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Glioma, as a disease of the central nervous system, is difficult to be treated due to the presence of the
blood-brain barrier (BBB) that can severely hamper the efficacy of most therapeutic agents. Hence, drug
delivery to glioma in an efficient, safe, and specifically targeted manner is the key to effective treatment of
glioma. With the advances in nanotechnology, targeted drug delivery systems have been extensively
explored to deliver chemotherapeutic agents, nucleic acids, and contrast agents. Among these nano-
carriers, dendrimers have played a significant role since they possess highly branched structures, and are
easy to be decorated, thus offering numerous binding sites for various drugs and ligands. Dendrimers can
be designed to cross the BBB for glioma targeting, therapy or theranostics. In this review, we provide a
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concise overview of dendrimer-based carrier designs including dendrimer surface modification with
hydroxyl termini, peptides, and transferrin etc. for glioma imaging diagnostics, chemotherapy, gene
therapy, or imaging-guided therapy. Finally, the future perspectives of dendrimer-based glioma therapu-

rsc.li/biomaterials-science tics are also briefly discussed.
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tissues.>* The combination therapy has become a primary
clinical treatment approach. However, the blood-brain barrier
(BBB), comprising of brain endothelial cells, astrocytes, peri-
cytes, and basement membranes, exhibits exceptional selective
permeability to maintain cerebral homeostasis.” This barrier
strictly regulates the passage of substances, making it challen-
ging for most drugs to effectively accumulate at the tumor site
and significantly limits the efficiency of drug delivery.
Therefore, the development of drug delivery systems capable of
crossing the BBB is of paramount importance for enhanced
glioma therapy.

The recent progress in nanotechnology and nanomedicine
holds great promise for the efficient treatment of glioma.*” A
range of nanoscale drug delivery systems including but not
limited to inorganic nanomaterials,® dendrimers,” polymer
nanoparticles  (NPs),’®  liposomes,"*  micelles,"”> and
nanogels'®'* have been developed. These carriers can be used
to encapsulate various kinds of therapeutic molecules and
contrast agents such as small molecular drugs, proteins, pep-
tides, genes, gold (Au) NPs, and so on, through physical or
chemical interactions."® The accumulation of drugs at tumor
sites can be enhanced by targeting ligand surface modifi-
cation, and the intelligent nanoplatforms also enable respon-
sive release of drugs specifically at the lesion site, offering sig-
nificant advantages in glioma treatment. Among these nano-
carriers, dendrimers with highly branched three-dimensional
structures possess monodispersity, easy surface functionali-
zation ability, good biocompatibility, and low immunogenicity,
thus serving as excellent carriers for therapeutic drugs and
imaging agents."®'” In recent years, dendrimer-based delivery
systems have been widely used for glioma treatment.'®
Dendrimers including poly(amidoamine) (PAMAM) dendri-
mers,"® polyester dendrimers®® and amphiphilic dendrimers®*
can be surface modified to cross the BBB since the multiple
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terminal units of dendrimers can be easily conjugated with
various bioactive substances. Some proteins/cytokines are
specifically expressed on the BBB or glioma, such as neuropi-
lin-1 (NRP-1) receptor, low-density lipoprotein receptor (LRP),
transferrin receptor (TfR) or others. Hence, modifications of
the suitable targeting agents on the surface of dendrimers can
facilitate their effective penetration of the BBB, enhance
glioma targeting, and reduce cytotoxicity to normal tissue for
the designed nanomedicines.

In this review, we discuss the recent advances in the design
of BBB-crossing dendrimer-based nanocarrier design, includ-
ing dendrimer surface modification with hydroxyl groups, pep-
tides, transferrin (Tf), and others. The effective treatments of
glioma are summarized as follows: diagnostic imaging,
chemotherapy, gene therapy, and imaging-guided therapy
(Fig. 1). Some representative modification methods and their
therapeutic and diagnostic applications are summarized in
Table 1. This review begins with a short introduction, dis-
cusses the recent advances in the dendrimer-based BBB-cross-
ing nanocarrier design for different therapeutic and diagnostic
applications of glioma, and lastly briefly addresses the chal-
lenges and perspectives of dendrimer nanocarriers for glioma
treatment. It should be noted that this is not a comprehensive
review, but rather focuses on the recent key developments in
the area of dendrimer-based nanomedicines for glioma
theranostics.

