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Cancer phototherapy with non-invasiveness and high therapeutical efficiency has emerged as a hot spot research
in cancer management. Various nanomaterials have been involved in the development of novel photoactive
agents to overcome the current limitations in cancer phototherapy. Dendrimers, as an excellent nanocarrier with
unique physicochemical properties, have received extensive attention and much effort has been made in the
development of dendrimer-based hybrid platforms for photomedicine applications. Dendrimers can be entrapped
with photosensitive agents within their internal cavities and be surface modified with reactive molecules, con-
structing multifunctional nanoplatforms for cancer treatment. In this review, we concisely survey the design of
several different kinds of dendrimer-based nanohybrids for cancer photomedicine applications, and provide an
overview of their recent applications in molecular imaging, single-modality photothermal therapy or photody-
namic therapy, combination therapy, and theranostics of cancer. In addition, we also briefly discuss the future

perspectives in the area of dendrimer-based nanohybrids for cancer photomedicine.

1. Introduction

To improve the outcome of cancer treatment and relieve the pain of
patients, physicians and scientists have long been exploring novel cancer
treatment modalities with high selectivity and excellent therapeutical
efficiency along with minimal invasiveness. Toward this end, cancer
phototherapy, which exploits the light to trigger reaction against cancer,
including photothermal therapy (PTT) and photodynamic therapy (PDT),
has attracted widespread interest for precise targeting and efficient
ablation of the irradiated cancer cells and tumor tissues [1-3]. However,
the clinical translation of phototherapy is still limited by several factors
such as superficial penetration depth of the laser, incomplete ablation
outside the irradiation region, and possibilities of cancer recrudesce [4].
Thus, in the recent decades, tremendous efforts have turned to the ver-
satile nanotechnology to construct multifunctional photomedicine
nanoplatforms to overcome the current limitations in cancer photo-
therapy [5], realizing more personalized and long-lasting elimination of
cancer, as well as facilitating cancer theranostics.

Dendrimers stand as a unique type of nanomaterials with potential
applications in various biomedical fields. The term “dendrimer” originates

* Corresponding author.
** Corresponding author.

E-mail addresses: mwshen@dhu.edu.cn (M. Shen), xshi@dhu.edu.cn (X. Shi).

¢ These authors contributed equally to this work.

https://doi.org/10.1016/j.mtbio.2021.100111

from the Greek word of “dendrons”, which has a three-dimensional
branched structure [6-10]. The tree structure is composed of the initial
core, repeating branching units initiated by the core, and terminal groups
connected to the peripheric repeating branching units. Owing to their
structural advantages, easy surface modifications, good stability, and
biocompatibility, dendrimers have been extensively explored in drug/gene
delivery [11-24], molecular imaging [25-31], nuclear medicine [32-37],
and theranostics [28,38-44] of cancer. Recent advances show that
dendrimer-based nanohybrids also hold great promise in cancer photo-
therapy to solve the current limitations of phototherapeutic reagents
[45-49] with the structural advantages over other linear polymers such as
easy surface modification with photoreactive agents along with other
functional moieties (e.g., targeting ligands) and structural configuration
with other components or nanoformulations via the hyperbranched units
for enhanced tumor accumulation and penetration. In particular, the
integration of inorganic and organic components with dendrimers could
lead to improved stability and enhanced photothermal conversion effi-
ciency of the nanohybrids, leading to their improved performances in
imaging and therapeutical effects [50,51]. Herein, we concisely review
the progresses in the design of dendrimer-based nanohybrids for
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photomedicine applications, and provide an overview of their recent ap-
plications in molecular imaging, single-modality phototherapy (PDT and
PTT), combination therapy, and theranostics of cancer (Scheme 1).
The representative research progresses are listed in Table 1. We also
clarify the possible blueprint for the development of multifunctional
dendrimer-based hybrid cancer phototherapeutics.

2. Design of dendrimer-based hybrid photomedicine
2.1. Dendrimer-based metal and metal sulfide nanocomposites

Dendrimers can be used as templates or stabilizers to incorporate
inorganic metal or metal sulfide nanoparticles (NPs) with strong surface
plasmon resonance absorption and high photothermal conversion effi-
ciency, such as gold (Au) NPs [52,53], Au nanorods (NRs) [54], Au
nanoflowers (NFs) [55,56], Au nanostars (NSs) [57], and copper sulfide
(CuS) NPs [58,59], controlling the size and stability of these inorganic
NPs. As early as in 2007, Kono et al. [60] used poly (ethylene glycol)
(PEG)-modified generation 4 (G4) poly (amidoamine) (PAMAM) den-
drimers to entrap Au NPs via a facile NaBH4 reduction chemistry, and
found the thus formed dendrimer-entrapped Au NPs (Au DENPs)
possessed light-induced heat generation ability. However, in this study,
the simple morphology and small Au core size (2 nm) of Au DENPs lead to
limited photothermal conversion efficiency, which is inadequate for
further applications.

To improve the photothermal conversion efficiency, successive work
by the same group of Kono [62] used PEG-cys-PAMAM dendrimers to
grow Au NR core inside and synthesized Au NR-cored G2-G4 dendrimers,
and discovered that the Au NR-cored G3 dendrimers owned the best
stability with a favorable Au NR size around 31 nm. In addition, the same
authors [63] made it feasible to increase the coverage of the dendrimers
on the Au NR surface (0.28 per nm? Au NR) by conjugating PEG-PAMAM
G4 with mercaptohexadecanoic acid-functionalized Au NRs. The created
nanosystem could be further loaded with anticancer drug doxorubicin
(DOX) for further biomedical applications. Different form the direct Au
NR growth strategy, Cheng et al. [64] adopted a collision-regrowth
method to synthesize dendrimer-stabilized Au NRs (Au DSNRs) via a
shape transformation of Au DENPs during the dialysis process in the
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Scheme 1. The design and cancer theranostic applications of dendrimer-based
hybrid photomedicine.
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acidic buffer, resulting in the formation of Au NRs with a uniform size
distribution (10 nm in diameter).

