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Recent advances in PAMAM dendrimer-based CT
contrast agents for molecular imaging and
theranostics of cancer

Tianyu Huang,i?° Gaoming Li;f* Yungi Guo,? Guixiang Zhang,* Dzmitry Shchabin,?
Xiangyang Shi @ *2 and Mingwu Shen @ *@

Construction of poly(amidoamine) (PAMAM) dendrimer-based nanoplatforms for tumor computed
tomography (CT) imaging and theranostics has gained significant attention in recent years. The unique
characteristics of PAMAM dendrimers such as monodispersity, highly branched interior, and 3-dimensional
architecture allow them to be widely used in the field of biomedicine, especially for tumoral delivery of
contrast agents. With the help of PAMAM dendrimers, traditional contrast agents easily accumulate at
tumor sites, resulting in accurate diagnostics. Moreover, contrast agents and anticancer drugs can be
integrated by PAMAM dendrimers to form multifunctional platforms for cancer theranostics. In this review,
we summarize the recent advances in the construction of PAMAM dendrimer-based nanoplatforms for
tumor CT imaging and theranostics, including the optimization of platform design, imaging performance,
and theranostics. The challenges and future development strategies for dendrimer-based nanoplatforms
towards laboratory study and practical biomedical applications are also discussed.

1. Introduction
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Cancer is a major global public health problem and remains
one of the deadliest diseases." The first step in cancer
management is diagnosis, and early detection and treatment
of cancer is the most effective way to save patients’ lives.
There are many different imaging modalities currently used
to diagnose cancer, such as computed tomography (CT),
fluorescence imaging, magnetic resonance (MR) imaging,
and positron emission tomography (PET) imaging, which
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often require the use of contrast agents to improve the
efficiency, resolution, and accuracy of imaging.”

CT imaging is one of the most representative imaging
methods. In recent years, many studies have shown that CT
imaging, as a non-invasive, economical and reproducible
imaging mode, enables early diagnosis, genotype prediction,
efficacy assessment and prognosis evaluation of cancer. For
example, Wang et al reported CT imaging features as
predictors of tumor mutation burden and driver mutations
in patients with early-stage lung adenocarcinoma.’ Tsili et al.
summarized studies of multidetector CT imaging in breast
cancer and concluded that its advantages include increased
volume coverage, reduced scan time frame, and ability of
acquisition of thin slices and generation of multiplanar and
three-dimensional reconstructions, and CT can provide
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useful information for early and accurate detection of
peritoneal metastases.” The most commonly used contrast
agent for CT imaging is Omnipaque, a low-molecular-weight
contrast agent with drawbacks such as high nephrotoxic
concentrations, low imaging efficiency, rapid metabolism
resulting in a short imaging time window, and lack of
specificity.” Therefore, development of suitable contrast
agents, which selectively accumulate in tumors with
enhanced CT image visibility, is essential to improve the
efficiency of CT imaging to reduce the side effects of contrast
agents.

In recent years, the development of nanomedicine has
expanded the boundaries of biomedical research, especially in
the field of tumor diagnosis and treatment. Among various
nanomaterials, poly(amidoamine) (PAMAM) dendrimers are a
class of synthetic, highly branched and monodisperse
nanoparticles that have gained increasing attention as
nanoplatforms for tumor diagnosis and treatment.® PAMAM
dendrimers have a well-defined structure and surface functional
groups, allowing for the incorporation of various imaging and
therapeutic agents as well as targeting moieties to achieve
specific functions.” This makes them ideal candidates for the
development of nanoprobes for tumor CT imaging. For
example, functionalization of PAMAM dendrimers with a variety
of ligands can greatly increase their targeting specificity and
improve their performance of specific imaging. Meanwhile, the
periphery of the PAMAM dendrimers can also be grafted with
many other imaging elements for dual-modality or
multimodality imaging.® Importantly, appropriate modifications
to the surface of the dendrimers can improve their
biocompatibility.” In addition, the size of the dendrimers can
be adjusted through formation of dendrimer nanoclusters,
dendrimer nanogels or core-shell tecto dendrimers (CSTDs) as
required to meet the timing of imaging needs with controlled
excretion behaviour.'*™"?
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With the development of tumor biology and nanomedicine,
our group and other researchers have developed a series of
PAMAM dendrimer-based nanoplatforms for CT imaging over
the past 15 years. In recent years, in order to develop ideal CT
contrast agents, researchers have explored in detail to improve
the biocompatibility, targeting specificity and efficiency, and
multifunctionality of PAMAM dendrimer-based nanoplatforms
(Table 1). Therefore, in this review, we attempt to summarize
the recent advances in the use of PAMAM dendrimer-based
nanoplatforms for CT imaging. Since Qiao et al have
summarized the dendrimer-based nanoplatforms for molecular
imaging up to 2015, this review mostly summarizes the progress
from 2016 to the present. It should be noted that this is not a
comprehensive review to cover all aspects of PAMAM
dendrimer-based nanoplatforms for CT imaging, but rather to
discuss some of the key developments in the synthesis and
functionalization of these nanoplatforms for CT imaging
applications, including single-mode/dual-mode imaging and
theranostic applications (Fig. 1). Finally, the challenges and
outlook of PAMAM dendrimer-based nanoplatforms for CT