Design of BBB-crossing dendrimer
carriers for brain glioma targeting

The presence of the BBB brings a great challenge for effective
drug delivery to glioma. As is known, the intravenously admi-
nistered dendrimers with a size less than 12 nm are able to
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Fig. 1 Schematic illustration of functionalized dendrimers to cross the
BBB for glioma imaging, therapy or theranostics.

cross the BBB to reach malignant glioma.?” Dendrimers have
been often pre-modified or post-modified with polyethylene
glycol (PEG) to reduce their toxicity and prolong their blood
circulation time by neutralizing their surface positive
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charges.*** For effective BBB crossing, dendrimers have been
surface functionalized with various functional groups or
ligands (Table 1). In this section, we detail the dendrimer
surface modification strategies for BBB crossing and glioma
targeting in recent years.

Hydroxylation modification of dendrimers

Recent advances in nanomedicine based on dendrimers have
revealed that terminal hydroxylated PAMAM dendrimers can
cross the BBB and target brain tumors without additional
modification of targeting ligands.>>*® A study conducted by
Zhang et al. demonstrated that hydroxylated generation 4 (G4)
PAMAM dendrimers (G4-OH) possess the capability to cross
the damaged BBB and accumulate in tumor-associated macro-
phages (TAMs).>” The excellent physicochemical properties of
G4-OH PAMAM dendrimers, such as nearly neutral surface
charge ({-potential = 4.5 + 0.1 mV) and small size (~4 nm),
allow them to cross the BBB. The research team investigated
the pharmacokinetics and biodistribution of dendrimers
using Fischer 344 rats to establish an intracranial brain tumor
model, and showed the uniform distribution of dendrimers in
the entire solid tumor (~6 mm) and the peritumor region.
Despite their ability to penetrate the BBB and accumulate in
glioma, they can also be cleared through the kidneys within
24 h due to their much smaller size than the renal filter.*?
Liaw et al. further demonstrated that G6-OH PAMAM dendri-
mers could also have significantly promoted tumor accumu-

Table 1 Summary of various functionalized dendrimers for diagnostics and therapeutics of glioma

Modification =~ Dendrimers Targeting strategies Glioma targets Diagnostics and therapeutics Ref.
Hydroxylation G4 PAMAM  G4-OH TAMSs Crossing BBB 27
G6 PAMAM G6-OH TAMSs Crossing BBB 25
G4 PAMAM  G4-OH TAMSs Rapa delivery for immunotherapy 28
G6 PAMAM  G6-OH TAMs siRNA delivery for gene therapy 47
Peptide G2 PAMAM  RGD a,f; integrin for BBB crossing and glioma MR/CT imaging 48
G4 PAMAM  PEG and iRGD ayf; integrin and NRP-1 for BBB crossing and  DOX delivery for chemotherapy 34
(CRGDKGPDC) glioma
G5 PAMAM  PEG and Cys-Arg- Fibrin for glioma DOX delivery for chemotherapy 49
Glu-Lys-Ala peptide
G5 PAMAM  PEG and Pep-1 Interleukin 13 receptor a2 for glioma Glioma targeting 50
G3 and G5 PEG and RGD oP; integrin for BBB and glioma MR imaging-guided 51
PAMAM chemodynamic therapy
Tf G4 PAMAM  Tf and tamoxifen TfR and the drug efflux proteins for BBBand  DOX delivery for chemotherapy 40
glioma cells
G4 PAMAM  Tfand WGA TfR and N-acetylglucosamine for BBB and DOX delivery for chemotherapy 39
glioma cells
Others G4 PAMAM  G4-OH and a-p- BBB and sugar transporters on glioma cells BBB crossing and glioma targeting 43
glucose, a-p-
mannose, or o-p-
galactose
G4 PAMAM  Angiopep-2 and LRP1 for BBB and EGFR for glioma cells DOX delivery for chemotherapy 37
EP-1
G3 PAMAM  chlorotoxin Membrane-bound matrix metalloproteinase-2 ~ pORF-TRAIL plasmid DNA delivery 52
endopeptidase for glioma cells for gene therapy
G3 PAMAM  PMPC Acetylcholine transporters for BBB BBB crossing for DOX-mediated 44
chemotherapy
G5 PAMAM  — — MR/fluorescence imaging 53
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lation, tumor specificity, and tumor retention compared to G4-
OH PAMAM dendrimers (Fig. 2A and B).>® Importantly, the
increase in dendrimer generations did not seem to affect their
uniform tumor distribution and intrinsic targeting.