Besides Au NRs, Au NSs can also be combined with dendrimers. In a
study by our group [48], we used the partially thiolated G3 PAMAM to
assemble preformed Au NSs via Au-S bonding, and the formed
dendrimer-assembled Au NSs could be further linked with
arginine-glycine-aspartic (Arg-Gly-Asp, RGD) peptide, and displayed a
high photothermal conversion efficiency (79%) and an ability to compact
siRNA via electrostatic interaction through the dendrimer terminal
amines. To integrate more functions within one nanoplatform, our group
also prepared the dendrimer-stabilized Au NFs embedded with ultrasmall
iron oxide (USIO) NPs [49]. In this work, the G5 PAMAM
dendrimer-stabilized Au NPs (Au DSNPs) and citrate-stabilized USIO NPs
were separately prepared, and the seed NPs composed of Au DSNPs and
USIO NPs (Fe/Au molar ratio = 4:1) were produced by 1-(3-dimethyla-
minopropyl)-3-ethylcarbodiimide hydrochloride (EDC)-mediated cova-
lent reaction to form Au NFs within an Au growth solution, and last the
remaining terminal amines of PAMAM dendrimers were acetylated to
neutralize the positive surface charge of the Au NFs. The formed
Fe304/Au dendrimer-stabilized NFs (DSNFs) show improved photo-
thermal conversion efficiency (82.7%) compared with the Fe-free Au
DSNFs at the same Au concentration and display excellent photothermal
stability.

In addition to Au, other types of metal or metal sulfide particles can
also be incorporated with dendrimers. For instance, the Cheng group
[50] used G5 PAMAM dendrimers as templates to entrap CuS, platinum
(Pt), or palladium (Pd) NPs with a size smaller than 5 nm, modified
trans-activating transcriptional activator or RGD peptide on the surface of
dendrimers to enhance their cancer cell targeting and uptake, and
decorated the dendrimers with a fluorescent probe for real-time tumor
fluorescence imaging (Fig. 1A), which broaden the possibilities in
dendrimer-based hybrid formulations. Our group [61] also reported the
successful construction of dendrimer-entrapped CuS NPs by adopting a
mild synthesis strategy via a reaction of CuCl, by NayS at a physiological
temperature (37 °C) for 6 h. The G5 PAMAM dendrimers prefunction-
alized with zwitterion of 1,3-propane (1,3-PS) and RGD peptide were
used as templates. The formed multifunctional RGD-CuS DENPs were
further complexed with pDNA through the leftover dendrimer surface
amines (Fig. 1B) before biomedical applications. Owing to the fact that
many types of 2-dimensional (2-D) inorganic materials have also been
widely used for tumor phototherapy, our group [65] recently used the G5
PAMAM dendrimers partially functionalized with lipoic acid to assemble
the hydrothermally synthesized MoS; nanoflakes via disulfide bond for-
mation. The created G5-MoS, nanoflakes showed improved colloidal
stability, size uniformity, and non-compromised heat generation ability.
Meanwhile, due to the presence of dendrimer terminal amines, the
formed G5-MoS; nanoflakes could be further complexed with siRNA for
subsequent gene delivery applications.

2.2. Dendrimer-based small molecular complexes

Small molecular complexes have been used to conjugate with den-
drimers to render them with photoactivities. For instance, Yuan et al.
[66] reported a light-triggered size-switchable polymeric NP (denoted
as SNPICG/Ce6). In brief, they modified indocyanine green (ICG) onto
the surface of G3 PAMAM dendrimers to produce a photothermal
agent (PAMAM-ICG) and then conjugated dendrimers with amphi-
philic poly (ethylene glycol)-b-poly (e-caprolactone) (PEG-b-PCL)
copolymer through a singlet oxygen-responsive thioketal (TK) linker
(PEG-b-PCL-TK) and PEG-b-PCL-COOH, respectively. Subsequently, the
formed PEG-b-PCL-PAMAM-ICG and PEG-b-PCL-TK-PAMAM-ICG with
a singlet oxygen-responsive TK linker were loaded with chlorin e6
(Ceb6) to construct singlet oxygen-sensitive (SNPICG/Ce6) and insen-
sitive (inSNPICG/Ce6) NPs. In another study [67], the authors used ICG
to construct a pH-sensitive and charge-convertible nanocomplex based
on graphene oxide (GO). In this work, they first used poly (L-lysine)



Z. Ouyang et al.

Materials Today Bio 10 (2021) 100111

Table 1
Summary of the design of dendrimer-based hybrid photomedicine for biomedical applications.
Dendrimer-based hybrids Functional components Applications Tumor types Ref.
Metal and metal sulfide G5 PAMAM dendrimer, Au NFs and Fe304 MR/PA/CT imaging, PTT/RT 4T1 tumors [49]
nanocomposites G3 PAMAM dendrimer, RGD, AuNSs and siRNA CT imaging, PTT/Gene therapy U87MG tumors [48]
G5 PAMAM dendrimer, CuS, Pt, or Pd PTT MDA-MB-231 tumors [50]
G5 PAMAM dendrimer, CuS, 1,3-PS, RGD and PA imaging, PTT/Gene therapy MDA-MB-231 tumors [61]
pDNA-HIC1
G2-G4 PAMAM dendrimer, Au NRs PTT Colon carcinoma tumors [62]
G4 PAMAM dendrimer, Au NRs, PEG and DOX PTT/Chemotherapy Colon carcinoma tumors [63]
G5 PAMAM dendrimer, Au DSNRs PTT PC-9 tumors [64]
G5 PAMAM dendrimer, MoS, and siRNA PTT/Gene therapy 4T1 tumors [65]
Small molecular complexes G3 PAMAM dendrimer, PEG, Ce6 and ICG PTT/PDT 4T1 tumors [66]
G4 PAMAM dendrimer, GO, PLL and miR-21i PTT/Gene therapy MDA-MB-231 tumors [671
Carbon nanohybrids G4 PPI dendrimer, Pc, LOGr and LHRH Fluorescence imaging, PTT/PDT A780/AD cells in vitro [68]
Functional upconversion G4 PAMAM dendrimer, UCNPs and Ce6 PDT MCF-7 cells in vitro/4T1 [69]
nanoparticles tumors
G5 PAMAM dendrimer, UCNPs, FA and DOX Fluorescence imaging, light-triggered drug KB cells in vitro [70]