View Article Online
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2. Structural design and optimization
of PAMAM dendrimer-based
nanoplatforms as CT contrast agents

2.1 PAMAM dendrimers as scaffolds for iodinated CT
contrast agents

The most commonly used CT contrast agents in clinical practice
are small-molecule iodinated contrast agents (e.g. Omnipaque),
but these contrast agents have disadvantages such as
nephrotoxicity, fast metabolism, and low specificity.” As a
nano-sized polymer, PAMAM dendrimer is an ideally suitable
scaffold to load iodinated contrast agents, thus overcoming
many of the drawbacks of iodinated contrast agents and being
adapted for CT imaging of various biological systems.'* Many
studies have reported the use of dendritic polymers as scaffolds
to load iodinated CT contrast agents. Previously, our group has
shown that diatrizoic acid (DTA), a kind of iodine(r)-based CT
contrast agent with carboxyl groups, can be successfully
modified on the surface of dendrimers via a 1-ethyl-3-(3-

imaging and theranostics are also briefly discussed. (dimethylamino)propyl)-carbodiimide =~ hydrochloride  (EDC)
Table 1 Summary of representative PAMAM dendrimer-based nanoplatforms for CT imaging applications from 2016 to the present
Dendrimer
Application Nanoplatforms generation Contrast agents Delivery strategies Imaging Ref.
Single-mode D1-D4 G1-G4 Tetraiodobenzene Polyethylene glycol (PEG) CT 18
imaging derivatives
PEG-citrate dendrimer-G2-iohexol G2 Iohexol PEG CT 19
[(Au®)300-G5-NHAc-mPEG] DENPs G5 Au NPs PEG CT 10
(Au®);00-G5-NHAC-CBAAg, G5 Au NPs Carboxybetaine CT 20
acrylamide (CBAA)
[(Au)50-G5-NHAc-DTA-(PEG-FA)-mPEG] G5 Au NPs, diatrizoic ~ FA CT 17
DSNs acid (DTA)
Au(P5-LA) DENPs G5 Au NPs Lactobionic acid (LA) CT 21
Dual-mode RGD-Au-Mn DENPs G2 Au NPs, Mn Arginine-glycine-aspartic CT/MR 22
imaging (RGD)
RGD-Gd-Au DEN-PS G5 Au NPs, Gd 1,3-Propanesultone CT/MR 23
(1,3-PS), RGD
G5-Au NP-Gd-trastuzumab G5 Au NPs, Gd Trastuzumab CT/MR 24
Gd-Au DENPs-FA G5 Au NPs, Gd FA CT/MR 25
(Au®)100-G5-NH,-FI-DOTA(Mn)-HA G5 Au NPs, Mn Hyaluronic acid (HA) CT/MR 26
RGD-Gd@Au CSTDs-PS G3, G5 Au NPs, Gd 1,3-PS, RGD CT/MR 11
RGD-Gd@Au-DNGs-PS G3 Au NPs, Gd 1,3-PS, RGD CT/MR 27
MA-laden Fe;O,/Au DSNFs G5 Au nanoflowers, Macrophages CT/MR 28
Fe;0,
(Au®),5-G5-NHAc-(PEG); 4-(Fluo-4), G5 Au NPs, Fluo-4 PEG CT/fluorescence 29
(Au®)s-G2-DTPA (°°™Tc)-PEG-FA G2 Au NPs, *°™Tc FA SPECT/CT 30
(Au®)g-G2-NOTA (**™T¢)-PEG-RGD G2 Au NPs, *™Tc RGD SPECT/CT 31
29Mre-duramycin-Au DENPs G5 Au NPs, *°™Tc Duramycin SPECT/CT 32
(Au®)s-G2-°™Tc-DTPA-(PEG-FC131) G2 Au NPs, *™Tc FC131 peptide SPECT/CT 33
Theranostics RGD-Au DSNS/siRNA G3 Au nanostars RGD CT, thermal 34
Fe;0,/Au DSNFs G5 Au nanoflowers, — CT/MR/PA 35
Fe;0,4
Apt-PEG-Au-PAMAM-CUR G5 Au NPs MUC-1 aptamer CT 36
Au-G5-F-D G5 Au NPs FA CcT 37
Gd-Au DENPs-Nit G5 Au NPs, Gd 2-Nitroimidazole CT/MR 38
'[n-Asp-PAMAM-Micelles G3 Ca Aspartic acid (Asp) SPECT/CT 39
DRC G5 Au NPs, Gd 1,3-PS CT/MR 40
Au NR@PAMAM-GX1/FAM172A G3 Au nanorods GX1 peptide CT 41
Au DENPs@Macs G5 Au NPs Macrophage CT 42
DG-°®*Ga-Au DENPs/CpG G5 Au NPs, *Ga Glucose PET/CT 43
Col-I@G5AuUNP G5 Au NPs Collagen I CT 44