Moreover, Sharma et al. utilized a G4-OH dendrimer-rapa-
mycin conjugate (D-Rapa) to specifically target TAMs in glioma
after systemic administration to improve the treatment
efficacy.>® It was shown that D-Rapa could suppress the mam-
malian target of the Rapa (mTOR) pathway of activated TAMs
and improve both the reprogramming of TAMs toward an anti-
tumor phenotype and antiproliferative efficacy in glioma cells
in vitro, thus improving the systemic treatment of glioma
in vivo. In another work, Liaw et al. presented a G4-OH dendri-
mer conjugated with triptolide for TAM-specific delivery and
pH-responsive release of triptolide.”® The treatment in vitro
exhibited signal transducer and activator of transcription 3
(STAT3) inhibition and anti-tumor immune signalling upregu-
lation. Systemic dendrimer delivery of triptolide significantly
improved the antitumor efficacy when compared to the admi-
nistered free triptolide in vivo. These results demonstrate that
hydroxylated dendrimers can serve as a promising BBB-cross-
ing nanodrug carrier for glioma treatment.
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Peptide modification of dendrimers

Peptide-mediated drug delivery is also an effective BBB cross-
ing and glioma targeting strategy.”® Some peptide molecules
exhibit remarkable affinity and specificity for receptors
expressed on the BBB or glioma, such as NRP-1 receptor, LRP
or others.’’™* The peptide modification can ensure the
specific delivery of therapeutic cargoes to glioma site through
receptor-mediated endocytosis. For instance, the Arg-Gly-Asp
(RGD) peptide has been identified to have high affinity with
integrin B3, and the internalizing RGD (iRGD) can combine
with both integrins o,f; and NRP-1, respectively overexpressed
on endothelial cells and tumor cells. As shown in Fig. 2C and
D, Wang et al** prepared an iRGD-PEG-PAMAM-cis-aconityl-
doxorubicin (DOX) (for short, iRGD-PPCD) conjugate by co-
valently linking PEGylated and iRGD-modified G4 PAMAM
dendrimer with cis-aconityl-DOX similar to the protocols used
to synthesize RGD-PPCD conjugate. Glioma penetration
studies have shown that the iRGD-PPCD possessed much
better BBB penetration and glioma targeting properties than
the RGD-PPCD delivery system, although both are able to
cross the BBB. In vivo studies also confirmed the significantly
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Fig. 2 (A) Fluorescence imaging of G4 (green) and G6 (red) dendrimer distributions in the tumor-bearing brain at different time points. The tumor
mass is indicated by nuclear DAPI staining (blue). (B) Both G4 and G6 dendrimers are localized specifically within TAMs (green) at 24 h post intrave-
nous administration. Scale bar = 50 pm for each panel. Reproduced with permission from ref. 25 Copyright 2020, John Wiley and Sons. (C) The
structure of iRGD and iRGD—-PPCD conjugates. (D) lllustration of in vivo delivery and penetrating behavior of iRGD-PPCD and RGD-PPCD.

Reproduced with permission from ref. 34 Copyright 2014, Elsevier.
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enhanced intratumoral drug accumulation and improved
therapeutic efficacy of gliomas after administration of iRGD-
PPCD.

The low-density lipoprotein receptor-associated protein
(LRP) is overexpressed at the BBB and on the surface of glioma
cells, and can readily bind to Angiopep-2 ligand with a high
affinity. Hence, as a targeting peptide for LRP, the modifi-
cation of angiopep-2 renders nanomedicines with high BBB
penetration ability in vitro and in vivo.*® In addition, epidermal
growth factor receptor (EGFR) is also known to have over-
expression on the surface of glioma cells.*® Based on this, Liu
et al.’” concurrently conjugated both Angiopep-2 and EGFR-
targeting peptide (EP-1) onto the surface of G4 PAMAM dendri-
mers and loaded DOX within the dendrimer internal cavity. In
vitro and in vivo experiments showed that the dual-targeting
modification of dendrimers significantly improved the BBB
permeability and glioma targeting effect of the nanocarriers
and the glioma therapeutic efficacy of DOX.