release

Abbreviations: 1,3-PS, 1,3-propane sultone; Au DSNRs, dendrimer-stabilized gold nanorods; Au NFs, Au nanoflowers; Au NSs, Au nanostars; Ce6, chlorin e6; CT,
computed tomography; CuS, copper sulfide; DOX, doxorubicin; FA, folate; G, generation, GO, graphene oxide; ICG, indocyanine green; LHRH, luteinizing hormone-
releasing hormone; LOGr, low-oxygen graphene; miR-21i, anti-miR-21 oligonucleotide; MR, magnetic resonance; PA, photoacoustic; PAMAM, poly (amidoamine);
Pc, phthalocyanine; Pd, palladium; pDNA-HIC1, plasmid DNA-encoding hypermethylation in cancer 1; PDT, photodynamic therapy; PEG, polyethylene glycol; PLL, poly
(L-lysine); PPI, polypropylenimine; Pt, platinum; PTT, photothermal therapy; RGD, Arg-Gly-Asp; RT, radiation therapy; UCNPs, upconversion nanoparticles.
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Fig. 1. (A) The synthesis of multifunctional dendrimer-entrapped inorganic NPs. Reproduced with permission [50], Copyright 2016, American Chemical Society. (B)
The synthesis of RGD-CuS DENPs for pDNA loading. Reproduced with permission [61], Copyright 2021, American Chemical Society.

(PLL)-modified graphene (GP) to assemble citraconic to generate
G-PLL-Cit (GPC) via EDC/N-hydroxysuccinimide (NHS) conjugation
chemistry to have the charge-conversion ability, and then assembled
the G4 PAMAM dendrimers on the surface of GPC to form GPCP. Finally,
the GPCP was used to co-load ICG and microRNA-21 inhibitor
(miR-21i) to obtain the GPCP/miR-21i/ICG nanocomplex for further
biomedical applications (Fig. 2).

2.3. Dendrimer-based carbon nanohybrids

Carbon nanotubes (CNTs) [71-73] display unique structural and
physical properties such as high absorption ability in near infrared (NIR)
region compared with the well-known photothermal agents. Similarly,
another carbon material, GP [74,75] has also been reported to have NIR
light absorption. To fully take the advantages of dendrimer
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nanotechnology for photomedicine applications, these carbon-based
materials have been connected to dendrimers to form nanohybrids. For
instance, the Oki group [76] developed CNTs-PAMAM/G4-CdS photo-
thermal agent consisting of G4 PAMAM covalently linked with CNTs and
cadmium sulfide (CdS) NPs. In brief, the pristine CNTs were first
carboxylated and acylated, and covalently grafted with G4 PAMAM
dendrimer via iterative Michael addition by methyl methacrylate to the
surface amino groups and amidation of terminal ester groups with eth-
ylenediamine. Then CdS nanocrystals were deposited onto the surface of
CNTs-G4 PAMAM hybrids by adding the cadmium acetate and NayS to
react for 6 h to prepare the CNTs-G4 PAMAM-CdS. The formed CNTs-G4
PAMAM-CdS had a relatively higher photothermal conversion efficiency
of 32% under a 980-nm NIR laser irradiation than some previously re-
ported Au- or copper-based photothermal agents [77-79], presumably
due to the coordination interaction between CNTs and CdS. Besides, the
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Fig. 2. Synthesis of GPCP/miR-21i/ICG through an assembly method. Reproduced with permission, Copyright 2020 [67], Wiley-VCH.
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temperature could rapidly attain 64.1 °C after 7 min of laser irradiation.
In another study, Taratula et al. [68] used polypropylenimine (PPI)
dendrimers loaded with phthalocyanine (Pc) as a photosensitizer to
covalently bind novel low-oxygen graphene (LOGr) nanosheets to form
LOGr-Pc-PPIG4 nanohybrids with good water dispersibility. The
LOGr-Pc-PPIG4 was further linked with PEG and luteinizing
hormone-releasing hormone (LHRH) to enhance their biocompatibility
and to be rendered with tumor targeting specificity, respectively. It
should be noted that we categorize the type of dendrimer-based hybrids
based on the major role of the component in the hybrids used for pho-
tomedicine. Hence, it is reasonable to see the different classifications of
the hybrids with both small molecular agents and carbon materials
co-existing.

2.4. Dendrimer-based functional upconversion NPs (UCNPs)

The lack of penetration of laser is an important issue to be addressed
in promoting the development of cancer phototherapy. UCNPs have a
unique anti-Stokes luminescence property because the 4f energy level of
the lanthanides in the system endows them with deep-tissue penetration
ability [80]. Chu and coworkers [69] recently constructed UCNPs with
multiple carboxylate groups and coated them with amine-terminated G4
PAMAM dendrimers through electrostatic interaction in aqueous solu-
tion, followed by physical adsorption of Ce6. The hybrid UCNPs exhibit a
polygonal morphology with a size of 16.0 £+ 2.1 nm and a-phase crys-
tallinity as confirmed by transmission electron microscopy and X-ray
diffraction, respectively. In another study reported by Choi et al. [70],
two types of silica-coated UCNPs (NaYF 4:Yb/Er or Yb/Tm) with
different distinct emission wavelengths were first synthesized. The silica
were aminated through salinization and partially modified with epoxy
groups. Hence, photocaged doxorubicin (ONB-DOX) could be covalently
linked onto the UCNP surface by reacting the amine groups of ONB-DOX
with the surface epoxy groups of silica, and meanwhile, folate
(FA)-modified G5 PAMAM dendrimers with carboxyl termini could be
linked onto the UCNP surface via EDC coupling of the silica surface
amines to generate UCN@(ONB-DOX) complexes, which enabled a UV
light-mediated drug release (Fig. 3).

3. Biomedical applications of dendrimer-based photomedicine
3.1. Molecular imaging
Through the integration of optical properties of photo-active reagents

and traits of other different components, dendrimer-based photo-
medicinal platforms can be applied as molecular imaging contrast agents
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Fig. 3. Schematic overview of NIR-excited UCNPs covalently linked with
multivalent FA-conjugated G5 PAMAM dendrimers for FA receptor-targeted cell
imaging and UV light-mediated drug release. Reproduced with permission [70]1,
Copyright 2015, Wiley-VCH.
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to facilitate precision cancer diagnosis. In 2012, Andolina et al. [81]
combined the utility of magnetic resonance (MR) and NIR fluorescence
imaging agents within one dendrimer platform by incorporating Dy(III)
and Yb(III) lanthanides with bimodal imaging properties within ester-
amide dendrimers synthesized by Fréchet and colleagues [82] via
chelating of different hexadentate-all-oxygen-donor ligands. The devel-
oped complexes could serve as a potential dual-mode NIR fluo-
rescence/MR contrast agent with improved bioavailability, good water
solubility, ry relaxivity of 7.60 mM/s due to the presence of Dy(IIl)
chelated with TREN-bis(1-Me)-3,2-HOPOTAM-ethylamine), ry relaxivity
of 23.8 mM/s due to the Yb(III) chelated with TREN-bis(1-Me)-3,
2-HOPOTAM-ethylamine-bisethylamine), and an NIR quantum yield of
0.17% evaluated in mouse serum. However, the imaging properties of
these complexes are only preliminarily evaluated and no follow-up
studies were performed.

