggered by NIR light to lead to NG dissociation.
The cytotoxicity evaluation results revealed that the DOX IC50 of
the ICG-G3-DOX NGs decreased significantly from 33 lg/mL to
7 lg/mL under NIR irradiation, suggesting the cooperative effect
exerted to cancer cells. Furthermore, after a total of three intra-
venous injections (day 0, 2, and 4) and three NIR irradiations
(day 1, 3, and 5), the in vivo antitumor efficacy assay data displayed
that the control groups of PBS and free DOX did not have statisti-
cally significant differences in tumor growth suppression. The
group of ICG-G3-DOX NGs with NIR laser irradiation was much
more effective in killing tumors than the groups of ICG-G3-DOX
NGs without NIR laser irradiation and G3-DOX NGs with NIR laser
irradiation.

In the field of precision or personalized medicine, imaging-
guided cancer therapy has been emerging as a new and efficient
strategy to tackle cancer [119], which is currently a hotspot in can-
cer nanomedicine. SDNs-based nanoplatforms also hold great pro-
mise for cancer theranostics by integrating both imaging elements
and therapeutic components. As a representative example, Gon-
calves et al. [68] reported the G5 dendrimer-assisted formation of
AG NGs for fluorescence imaging and chemotherapy of cancer cells
in vitro. In their study, FITC-labeled G5 dendrimers were integrated
into the AG NGs as an additional crosslinker besides Ca2+-induced
crosslinking for subsequent encapsulation of DOX. Such incorpora-
tion of the dendrimers rendered the NGs with a loading capacity 3
times higher than dendrimer-free AG NGs. The AG-G5 NGs could
release DOX in a sustained manner, be taken up by cancer cells
to exert the DOX-associated anticancer cytotoxicity, and be fluo-
rescence imaged owing to the conjugated fluorescent marker of
FITC. These findings demonstrated that the developed AG-G5 NGs
might serve as a general nanoplatform for fluorescence imaging-
guided therapeutic delivery to cancer cells in vitro and in vivo.
4. Conclusion and outlooks

In summary, this review has described the recent developments
of different SDNs as nanoplatforms for cancer nanomedicine appli-
cations. Through the unique designs, DDs, CSTDs, dendrimer NCs,
dendrimer NGs, and hybrid dendrimer-templated NCs can be pre-
pared to have a variety of different supramolecular structures.
Compared to individual dendrimer-based platforms, more func-
tionalities or desired properties of SDNs can be achieved to have
enhanced EPR-based tumor passive targeting, stimuli-
responsiveness, and improved drug loading and imaging sensitiv-
ity (e.g., improved r1 relaxivity for MR imaging purpose). With
these rendered important advantages, the SDNs with controlled
structure and stability can be designed for improved cancer nano-
medicine applications including bioimaging, gene delivery,
chemotherapy, combination therapy, and theranostics to tackle
some key problems related to cancer imaging and therapy.

Despite numerous attempts and inspiring results achieved so
far, much room remains to be explored and addressed to further
improve the cancer nanomedicine applications of SDNs. For
instance, currently, the SDNs are only designed to be pH-,
enzyme- or redox-responsive, other stimuli-responsive SDNs or
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dual-/multi-responsive SDNs may be further designed to meet the
tumor microenvironment for better imaging and therapy. For com-
bination therapy, more therapeutic modes or combinations incor-
porated with immunotherapy, radiotherapy or others should be
further explored to improve the tumor treatment outcomes. In
addition, for precision imaging of tumors, the SDNs could be fur-
ther designed to incorporate different imaging elements for dual-
mode or multi-mode imaging purposes. Furthermore, approaches
to scale up production of the desired SDNs with quality control
and further studies related to pharmacokinetic, pharmacodynam-
ics, metabolism, biodistribution, and long-term toxicity should also
be performed to shine up the promising potential of SDNs for can-
cer nanomedicine applications.
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