Transferrin modification of dendrimers

Besides the dendrimer surface hydroxylation and peptide
modification, transferrin (Tf), a protein with an M,, of 76 kDa
is also recognized to target transferrin receptor (TfR) overex-
pressing in brain microvascular endothelial cells and glioma
cells, and has been modified for brain-targeted drug delivery
systems.>®

In a recent study, He et al.>° prepared a drug delivery carrier
for glioma therapy based on Tf- and wheat germ agglutinin
(WGA)-modified G4 PAMAM dendrimers (Fig. 3A). Similar to
Tf, the attached WGA also shows a strong affinity to cerebral
capillary endothelium and malignant glioma cells due to the
N-acetylglucosamine receptor on the cell surface. In vitro BBB
transport experiment showed that the dual targeting modifi-
cation of dendrimers led to much greater BBB penetration and
glioma targeting of the PAMAM-PEG-WGA-Tf-DOX NPs than
that of the single targeting-modified counterpart NPs of
PAMAM-PEG-WGA-DOX or PAMAM-PEG-Tf-DOX (Fig. 3B). The
growth of the avascular C6 glioma spheroids was efficiently
inhibited due to the effective DOX accumulation (Fig. 3C). In
another study, Li et al.*® prepared a pH-sensitive Tf and tamox-
ifen dual-targeted drug carrier (G4-DOX-PEG-Tf-tamoxifen) to
enhance the BBB transport capacity and drug accumulation
within glioma cells. The modified tamoxifen can inhibit the
drug efflux proteins on both BBB and glioma cells, facilitating
drug accumulation in tumor cells. In the non-vascular
C6 glioma spheroid model assay, the developed G4-
DOX-PEG-Tf-tamoxifen could induce C6 glioma cell death,
leading to a substantial reduction in the spheroid volume.
However, this study lacked animal studies to prove that the
dual-targeting ligand modification can promote BBB crossing
and glioma targeting in an orthotopic glioma model.

Other modifications of dendrimers

In addition to those above dendrimer surface modifications,
there are also other modifications to render dendrimer-based
nanomedicines with the ability of BBB crossing and glioma
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targeting. Glycosylation has garnered significant attention in
the advancement of targeted drug delivery systems owing to
the sugar-mediated targeting specificity.""*> For instance,
Sharma et al.** conjugated sugar molecules to hydroxyl-termi-
nated PAMAM dendrimers for glioma targeting (Fig. 3D). The
commercial G4-OH PAMAM dendrimers were partially modi-
fied with a-p-glucose, a-p-mannose, or a-b-galactose, respect-
ively to target TAMs with upregulated glucose transporters and
mannose receptors (CD206), or glioma cells overexpressing
galectins. At 24 h post intravenous injection of unmodified or
sugar-modified G4-OH dendrimers, the G4-OH dendrimers
partially modified with o-p-glucose exhibited ~8-fold higher
tumor accumulation than the G4-OH dendrimers without gly-
cosylation as revealed by fluorescence imaging. The G4-OH
dendrimers partially modified with a-p-mannose or a-p-galac-
tose exhibited respective ~2- and ~2.5-fold greater tumor
accumulation at 1 h postinjection than the sugar-free G4-OH
dendrimers, but were cleared faster from the tumor and
exhibited ~50% lower tumor accumulation at 24 h postinjec-
tion than the G4-OH dendrimers (Fig. 3E). All sugar-modified
dendrimers had significantly improved specificity to the ortho-
topic glioma (Fig. 3F), and the a-p-glucose modification was
the most significant one among all groups.