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Schematic design of nanostructures of PAMAM dendrimer-based nanoplatforms as CT contrast agents.

coupling reaction.”>™” In addition, You et al. developed new

iodinated dendritic CT contrast agents for the first time using
tetraiodophthalic anhydride (TIPN) as potent radiopaque
molecules (Fig. 2) and tested the feasibility of this approach
using amine-terminated PAMAM dendrimers.'® The developed
agent exhibited high performance with highly desirable contrast
enhancement, osmolarity values and blood half-life for tumor

diagnosis. Likewise, it has no significant toxicity, showing no
animal damaging properties in vivo.

2.2 PAMAM dendrimers as scaffold for gold CT contrast agents

Gold (Au) nanoparticles (NPs) possess unique physicochemical
properties and various biological activities, which have been
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Fig. 2

(A) General synthetic scheme and (B) schematic illustrations of the dendritic CT contrast agents, D1-D4. lohexol was used as a rapidly

excreted small-molecule control in the in vivo experiments. D1-D4 were prepared in two steps, starting from an amine-terminated nth generation
(Gn) dendrimer (m = 2"*2, for PAMAM dendrimers used herein), via the stoichiometrically controlled sequential attachment of polyethylene glycol
(PEG) monomethyl ether (MPEG) and TIP units. Each compound consists of a central dendrimer (black) as a scaffold, biocompatible mPEG units
(green) for stealth effects, and TIPN moieties (red) as radiopaque agents. Reproduced with permission.'® Copyright 2016, Elsevier.
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widely studied and applied in the biomedical field. In recent
years, our group has conducted a series of studies on the use of
dendrimer-entrapped Au NPs (Au DENPs) for CT imaging.
Compared with traditional I-based CT contrast agents, Au
DENPs can not only overcome the shortcomings of traditional
contrast agents but also have the following advantages: (1) Au
has a higher atomic number than I, thus having a better X-ray
attenuation performance and better contrast than I-based CT
agents; (2) nano-sized Au DENPs can prolong the blood
circulation time for enhanced tumor CT imaging applications
through an enhanced permeability and retention (EPR) effect;
(3) the peripheral amine groups of dendrimers can be further
functionalized to make them biocompatible, target specific and
multifunctional.>*>*®  Unlike the nanoarchitectures of Au
DENPs, PAMAM dendrimer-stabilized Au NPs (Fig. 3A), Au
nanostars (Fig. 3B), Au nanoflowers (Fig. 3C), and Au nanorods
(Fig. 3D) have also been developed for CT imaging.'”***>*! In
addition to dendrimer-based CT imaging nanoplatforms loaded
with iodinated agents or Au NPs, dendrimer-based
nanoplatforms integrating both Au and I imaging components
have also been reported.">"”