In 2016, Li et al. [83] realized effective NIR imaging of early-stage
esophageal squamous cell carcinoma model using a G5 PAMAM den-
drimer labeled with an NIR dye Cy5.5 and conjugated with cyclic RGDfK
peptide. In another study, Li and coworkers [84] were able to combine
both MR and NIR fluorescence imaging using PEG-aptamer-modified G5
PAMAM dendrimers labeled with rhodamine, IR783 fluorophores and
conjugated with paramagnetic Gd(III)-DTPA chelators on the dendrimer
surface. The developed platform could be used for visualization of
orthotopic liver tumor xenografts at an early stage through dual mode
MR /fluorescence imaging. Similarly, Karki et al. constructed NIR fluo-
rescent dye DL680- and DOTA-GA(III) complex-conjugated G5 and G4
PAMAM dendrimers, respectively for dual-mode MR/fluorescence imag-
ing of a mouse glioma model (U251 cells, a human glioma cell line) [85]
and a mouse triple-negative breast cancer (TNBC, MDA-MB-231 cells, a
human TNBC cell line) model [86], respectively.

3.2. PDT

Dendrimer-based nanohybrids have been applied for highly efficient
PDT of tumors, overcoming the poor water-solubility and bioavailability of
photosensitizers. For instance, Gao et al. [87] reported the use of the
B-cyclodextrin (B-CD)-modified PAMAM dendrimers as a platform to
co-deliver ICG and hematoporphyrin (HP) with NIR triggered-controllable
photoactivities for PDT of cancer cells. The fluorescence of HP could be
quenched by ICG, and could be recovered after ICG was degraded under an
808-nm laser irradiation. Cell apoptosis assay data revealed that cells
treated with the formed dual-drug complexes had a high apoptosis rate of
97.6% under the 808/660 nm laser irradiation, while the cell apoptosis
rate only achieved 6.42% and 8.78%, respectively, under the 660 nm and
880 nm laser irradiation, indicating that the developed co-delivery plat-
form could effectively induce apoptosis of MCF-7 cells (a human breast
cancer cell line) through PDT under the 808/660 nm laser irradiation.
Unfortunately, this research did not go further to the in vivo stage.

Besides, organic/inorganic hybrid G4 PAMAM-UCNPs incorporated
with Ce6 were also developed for PDT of cancer cells [69], and a better
PDT efficiency in vitro with enhancement in cellular uptake of poly-
cationic dendrimers was achieved under a 980-nm laser excitation than
under a 660-nm laser irradiation. Furthermore, the hybrid UCNPs also
displayed an efficient PDT effect under the NIR laser light to a 3D model
of MCF-7 tumor cell spheres, and could effectively inhibit the tumor
growth through cellular DNA damage in vivo.

In addition to PAMAM dendrimers, other hydrophilic dendritic poly-
mers have been explored to improve the water solubility of photosensi-
tizers. For example, Luo et al. [45] employed 2,2-bisthydroxymethyl)
propionic acid (Bis-MPA) hyperbranched PEG-OH dendrimers to react
with the photosensitizer of pyropheophorbide a (Ppa) to form a series of
amphiphiles with different PEG molecular weights (20 and 10 kDa) and
dendron generations (G2 and G3) for PDT of a mouse 4T1 tumor model.
The amphiphile with 20 kDa PEG and G3 dendron showed the best tumor
retention and antitumor PDT effect with a tumor growth inhibition
reaching 96.0%. In another work, Luo and co-workers [46] also applied
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glycopolymers with dendritic structures as vehicles to load PDT agents.
They prepared a functionalized dendritic polymer conjugated with Ppa
(denoted as DPP) for tumor metabolism interference-enhanced PDT of a
4T1 tumor model. In this work, the DPP was synthesized with a disulfide
bond and a peptide linker integrating generation 3 glycodendron branches
and Ppa, and could be broken up in the presence of glutathione and
cathepsin B. In vitro results show that the DPP could effectively disturb 4T1
cellular metabolism, resulting in an increased energy depletion, dysfunc-
tional H' regulation, as well as attenuated tolerance to oxidation stress.
This led to augmented PDT in vivo with a much higher tumor inhibition
efficiency (83.83%) than the control groups treated with only the linear
Ppa-conjugated polymer counterpart (69.68%) or free Ppa (41.12%).
Furthermore, the same group chemically conjugated the glycodendron
and Ppa with hyaluronic acid for targeted drug delivery to CD44
receptor-expressing cancer cells [47]. The prepared nanosystem with a
consolidated dendritic structure led to a much longer blood circulation and
more accumulation at tumor sites than linear polymers, and significantly
inhibited the growth of MDA-MB-231 tumor up to 99.2% in a mouse
model under laser irradiation.

3.3. PTIT

Dendrimer-based nanohybrids with an NIR absorption feature can be
used for PTT of cancer cells in vitro and tumors in vivo. In an earlier study
by Li et al., carboxylated G3.5 half-generation PAMAM dendrons were
used as a stabilizer and reducing agent to prepare Au NPs with a size
around 30 nm for photothermal ablation of HeLa cells (a human cervical
carcinoma cell line) in vitro. The live-dead cell staining results demon-
strated that the Au NPs prepared by DPG3.5-COOH had an obvious
killing effect, while most of cells in the control group were still alive after
laser irradiation [88]. To improve the biosafety profile and reduce the
over-accumulation of Au NPs within the body, the Cheng group [64] was
able to prepare dendrimer-stabilized Au NRs with a length of 10 nm and a
higher PTT efficacy than that of Au DENPs for effective inhibition of
PC-9 cells (non-small cell lung cancer cell line) in vitro and the xeno-
grafted tumor model in vivo. Similarly, Kono et al. [62] reported the use
of PEG-PAMAM G3 dendrimers as a shell to stabilize the Au NR cores
with excellent photothermal stability for effective PTT of HeLa cells in
vitro and the xenografted mouse tumor model in vivo under an 808-nm
laser irradiation. The tumor model treated with the GNR-cored PEG--
PAMAM G3 dendrimers under laser irradiation exhibited a significant
tumor suppression effect at 11 days post treatment.