Besides, it has been reported that acetylcholine transporters
and choline transporters are highly expressed in luminal brain
capillary endothelial cells,”® hence can be developed for brain
targeting for nanomedicines. In a recent work, zwitterionic
poly(2-methacryloyloxyethyl ~ phosphorylcholine)  (PMPC)
having a similar structure to acetylcholine, has been modified
onto the surface of NPs to render them with BBB permeability
and brain tumor targeting specificity.*® Similarly, G3 PAMAM
dendrimers can also be modified with PMPC to not only sig-
nificantly reduce the cytotoxicity of dendrimers, but also
efficiently cross BBB and target the brain glioma (Fig. 3G and
H). There is a much stronger fluorescence signal of Cy5.5-
labelled dendrimers still present in the brain tumor area even
at 24 h postinjection.**

Diagnostics and therapeutics of
glioma using BBB-crossing dendrimers

Based on the above strategies used to prepare BBB-crossing
dendrimers, different nanomedicine formulations have been
developed for glioma imaging, therapy or theranostics. In this
section, we review some key developments of dendrimer-based
nanomedicines in imaging diagnostics, chemotherapy, gene
therapy, or imaging-guided therapy of brain glioma, although
some of the application aspects have already been illustrated
in the last section.

Imaging

Precise imaging can greatly increase the success rate of glioma
treatment. To achieve high sensitivity, high specificity, and
deep penetration into the brain tissue, various non-invasive
imaging modalities such as ultrasonography, computed tom-

This journal is © The Royal Society of Chemistry 2024
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(A) The synthetic route of dual-targeting drug carrier of PAMAM-PEG-WGA-Tf-DOX. (B) The transport ratio of DOX across the in vitro BBB

model during 30-120 min of incubation with different nanomedicines. (C) The viability of the C6 cells after drug transporting across the BBB. Data
were presented as the mean + standard deviation (n = 4). *p < 0.001, as compared with the PAMAM-PEG-WGA-Tf-DOX. Reproduced with per-
mission from ref. 39 Copyright 2010, Elsevier. (D) Structural representation of clickable sugars (glucose-azide, galactose-azide and mannose-azide
with PEG linkers) and synthetic protocol for dendrimer—sugar conjugates. The synthesis of fluorescently labeled Cy5-p-glucose, Cy5-b-mannose,
and Cy5-p-galactose is presented using CuAAC click chemistry approach. (E) Quantification of tumor accumulation by sugar—dendrimer conjugates
after glioma-bearing mice were injected with glucose-, mannose-, or galactose-conjugated dendrimers (p-GLU, b-MAN or b-GAL). *** p < 0.001. (F)
Sugar-conjugated dendrimers exhibit significantly greater glioma specificity in the contralateral hemisphere than the unmodified G4-OH dendri-
mers. ** p < 0.01 and *** p < 0.001. Reproduced with permission from ref. 43 Copyright 2021, Elsevier. (G) In vivo noninvasive near-infrared time-
dependent whole-body fluorescence imaging of brain glioma tumor-bearing nude mice and (H) corresponding quantitative fluorescence intensity
analysis after intravenous injection of Cy5.5-labeled PAMAM-PMPC or PAMAM-mPEG NPs for 2, 4, and 24 h, respectively. Reproduced with per-

mission from ref. 44 Copyright 2021, Wiley-VCH.

ography (CT), and magnetic resonance (MR) imaging are cur-
rently utilized to diagnose glioma. Nevertheless, conventional
contrast agents have many problems such as short retention
time, renal toxicity, and lack of specificity.” Functionalized
dendrimers can be applied as targeted nanocarriers of
to facilitate precision glioma
diagnosis.>"*> For example, Karki et al.>® prepared an MR and

imaging contrast agents

fluorescence imaging agent utilizing G5 PAMAM dendrimers
to load clinically relevant Gd-DOTA and the near-infrared fluo-
rescence dye DL680. In vitro and in vivo MR/fluorescence
imaging results revealed that the contrast agent showed much
more accumulation in orthotopic U251 glioma through the
passive enhanced permeability and retention effect and
excreted through liver possibly as a result of small particle
size, relatively neutral surface charge and hydrophilicity in the
blood. Apparently, due to the lack of the associated surface
modifications for BBB crossing and glioma targeting, the
imaging sensitivity and specificity are quite low. In another
study, Xu et al.*® developed a multifunctional low-generation