Due to the cavity inside the dendrimer and the easily
functionalized surface amine groups at the dendrimer
periphery, dendrimers are able to physically wrap or
covalently connect iron oxide (Fe;O,) NPs, manganese ions
(Mn*"), gadolinium ions (Gd*"), fluorescent molecules,
radioactive elements, etc. after entrapping Au NPs for dual-
modal or multimodal imaging, such as CT/MR, CT/
fluorescence imaging, SPECT/CT, etc.>****° Furthermore, the
dendrimer-based nanocomplexes can be loaded with
chemotherapeutic drugs or genetic drugs inside or on the
surface to build up theranostic nanoplatforms for monitoring
the tumor treatment process and thus better studying the
tumor treatment mechanism.>**>%”

2.3 Strategies to improve the tumor delivery of PAMAM
dendrimer-based nanoplatforms

Compared to small-molecule contrast or therapeutic agents,
nanoagents are able to passively target tumors through the
EPR effect, thus enhancing their diagnostic or therapeutic
outcomes. However, nanoagents after intravenous injection
have to go through a series of key steps, including blood
circulation (C), accumulation to the tumor (A), penetration
(P), internalization (I), and drug release (R). These five steps
are referred to as the CAPIR cascade. Only when the CAPIR

Dj’L
%%%

Fig. 3 Schematic structures of PAMAM dendrimer-stabilized (A) Au
NPs, (B) Au nanostars, (C) Au nanoflowers, and (D) Au nanorods.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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process is successfully implemented can a therapeutic effect
be guaranteed.”” For PAMAM dendrimer-based nanoprobes
used in CT imaging, prolonging the blood circulation time
and increasing their accumulation at the tumor site can
effectively improve the imaging quality and sensitivity.

In recent years, a series of structural designs and surface
modifications of dendrimer-based nanoplatforms, such as the
construction of CSTDs and dendrimer nanogels, surface
PEGylation, and zwitterion and targeting ligand modifications,
have been carried out to amplify the EPR-based tumor targeting
effect. The design and surface modification of dendrimers can
prolong the blood circulation time, enhance the passive tumor
targeting ability or render the nanoplatforms with active
targeting specificity to tumors. These effects have been
demonstrated in various tumor models.">"* In an early attempt,
PEG-modified generation 5 (G5) dendrimers were used as
templates to synthesize Au DENPs, followed by acetylation of
the remaining dendrimer terminal amines to generate
PEGylated Au DENPs. The results of in vivo experiments show
that the formed PEGylated Au DENPs have good
biocompatibility and can enhance CT imaging.'® Subsequently,
literature reports have shown that zwitterion-modified
nanomaterials have good antifouling properties, prolonged
blood circulation time, and enhanced tumor penetration and
retention. The reason for this is that each ion pair of positive
and negative groups can immobilize a large number of water
molecules around and form a protective layer of water on the
nanomaterial surface, thus shielding the hydrophobic
interactions between contaminants and the nanomaterial
surface. For example, we reported the synthesis and
characterization of antifouling zwitterion carboxybetaine
acrylamide (CBAA)-modified Au DENPs (Fig. 4A and B). Protein
resistance  assay, macrophage cellular uptake, and
pharmacokinetic studies showed that the zwitterion CBAA
modification renders the Au DENPs with much better
antifouling properties than the PEG-modified counterpart, and
increasing the amount of its modification can enhance the
antifouling effect of the material. With good cytocompatibility
and high X-ray attenuation intensity, the CBAA-modified Au
DENPs enable enhanced tumor CT imaging (Fig. 4C and D).

It has been found that active targeting by modifying
targeting ligands on the surface of nanomaterials through
receptor-ligand recognition enables nanomaterials to better
reach the lesion site. Our group explored the antifouling
properties of G5 dendrimers partially modified with CBAA,
2-methacryloyloxyethyl ~ phosphorylcholine  (MPC), and
1,3-propanesultone (1,3-PS), respectively, to different degrees,*
and showed that 1,3-PS-modified dendrimers had the best
antifouling properties and could significantly prolong the blood
circulation time (Fig. 5A). With the optimized zwitterion type,
we then prepared Gd(m)-loaded Au DENPs modified with 1,3-PS
and arginine-glycine-aspartic (RGD) peptide for targeted dual-
mode CT/MR imaging of a lung cancer metastasis model
(Fig. 5B-E). In addition, the use of cancer cell membrane
homologous targeting effect’®*® and macrophage- or
macrophage membrane-based tumor homing effect’®”’ to