In another work, Cui and coworkers [89] used RGD-conjugated
dendrimer-modified Au NRs for targeted PTT of a,f3 integrin-expressing
tumors. The G4 PAMAM dendrimer was used to replace cetyl-
trimethylammonium bromide molecules on the surface of Au NRs to
decrease their toxicity and improve their biocompatibility. With the RGD
modification, the Au NRs exhibited targeting and devastating effects of
A375 cancer cells (a human melanoma cell line) and xenografted A375
tumors under the laser irradiation. In a very similar work, the Cheng group
[50] developed RGD-modified Pt DENPs with a Pt core size of 1.4 nm for
PTT of xenografted MDA-MB-231 tumors overexpressing a,fs integrin.
The authors showed that the targeted group exhibited much better ther-
apeutic effect than the non-targeted one for tumor inhibition under the
808-nm laser irradiation.

In order to improve the tumor PTT efficacy, it is ideal to retain the Au
NPs or Au NRs within the tumor region with relatively deep tumor
penetration and long-time tumor retention. In a recent work, Cheng et al.
[90] synthesized a degradable polymer hydrogel formed by crosslinking
of aldehyde-modified dextran (Dex-Ald) with Pt DENPs via the imine
bond formation. The hydrogel displayed a good photothermal conversion
effect and biocompatibility, and was able to prolong the retention of
therapeutic agents in tumors to achieve long-term and repeated PTT to
eliminate tumors. In vivo assay showed that the hybrid hydrogel could
allow repeated PTT to inhibit the tumor growth completely owing to the
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extended retention of the soft hydrogel in the tumors for more than one
week.

In addition to the amine-terminated dendrimers described above that
can be used for tumor treatment, dendrimers with different termini have
also been exploited for cancer PTT. In a recent investigation, Cheng et al.
[91] developed a multifunctional nanoplatform based on Pt DENPs
templated by G5 PAMAM dendrimers with carboxyl termini (DEPt--
COOH) for targeted PTT of malignant bone tumors. As a control material,
amine-terminated Pt DENPs (DEPt-AC) were also synthesized to compare
their tumor targeting specificity. In vivo biodistribution assay showed
that the DEPt-COOH could be accumulated more in the osteolytic lesions
around bone tumors than the DEPt-AC due to the targeting ability of
high-density carboxyl groups on the surface of dendrimers that are sen-
sitive to the hydroxyapatite crystals. In addition, in vivo antitumor results
showed that the formed DEPt-COOH could inhibit bone tumors and
osteolysis by PTT more effectively than the DEPt-AC.

3.4. Combination therapy

3.4.1. Combination PTT/chemotherapy

Phototherapy could be combined with other modalities of cancer
therapy, such as chemotherapy, gene therapy, and radiotherapy (RT)
etc., to improve the tumor treatment outcome. Mréwczynski and co-
workers [92] developed a polydopamine-coated multifunctional nano-
carrier consisting of PAMAM dendrimers of different generations and
magnetite NPs (Fe304) and loaded with DOX to achieve cumulative effect
of combination chemotherapy and PTT of liver cancer cells in vitro. In
another work, Kono et al. [62] developed dendrimer-Au NR nanohybrids
(PEG-DOX-PAMAM-Au NRs) with PEG-modified G4 PAMAM (PEG-PA-
MAM) as the shells and Au NRs as the core for combination PTT/che-
motherapy of tumors. In their study, DOX was linked to the surface of
PEG-PAMAM-Au NRs through pH-sensitive hydrazone bond with an
acidic pH-triggered fast drug release profile, thus improving the
chemotherapy outcome without side effects. In vitro and in vivo assays
showed that the combination PTT and chemotherapy using the
PEG-DOX-PAMAM-Au NRs exerted a significant synergistic therapeutic
effect to mouse colon carcinoma 26 cancer cells and the xenografted
tumor model by virtue of the acid-triggered DOX release and the excel-
lent photothermal property of the Au NRs.

To realize PTT-regulated controllable and sustained drug release
for enhanced combination tumor therapy, Wang et al. [93] recently
developed an NIR light-responsive supramolecular hydrogel system
composed of alpha-cyclodextrin (a-CD) and PEG-modified G5 PAMAM
dendrimer-entrapped Pt NPs with photothermal property, and loaded an
anticancer drug bortezomib (BTZ) within the hydrogel. The hybrid hydrogel
could be degraded under laser irradiation to release the chemotherapeutics
of BTZ, thereby realizing combination PTT/chemotherapy of PC-9 cancer
cells in vitro under laser irradiation. In another work, the Ge group [94]
synthesized a kind of thermal-responsive nanogels consisting of p-CD-mo-
dified G3 PAMAM dendrimers and adamantine (AD)-conjugated copolymer,
poly [poly (ethylene glycol) monomethyl ether metharcylate]-co-poly
(N-(2-hydroxypropyl)-methacrylamide)-co-poly (N-
adamantan-1-yl-2-methacrylamide). The DOX and ICG could be encapsu-
lated into the nanogels via electrostatic interaction. Under laser irradiation,
the nanocomposites exhibited a light-triggered drug release, resulting in a
significant decrease in the ICsg of DOX from 33 to 7 pg/mL, and were able to
synergistically inhibit HepG2 cancer cells (a human hepatic cancer cell line)
and xenografted H22 (a murine hepatic tumor) tumors through the com-
bination PTT/chemotherapy.