Sens. Diagn., 2023, 2, 145-1157 | 1149
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Fig. 4 (A) Schematic illustration of the synthesis of CBAA- or PEG-modified Au DENPs and (B) the good antifouling properties of CBAA-modified
Au DENPs in blood vessels for imaging applications. (C) CT images and (D) CT values of the U87MG tumor in nude mice at different time points
post intravenous injection of {(Au®);00-G5-NHAc-CBAA20} (1), {(Au®)100-G5-NHAC-CBAAgo} (2) or {(Au®)100-G5-NHAC-mPEG,o} (3) ([Aul = 0.1 M, in
150 pL saline, n = 3). Reproduced with permission.?° Copyright 2017, The Royal Society of Chemistry.
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Fig. 5 (A) Synthesis of RGD-Gd-Au DEN-PS. (B) In vivo CT images, (C) T;-weighted MR images, (D) CT values, and (E) MR signal-to-noise ratio
(SNR) of B16 lung cancer metastasis model at different time points post-intravenous injection of RGD-Gd-Au DEN-PS (1) or Gd-Au DEN-PS (2).
The red circles indicate the tumor area. Reproduced with permission.2*> Copyright 2019, American Chemical Society. (F) Schematic diagram of the
preparation of the Au DENPs@Macs and their application for CT imaging and combined chemotherapy/cell therapy of osteosarcoma. Reproduced
with permission.*? Copyright 2021, Elsevier.

render nanomaterials with enhanced tumor delivery has  osteosarcoma tumor model while simultaneously achieving the
received increasing attention. In a recent work, Yin et al  tumor CT imaging (Fig. 5F).*
developed Au  DENP-engineered  macrophages  (Au
DENPs@Macs) as a theranostic platform for CT imaging-guided .
Macs) P EnEEn 3. PAMAM dendrimer-based

cooperative immune cell therapy and chemotherapy of

osteosarcoma. In this work, Au DENPs were used to activate nanoplatforms for CT Imaglng and

macrophages into the anti-tumorigenic Mi-like phenotype with  theranostic app“ cations
increased expression of CD86, inducible type of nitric oxide
synthase, and tumor necrosis factor-a. The formed Au  As above, we summarized the composition and structure of

DENPs@Macs had cytostatic/pro-apoptotic effects against an  dendrimer-based nanoplatforms for CT imaging and
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therapeutic integration and strategies to improve tumor
delivery efficiency, in which some of the advances have been
described. In this section, we mainly present some
representative research advances.

3.1 PAMAM dendrimer-based nanoplatforms for single-mode
CT imaging

PAMAM dendrimer-based nanoplatforms for CT imaging are
mainly based on the entrapment of Au NPs within the
dendrimer interior or the surface periphery attachment with
I-containing contrast agents. Recently, our group developed
an innovative nanoprobe based on G5 dendrimer-stabilized
Au NPs (Au DSNs) linked with folic acid (FA) as a targeting
ligand and diatrizoic acid (DTA) as a 2nd CT imaging element
for enhanced specific tumor CT imaging (Fig. 6)."” The
formed novel materials of Au DSNs-DTA-FA have the desired
colloidal stability, good cytocompatibility and
hemocompatibility, and can be specifically taken up in vitro
by cancer cells overexpressing FA receptors. The Au DSNs-
DTA-FA containing both Au and I dual radiodense elements
exhibit enhanced CT imaging performance, much higher
than that of the single-radiodense elemental material solely
based on Au or I. With the demonstrated FA-rendered
specific targeting, the developed Au DSNs-DTA-FA can be
employed as a highly efficient nanoprobe for targeted
enhanced CT imaging of a subcutaneous tumor model.

3.2 PAMAM dendrimer-based nanoplatforms for dual-mode
or multimode imaging

The construction of dual-modal or multimodal PAMAM
dendrimer-based nanoplatforms can overcome the drawbacks
of a single imaging modality while providing more accurate
imaging information. In our recent work, we reported an
RGD-modified low-generation dendrimer-based nanoprobe
chelating Mn ions and entrapping Au NPs for CT/MR dual-
modality imaging of an orthotopic brain glioma mouse
model.** In this work, the G2 PAMAM dendrimers were first
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Fig. 6 Schematic presentation of the preparation of Au DSNs-DTA-FA
for targeted enhanced CT imaging of tumors. Reproduced with
permission.”” Copyright 2020, American Chemical Society.
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modified with 1,4,7-triacyclononane-1,4,7-triacetic  acid
(NOTA) and the targeting ligand of RGD peptide via a spacer
of PEG. Au DENPs were then synthesized using the
functionalized G2 dendrimers as templates, followed by
chelation with Mn(u) (Fig. 7A). The developed RGD-Au-Mn
DENPs have good colloidal stability, higher r; relaxivity (9.88
mM " s7') than the commercial MR contrast agent Magnevist
(4.3 mM™' s') based on the molar concentration of the
paramagnetic metal (Mn or Gd), better CT imaging
performance than I-based CT contrast agents, good
cytocompatibility, and targeting specificity to cancer cells
expressing o,f; integrin. Results show that the RGD-Au-Mn
DENPs could cross the blood-brain barrier and target glioma,
thus enabling targeted CT/MR dual-modality imaging
(Fig. 7B-E). Moreover, we also developed RGD-modified and
9MTc-labeled multifunctional Au DENPs for SPECT/CT
imaging. The prepared nanocomplexes with an Au core size
of 1.9 nm display good colloidal stability and can be used for
targeted SPECT/CT dual-mode imaging of a subcutaneous
tumor model in vivo (Fig. 7F).*' In addition, Chen et al
synthesized Au DENPs functionalized with gadolinium,
cyanine dye (Cy5.5), and FA for targeted CT/MR/optical
trimodal imaging.”” In this study, Cy5.5 was conjugated to
the DOTA-modified G5 dendrimer surface via the EDC
coupling reaction. Then, the FA moieties were modified on
the dendrimer surface to enable the particles to bind to the
folate receptors overexpressed on cancer cells via ligand-
receptor interaction (Fig. 7G). In vivo experimental results
demonstrate that the synthesized Cy5.5-Gd-Au DENP-FA NPs
are capable of achieving trimodal imaging in a non-small-cell
lung cancer model (Fig. 7H-M).

3.3 PAMAM dendrimer-based nanoplatforms for theranostics

PAMAM dendrimer-based nanoplatforms can also be loaded
with both therapeutic and CT contrast imaging agents for
cancer theranostics, which is vital for precision cancer
nanomedicine.>®™> In this context, our group reported a
theranostic nanoplatform for CT imaging, thermal imaging,
photothermal therapy (PTT), and gene therapy of tumors.
The nanoplatform was synthesized using RGD peptide-
modified G3 PAMAM dendrimers to stabilize Au nanostars
(Au DSNSs), which were used as a gene delivery vector to
complex small interfering RNA (siRNA). The results show that
the RGD-targeted Au DSNSs are able to compact vascular
endothelial growth factor siRNA and specifically deliver
siRNA to cancer cells overexpressing o,f; integrin. Under
near-infrared laser irradiation, the viability of cancer cells is
only 20.2% after incubation with the RGD-Au DSNS/siRNA
polyplexes, which is much lower than that of cells after single
PTT or gene therapy treatment. Moreover, in vivo results show
that the RGD-Au DSNS/siRNA nanocomplexes enable tumor
CT imaging, thermal imaging, PTT, and gene therapy of a
subcutaneous tumor model.**

Cancer cells interact with fibroblasts, immune cells and
endothelial cells in their surrounding stroma to form a very
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0.05 M, in 150 mL PBS for each mouse) were

intravenously injected. The red circle indicates the tumor region. (C) The CT images and (E) quantitative CT values of the C6 orthotopic glioma
tumor before and after the non-targeted or RGD-targeted DENPs (Mn = 400 mg, [Au] = 0.05 M, in 150 mL PBS for each mouse) were intravenously
injected. The green circle denotes the tumor area. Reproduced with permission.2? Copyright 2019, The Royal Society of Chemistry. (F) Schematic
illustration of the preparation of {(Au®)-G2-NOTA (°°™Tc)-PEG-RGD} DENPs. Reproduced with permission.3! Copyright 2017, The Royal Society of
Chemistry. (G) Synthesis of the Cy5.5-Gd-Au DENP-FA probe. In vivo CT images (H), T;-weighted MR images (I), and optical images (J) of the
xenograft NCI-H460 tumors. (K), (L), and (M) show the quantitative CT values and MR or optical signal intensities of the tumors before and after
the intravenous administration of the nanoprobe, respectively. The white arrows indicate the tumor region. Reproduced with permission.>2

Copyright 2016, the Royal Society of Chemistry.