3.4.2. Combination PDT/chemotherapy

To realize combination PDT/chemotherapy of tumors, Liu and co-
workers [95] reported a novel light-responsive drug delivery platform for
PDT/chemotherapy of 4T1 (a murine breast cancer cell line) tumors. In
their design, Ce6-doped mesoporous silica NRs (CMSNRs) were used to
load both the small molecular drug DOX and macromolecular drug G3-Pt



Z. Ouyang et al.

complexes, surface coated with bovine serum albumin (BSA) via a singlet
oxygen-sensitive bis-(alkylthio) alkene (BATA) linker, and modified with
PEG to produce CMSNR-BATA-BSA-PEG. The release of DOX or G3-Pt
could be induced under the 660-nm laser irradiation due to the discon-
nection of BSA-PEG from the NR surface as controlled by the BATA linker
breakup through singlet oxygen generated by Ce6. In vitro and in vivo
assays showed that a remarkable synergistic therapeutic effect of com-
bination PDT/chemotherapy could be realized.

To facilitate the deep tumor penetration of drug distribution, Zhou et
al. [51] developed an NIR light-triggered dissociable liposomal nano-
platform by encapsulating cisplatin prodrug-grafted and ICG-loaded G5
PAMAM dendrimers within RGD-modified liposomes for light-assisted
combination PDT/chemotherapy of deep tumors. In this work, ICG
loaded within the dendrimer internal cavities could be released in a
thermosensitive manner and small sized dendrimer/Pt prodrugs released
could penetrate into the deep tumor tissues as triggered by laser irradi-
ation. In vivo antitumor assay showed that the xenografted 4T1 tumors
treated with the hybrid liposomes under laser irradiation possessed a
high inhibition rate of 91.1% at 21 days after treatment, much higher
than those in the other groups including single chemotherapy or single
PDT.

3.4.3. Combination PDT/PTT

Dendrimer-based nanohybrids allow the incorporation of both PDT
and PTT agents for combination PDT/PTT of tumors. In a recent work,
Yuan et al. [66] reported the use of PAMAM-ICG complexes to construct a
size-switchable polymeric NP (SNPICG/Ce6) for combination PDT/PTT
of both normoxia and hypoxia regions of 4T1 tumors (Fig. 4). Through
immunofluorescence images, the developed SNPICG/Ce6 complexes
were demonstrated to be distributed into the deep tumor region under a
660-nm laser irradiation at 90 min after intravenous injection. The
small-sized PAMAM-ICG was able to accumulate into the deep tumor
tissues in hypoxic microenvironment for enhanced PTT of xenografted
4T1 tumors. Furthermore, owing to the photothermal effect of ICG, the
size-switchable polymeric NPs displayed an excellent therapeutic effect
under the laser irradiation for effective PTT of tumors. In vivo antitumor
results showed that the therapeutic efficacy followed the order of PBS <
SNP < SNP + 808 nm < SNP + 606 nm < inSNP + 606 nm + 808 nm <
SNP + 606 nm + 808 nm. Overall, the developed SNPICG/Ce6 complexes
with combination PPT/PDT therapy effect could inhibit tumor growth
with an efficiency much higher than those of single PTT and PDT.

PAMAM-ICG
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Fig. 4. (A) Schematic illustration of synthesis process of the PEG-b-PCL-TK-
PAMAM-ICG via self-assembly of PEG-b-PCL and PAMAM-ICG linked with a
singlet oxygen-responsive TK bond and singlet oxygen-mediated release of the
small PAMAM-ICG from the SNPICG/Ce6 NPs. (B) The mechanism of PDT/PTT
combination site-specific phototherapy. Reproduced with permission [66],
Copyright 2020, American Chemical Society.
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3.4.4. Other types of combination therapy

To combine gene therapy with PTT, our group designed G5-MoSy/
Bcl-2 siRNA nanohybrids [65]. With the excellent photothermal con-
version efficiency and outstanding gene transfection efficiency in 4T1
cells to silence the Bcl-2 protein expression, the G5-MoS,/Bcl-2 siRNA
polyplexes could significantly improve the therapeutic efficacy of 4T1
cells in vitro and the subcutaneous tumor model in vivo, superior to
single-modality PTT and gene therapy. For the same goal, Wu et al. [67]
synthesized a pH-sensitive and charge-convertible nanocomplexes
(GPCP/miR-21i/ICG) based on GO. Mouse TNBC tumor model treated
with the GPCP/miR-21i/ICG nanocomplexes under laser irradiation
exhibited a prominent tumor growth inhibition due to the miR-21i-based
gene therapy and ICG-mediated phototherapy.

Tumor multidrug resistance is a major challenging issue in clinical
tumor treatment. To solve this problem, Sun et al. [96] reported the
modification of PAMAM dendrimers with a ligand containing ICG de-
rivative cypate and iRGD peptide to load docetaxel (DTX) for chemo-
phototherapy of HepG2 tumors. Under laser irradiation, the viability of
DTX-resistant HepG2 cells treated with the target nanohybrids reached
6.62%, much lower than that treated with DTX-free functionalized
dendrimers (11.51%) and free DTX (18.51%), displaying a synergistic
effect of PTT/PDT/chemotherapy to overcome the multidrug resistance.
In vivo antitumor assay also showed that the developed nanohybrids led
to the best tumor inhibition and recurrence reduction under laser
irradiation.

3.5. Theranostics

3.5.1. Fluorescence imaging-guided therapy

For highly efficient tumor diagnosis and therapy, it is crucial to
integrate different imaging and therapeutic elements within one nano-
platform. In this context, dendrimers have played an important role in
the development of different theranostic platforms for cancer nano-
medicine. In an earlier study, Nava et al. [97] constructed a nanosystem
by entrapment of Au NPs (diameter = 2.1 nm) within FA- and
bombesin-grafted and ”’Lu-labeled G4 PAMAM dendrimers for fluo-
rescence imaging due to the linked bombesin moieties, targeted RT due
to the labeled radioisotope of 7’Lu and photothermal therapy owing to
the entrapped Au NPs although the size of Au NPs is not optimal for PTT.
In particular, the viability of T47D cancer cells (a human breast cancer
cell line) significantly decreased after the cells were treated with the
nanosystem along with laser irradiation and radiation of *”"Lu.