complex tumor microenvironment (TME), including an
unusually complex and dense extracellular matrix (ECM),
microvasculature and other physical factors (such as low pH,
hypoxia, high hydrogen peroxide, etc.), which is beneficial for
early  tumorigenesis, development, invasion  and
metastasis.’*>® However, the complex TME also inspires the
development of various strategies for tumor diagnosis and
treatment. For example, the efficacy of radiation therapy (RT)
is often limited by hypoxia inside most solid tumors. In this
context, we developed hypoxia-targeted Au DENPs complexed
with Gd(m) (Gd-Au DENPs-Nit) for dual-mode CT/MR imaging
and sensitized RT of hypoxic tumors (Fig. 8A). In this work,
G5 dendrimers were partially conjugated with Gd (i) chelator,
entrapped with Au NPs, and conjugated with hypoxia
targeting agent nitroimidazole via a PEG spacer, followed by
chelation of Gd(m). The formed Gd-Au DENPs-Nit

M52 | Sens. Diagn., 2023, 2, 145-1157

nanohybrids with an Au core size of 3.2 nm exhibit an
excellent X-ray attenuation effect, acceptable r; relaxivity (1.32
mM " s7'), and enhanced cellular uptake in hypoxic cancer
cells, thus enabling efficient dual-mode CT/MR imaging of
tumor hypoxia (Fig. 8B-G). Likewise, due to the Compton
effect of Au element, the Gd-Au DENPs-Nit NPs are able to
act as an effective nanosensitizer to enhance the RT
efficiency of hypoxic tumors through enhancing the
intracellular ROS production, enhancing DNA damage and
preventing DNA repair.*®

Immunotherapy, as a novel cancer treatment modality,
has shown great therapeutic promise in clinical practice.
Among the complex and diverse defense mechanisms of the
immune system, T-cellmediated immunity is particularly
important in shaping a positive immune response against
cancer cells as T cells are the main guarantors of tumor

© 2023 The Author(s). Published by the Royal Society of Chemistry
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(A) Schematic illustration of the application of Gd-Au DENPs-Nit for dual-mode CT/MR imaging and sensitized RT of tumors. The Gd-Au

DENPs-Nit were tail vein injected, accumulated at the tumor site, and endocytosed by the cells for sensitized RT of tumors. (B) CT images and (C)
CT values of Omnipaque (1) and Gd-Au DENPs-Nit (2) at different Au or | concentrations. (D) T1-weighted MR images (1) and pseudocolor MR
images (2) of the Gd-Au DENPs-Nit at different Gd concentrations. (E) Linear fitting of 1/T; versus Gd concentration of the Gd-Au DENPs-Nit. (F)
CT values of xenografted CNE-1H tumor before and at different time points post intravenous injection of the Gd-Au DENPs or Gd-Au DENPs-Nit
([Au] = 100 x 107 M). (G) Quantitative MR SNR analysis of the xenografted CNE-1H tumors before and at different time points post intravenous
injection of the Gd-Au DENPs or Gd-Au DENPs-Nit ([Gd] = 10 x 10 M). Reproduced with permission.*® Copyright 2020, Wiley-VCH.

surveillance and cytotoxic killing.>® The negative regulator of
programmed cell death 1 (PD-1), also known as immune
checkpoint protein, has long been known to block the cancer
cell killing effect of T cells since PD-1 can bind to protein
ligand 1 (PD-L1), which is abnormally expressed in several
cancer cell types.”® This would result in tumor escape from
the immune surveillance system, suppression of the immune
response and poor outcome of immunotherapy.®” Blocking
the PD-1 pathway is therefore a possible strategy to reverse
the dysfunctional state of destructive T cells and revive their
immune activity. In a very recent work, we reported a 1,3-PS-

© 2023 The Author(s). Published by the Royal Society of Chemistry

grafted zwitterionic Au DENP platform chelated with Gd(m)
(denoted as Gd-Au DENP-PS) for immune checkpoint
modulation (Fig. 9A).*° The developed Gd-Au DENP-PS with
good stability, antifouling property, biocompatibility, and
dual-mode CT/MR imaging capability enables efficient
packaging and serum-enhanced delivery of PD-1 siRNA to
mediate PD-1 gene silencing in T cells in vitro as well as
in vivo in a melanoma-bearing mouse model. The dendrimer
nanocomplexes or T-cell-loaded nanocomplexes enabled
suppression of tumor growth through the generation of

significant effector CD8" and CD4" T cells. The tumor

Sens. Diagn., 2023, 2, 1145-1157 | 1153
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Fig. 9