In another study, Taratula et al. [98] used G4 PPI dendrimers as a
platform to encapsulate Pc within their internal cavities and to modify
PEGylated LHRH peptide on their surface. The formed complexes
exhibited a distinct NIR absorption (700 nm) and fluorescence emission
(710 and 815 nm) features to facilitate PDT and fluorescence imaging. In
vitro and in vivo imaging results revealed that the platform could be
specifically internalized within the A2780/AD cancer cells (a human
ovarian carcinoma cell line) and accumulated within the xenografted
tumor model due to the LHRH-mediated targeting ability. In addition, the
prepared formulation showed an excellent PDT effect with a low dark
cytotoxicity (ICso = 28 pg/mL) while excessive toxic reactive oxygen
species generation could be triggered under light irradiation in vitro.
Similarly, the same group [68] developed a multifunctional LOGr-Pc-PPI
complex loaded with Pc as a photosensitizer to achieve NIR fluorescence
imaging-guided combination PTT/PDT of a xenografted A2780/AD
ovarian tumor model. Compared with the saline control group, the
LOGr-Pc-PPIG4 group showed the stronger green fluorescence signal at
12 h after tail vein injection. In addition, the combination of PTT and PDT
revealed a significant synergistic therapeutic effect with a high
cell-killing efficiency of 90-95% against ovarian A2780/AD cancer cells
at low Pc and LOGr dosages.

To realize fluorescence imaging-guided therapy through controlled
drug release, Choi et al. [70] prepared a core-shell-type nanoplatform with
the UCNPs as the cores and the shell composed of G5-FA dendrimers and
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ONB-DOX complexes. The cellular uptake assay showed that KB cells (a
human epithelial carcinoma cell line) with FA receptor overexpression had
a more significant uptake of the platform than B16 cells (a mouse mela-
noma cell line) with low FA receptor expression, indicating the
FA-mediated targeting specificity. Cell viability assay indicated that cells
treated with the nanohybrids under the NIR and UV light irradiation had a
lower viability than the dark control. These finding indicated that the
developed core-shell nanohybrids could serve as a theranostic nanoplat-
form for a cell type-specific NIR fluorescence imaging and light-controlled
drug release.

3.5.2. Photoacoustic (PA) imaging-guided therapy

Owing to the NIR absorption feature of the photoactive agents,
dendrimer-based nanohybrids can be used for PA imaging-guided tumor
therapy. To promote the deep tumor penetration for enhanced PTT/PDT/
chemotherapy of tumors, Liu et al. [99] designed a dendrimer-based
hybrid nanoplatform composed of biodegradable amphiphilic gelatin
(AG) wrapped with doxorubicin and CuS-loaded arginine-conjugated G4
PAMAM dendrimers for PA imaging-guided deep tumor synergistic
chemophototherapy (Fig. 5A). In this design, a dual cell-tissue penetra-
tion concept was proposed. First, the degradation of AG by metal-
loprotease can be accelerated under an 808-nm NIR laser irradiation to
decompose the formed PRDCuS@AG nanocomposites with a size of
200-250 nm (PR represents arginine-conjugated PAMAM dendrimer) to
form small arginine-rich PRDCuS NPs with a size of 7 nm. Second, with
the arginine modification that is demonstrated to facilitate tumor cell
membrane crossing, the PRDCuS NPs can lead to effective endocytosis
and intercellular transportation into deep tumor tissues. The tumor
penetration rate can be increased by 166.4% compared with control
materials of PD@AG without PR (Fig. 5B). The PA imaging results
showed that the signal value reached the maximum at 12 h after intra-
venous injection. In vivo antitumor results showed that the combined
treatment of deep PTT/PDT and chemotherapy led to 97% of 4T1 tumor
suppression efficiency, which is significantly better than the groups with
other treatments. Interestingly, PRDCuS@AG can be eventually degraded
into 3-nm ultra-small CuS NPs that can be effectively excreted from feces
and urine to reduce their long-term toxicity.

To take the advantages of second NIR window (NIR-II, 1000-1700 nm)
laser irradiation with greater tissue penetration depth, higher imaging
signal-to-noise ratio and greater tissue tolerance than the first NIR (NIR-,
650-950 nm) window laser irradiation, it is essential to develop dendrimer-
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Fig. 5. (A) Schematic illustration of the PRDCuS@AG for deep tumor combi-
nation chemophototherapy. (B) 4T1 tumor section images after intravenous
(i.v.) injection of PD@AG and PRDCuS@ AG (2 mg/mL, 100 pL) for 12 h. The
corresponding fluorescence intensity of DAPI and DOX across along the lines in
the 4T1 tumor section images are also shown. The arrow represents the direc-
tion of the lines. Blue (DAPI), nucleus; green (CD31), blood vessel; red, DOX.
The concentration of DOX in PD@AG and PRDCuS@AG groups is equivalent.
Scale bar is 100 pm. Reproduced with permission [99], Copyright
2020, Wiley-VCH.
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based photomedicine incorporated with CuS NPs for PA imaging-guided
tumor therapy. In a recent work, our group [61] developed RGD-CuS
DENPs/pDNA nanocomplexes for targeted PA imaging-guided combina-
tion PTT/gene therapy of xenografted MDA-MB-231 tumors and inhibition
of lung metastasis. Owing to the NIR-II absorption feature of CuS NPs and
the RGD-mediated targeting specificity, the developed RGD-CuS
DENPs/pDNA nanocomplexes enabled targeted PA imaging of oS3
integrin-expressing TNBC tumors. After intravenous injection of the
RGD-CuS DENPs, the PA signal reached the maximum at 12 h after injection
due to the long half-delay time (31.1 h) of the particles rendered by the
zwitterionic surface modification of 1,3-PS. Meanwhile, owing to the
zwitterionic surface modification-afforded antifouling property, the
RGD-CuS DENPs/pDNA polyplexes enabled serum-enhanced gene trans-
fection of HIC1-encoding pDNA in vitro and in vivo to efficiently inhibit
cancer cell migration/invasion and lung metastasis, respectively. Further-
more, owing to the NIR-II absorption feature of the RGD-CuS DENPs/pDNA
polyplexes, the particles displayed a favorable photothermal conversion
efficiency (49.8%) under the NIR-II laser irradiation for effective PTT of
tumors. Overall, the developed RGD-CuS DENPs/pDNA complexes enabled
PA imaging-guided combination PTT/gene therapy to effectively inhibit
tumor growth and tumor metastasis with an efficiency much higher than
those of single PTT and gene therapy.

3.5.3. Computed tomography (CT) imaging-guided therapy

For CT imaging-guided tumor therapy, our group [48] prepared
dendrimer-assembled Au NSs modified with RGD peptide that were
complexed with siRNA for combination PTT/gene therapy of tumors.
Owing to the better X-ray attenuation property of Au NSs than that of
Ominipaque, a conventional iodine-based CT contrast agent, the created
nanohybrids can be used for CT imaging of tumors after intratumoral in-
jection. The CT value increased 28.5 times higher at 10 min after intra-
tumoral injection than preinjection. In addition, the surface amines of G3
PAMAM dendrimers render the nanohybrids with good gene compaction
ability for efficient vascular endothelial growth factor (VEGF) siRNA de-
livery to silence the VEGF protein expression in the U87MG cancer cells (a
human glioma cell line). Owing to the photothermal conversion efficiency
(79%) and siRNA delivery ability of the RGD-Au DSNS/siRNA nano-
hybrids, in vitro cytotoxicity assay showed that the nanohybrids had a
distinct killing effect to reduce the cell viability to 20.2% under laser
irradiation, much lower than the other groups received single PTT or gene
therapy. Likewise, in vivo assay data revealed that the developed RGD-Au
DSNS/siRNA nanohybrids significantly suppressed the xenografted tumor
model through the combination PTT/gene therapy with an efficiency
much higher than those of the single PTT and gene therapy.

3.5.4. Dual-mode or multimode imaging-guided therapy

For precision cancer nanomedicine, it is essential to develop dual
mode or multimode imaging techniques to guide tumor therapy. By
virtue of the dendrimer nanotechnology, MR imaging can also be com-
bined with NIR fluorescence imaging for dual-mode imaging-guided
tumor therapy. For instance, Lin et al. [100] developed a core-shell
structured nanocomposite for NIR fluorescence/MR imaging-guided
PDT of tumors, where the UCNPs served as the core and the mitochon-
drial targeting molecule (3-carboxypropyl) triphenylphosphonium bro-
mide-modified G4 PAMAM dendrimers with hydroxyl termini served as
the shell. The involvement of the dendrimers enables the UCNPs to be
water soluble, and makes it feasible to further load hydrophilic catalase
(CTA) through electrostatic interaction, and meanwhile, the UCNPs with
a hydrophobic layer could be loaded with hydrophobic photosensitizer
Ce6 via hydrophobic interaction. The formed nanohybrids enabled
mitochondrial targeting and depletion of hydrogen peroxide (H202) by
CTA for oxygen generation to overcome tumor hypoxia for greatly
enhanced PDT of a xenografted 4T1 tumor model.

Recently, our group [49] synthesized multifunctional Fe3O4/Au
DSNFs for multimode CT/MR/PA imaging-guided combination PTT/RT
of tumors (Fig. 6). The incorporated Au NFs and USIO NPs contributed
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Fig. 6. The preparation and application of the Fe304/Au DSNFs for multimode
imaging-guided combination PTT/RT of tumors. Reproduced with permission
[49], Copyright 2018, Wiley-VCH.

CT/PA and MR imaging, respectively. Particularly, the designed
Fe304/Au DSNFs had a much higher r; relaxivity (3.22 mM/s) than free
USIO NPs due to the uniform distribution of USIO NPs within the Au NFs
thanks to the role played by the dendrimer stabilizer and a higher pho-
tothermal conversion efficiency (82.7%) than pure Au NFs due to the
doped high amount of USIO NPs within the Fe304/Au DSNFs that may play
a synergistic reinforcing role by increasing the surface area of the Au NFs.
At 60 min after intravenous injection of the Fe304/Au DSNFs, all the CT,
MR, and PA signals reached the peak value simultaneously, demonstrating
the imaging precision. Likewise, with the high photothermal conversion
efficiency and excellent radiosensitization property of Fe3O4/Au DSNFs,
the combination of PTT/RT could more significantly inhibit the growth of
xenografted 4T1 tumors when compared with the single PTT and RT.

4. Conclusions and perspectives

In conclusion, owing to the well-defined structure and tunable surface
activity of dendrimers, photosensitizer and photothermal agents could be
integrated with dendrimers via covalent bonding, electrostatic interac-
tion, or physical encapsulation or entrapment to form various organic/
inorganic hybrid nanoconstructs including dendrimer-based metal and
metal sulfide nanocomposites, dendrimer-based small molecular com-
plexes, dendrimer-based carbon nanohybrids and dendrimer-based
functional UCNPs. With the assistance of dendrimers, the generated
nanohybrids display improved water dispersibility, colloidal stability,
biocompatibility, imaging performance, or photothermal conversion ef-
ficiency. The current developed dendrimer-based nanohybrids with
photomedicine components incorporated have been applied for different
single or combination cancer treatment, as well as for different combi-
nations of imaging-guided cancer therapy for precision cancer nano-
medicine applications.

Despite the efforts that have been made so far to achieve numerous
encouraging results related to dendrimer-based photomedicine for can-
cer imaging and therapy, there are still a range of challenges and rooms
remaining unexplored. For instance, the inadequate accumulation of
nanomaterials at tumor site and weak photoactivity of the nanohybrids
deprive the efficiency of their phototherapy. Therefore, it is of necessity
to further develop novel dendrimer-based phototherapeutics that are
responsive to the specific features of tumor microenvironment, including
for example slightly acidic pH and high levels of glutathione and reactive
oxygen species to control the release and improve the penetration and
aggregation of nanomaterials at tumor sites. In addition, dendrimers
could serve as a platform to combine phototherapeutics with immune
adjuvants or immune drugs, coordinating immunotherapy with photo-
therapy to magnify the antitumor efficacy and to inhibit tumor metastasis
and recurrence. Furthermore, to improve the colloidal stability/
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biocompatibility and to prolong the blood circulation time of photo-
medicine, zwitterions could be modified onto the surface of dendrimers
to render them with antifouling properties, although only one recent
example from our group has been provided. Finally, ultrasound-targeted
microbubble destruction and ionizing radiation techniques could be
companied to improve the tumor accumulation and deep tumor pene-
tration ability for improved treatment in deep lesions. From the aspect of
clinical applications, it is apparent that the clinical translation of
dendrimer-based hybrid photomedicines is still in its infancy. It is
believed that exploring more possibilities to prepare various dendrimer-
based hybrid photomedicines in GMP conditions and considering trials to
examine in high-level animal models such as rat, rabbit, and pig, etc., will
no-doubtfully help to boost the field of cancer nanomedicine and even-
tually facilitate smooth clinical translation.
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