(A) Schematic illustration of the synthesis of Gd-Au DENPs-PS. (B) Schematic illustration of the in vivo CT/MR imaging of tumors. (C) In vivo

3D reconstructed micro-CT images (with pseudocolor image of the tumor site, indicated with a red dotted square) and (D) corresponding HU
values. (E) In vivo T;-weighted pseudocolor MR images (tumor is indicated with a red dotted ellipse) and (F) corresponding tumor SNR of B16
tumor-bearing mice at different time points post intravenous injection of Gd-Au DENP-PS or T cell-laden NPs ([Au] = 25 x 10~ M in 100 pL PBS
for each mouse). (G) Dot plots of CD4*/CD8™ T cells, (H) CD8" T cell proportion, (I) CD4* T cell proportion, and (J) CD8*/CD4™ ratio. Reproduced

with permission.*® Copyright 2021, Wiley-VCH.

immunotherapeutic potency can be further enhanced by
combination with an indoleamine 2,3-dioxygenase inhibitor
(Fig. 9B-]). In addition, our group also developed a
nanoplatform based on glucose-modified Au DENPs labeled
with the radionuclide ®®Ga and incorporated with cytosine-
guanine (CpG) oligonucleotide for PET/CT dual-mode

154 | Sens. Diagn., 2023, 2, N145-1157

imaging and immunotherapy of tumors. Each G5 dendrimer
was first modified with 8.2 DOTA and 7.3 PEG with the other
end functionalized with 2-amino-2-deoxy-p-glucose (DG).
Then the functionalized dendrimers were used as templates
to entrap Au NPs and then radiolabeled with **Ga through
the DOTA chelation. The synthesized DG-Au DENPs were able

© 2023 The Author(s). Published by the Royal Society of Chemistry
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to target tumor cells overexpressing glucose transporter
protein and were able to efficiently label °®Ga (labeling
efficiency >85%). After CpG loading, the formed DG-Au
DENPs/CpG polyplexes can be used for dual-mode tumor
PET/CT imaging and immunotherapy by effectively maturing
dendritic cells to induce T-cell-based antitumor immune
response. The developed DG-Au DENPs/CpG polyplexes show
more sensitive imaging and better tumor suppression efficacy
than DG-free polyplexes.**

4. Conclusion and outlook

This review summarizes recent advances in the use of
PAMAM dendrimer-based nanoplatforms for CT contrast
agents in recent years. Due to their unique structural and
physicochemical properties, dendrimer-loaded I-containing
contrast agents can overcome the shortcomings of traditional
small-molecule I-based contrast agents. Since Au has a higher
atomic number than I, dendrimer-entrapped or -stabilized Au
NPs or Au DSNSs have better X-ray attenuation coefficients
and therefore have better imaging sensitivity than I-based CT
contrast agents. Further, the integration of multiple contrast
agents such as Fe;O, NPs, Mn and Gd ions, radioisotopes
and fluorescent molecules using dendrimer nanoplatforms
allows for dual-mode or multimode imaging. Lastly,
physically encapsulating, adsorbing or covalently binding
drugs or genes in the cavities or on the surface of the PAMAM
dendrimers can render the platforms with integrated
application of tumor diagnosis and treatment.

Although the use of PAMAM dendrimer-based
nanoplatforms for tumor CT imaging and theranostics has
been extensively studied, more exploration is still needed in
both laboratory studies and translation to the clinic. First,
for laboratory research, with the progress of tumor biology
and nanotechnology, the design of smarter, more specific,
and higher-sensitivity contrast agents based on dendrimer
nanocomplexes is still attractive, such as developing new
contrast components to improve the imaging quality and
exploring new targeted delivery methods to further reduce
side effects. Second, for clinical translation, the use of
dendrimer nanoplatforms for CT imaging is still in its
infancy. It is hoped that theoreticians, experimentalists and
clinicians explore the main challenges and
opportunities from a systems science perspective. For
example, based on the existing laboratory progress, we can
design the optimal composition and structure of the
PAMAM dendrimer-based nanoplatform, explore the
function and properties of the material itself, and evaluate
its impact and diagnostic and therapeutic functions at the
levels of gene-cell-tissue-small animal model-large animal
model-human, and finally achieve precision medicine and
significantly improve the treatment outcomes. Finally, we
expect that the PAMAM dendrimer-based nanoplatforms
and nanomedicines will be translated for the benefit of
patients.

will

© 2023 The Author(s). Published by the Royal Society of Chemistry
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