This journal is © The Royal Society of Chemistry 2024

dendrimer nanoprobe (G2-RGD-Au-Mn) for targeted dual-
mode MR/computed tomography (CT) imaging of orthotopic
glioma. They first modified G2 PAMAM dendrimers with 1,4,7-
triacyclononane-1,4,7-triacetic acid (NOTA) and the targeting
ligand of cyclic RGD peptide via a PEG spacer. Au NPs were
then synthesized using the functionalized G2 dendrimers as
templates, followed by chelation with Mn(u). The G2-RGD-Au-
Mn nanoprobe exhibited good colloidal stability, higher r;
relaxivity (9.88 mM™" s™') than the commercial Gd-based
Magnevist® (4.54 mM™' s7'), and greater X-ray attenuation
intensity than iodine-based CT contrast agents such as
Omnipaque (Fig. 4A-C). Through the RGD surface modifi-
cation, the nanoprobe can cross BBB and target glioma for
precise MR/CT dual-mode imaging (Fig. 4D-G).

Chemotherapy

Some small molecular chemotherapeutic drugs such as
DOX,’® arsenic trioxide (ATO),** and temozolomide,”” possess
low bioavailability and high side effects and are difficult to
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centrations (0.1, 0.2, 0.4, 0.8, and 1.6 mM, respectively) and linearly fitted 1/T; of the corresponding particles versus Mn concentration. (C) The CT
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the tumor region), and (F) the CT images and (G) quantitative CT values of the C6 orthotopic glioma (the green circle denotes the tumor area)
before and after the non-targeted Au—Mn or targeted RGD-Au-Mn DENPs were intravenously injected (Mn mass = 400 mg, [Au] = 0.05 M, in 150 mL
PBS for each mouse). The star symbols are denoted as follows: (*) for p < 0.05, (**) for p < 0.01, and (***) for p < 0.001, respectively. Reproduced

with permission from ref. 48 Copyright 2019, Royal Society of Chemistry.

cross the BBB. To overcome these limitations, BBB-crossing
dendrimers have been utilized as drug carriers to load drugs
through physical adsorption or covalent surface modification
for specific glioma targeting, thereby significantly enhancing
drug bioavailability and mitigating the non-desired systemic
side effects. For instance, Xu et al.>® constructed a glutathione
(GSH)-sensitive G4-DOX-Angiopep-PEG nanoplatform, which
exhibited a better in vitro BBB penetration ability than the
Angiopep-free G4-DOX-PEG counterpart, resulting in a sig-
nificant reduction of avascular C6 glioma spheroid volume
in vitro. However, the effective chemotherapy effect of the
G4-DOX-Angiopep-PEG nanoplatform has not been proofed
using an in vitro orthotopic glioma animal model. In
another study, Shi et al>® established a dual-targeting drug
delivery system for ATO delivery by modifying the G5
PAMAM dendrimers with a 12-amino-acid TGN peptide
(TGNYKALHPHNG) and iRGD (Fig. 5A). The attached TGN
peptide is known to have an efficient cerebral transport
ability.®> ATO was complexed with the dendrimers by
electrostatic interaction and the ATO encapsulation efficiency
of this dual-targeting PAMAM dendrimers reached approxi-
mately 71.92%. The loaded drug could be fast released
under a slightly acidic pH. Combined with attached iRGD
ligand, the G5 PAMAM dendrimers are able to cross the
BBB and target glioma to facilitate ATO delivery in glioma.
In vitro experiments revealed a more significantly improved
survival rate in the iRGD/TGN co-modified group than in
the other groups (Fig. 5B and C).

1352 | Biomater. Sci, 2024, 12, 1346-1356

Gene therapy

As an emerging therapeutic approach, gene therapy holds
promise in selectively targeting cancer cells with minimal side
effects.”® However, the presence of BBB hinders gene delivery
to glioma efficiently. In addition to chemotherapeutic drugs,
dendrimers can be loaded with nucleic acids for gene therapy
of brain tumors.>® For example, the tumor necrosis factor-
related apoptosis inducing ligand (TRAIL) is often used in
gene therapy to induce apoptosis in cancer cells. In a recent
study, Huang et al.®® conducted a gene delivery system by uti-
lizing G5 PAMAM dendrimers modified with PEG and the tar-
geting ligand Angiopep-2 as carriers, and then complexed
PORF-TRAIL, which is a plasmid DNA expressing TRAIL
(PAMAM-PEG-Angiopep/pORF-TRAIL). In vitro transfection
experiment revealed that the PAMAM-PEG-Angiopep/
PORF-TRAIL polyplexes could be more significantly taken up
by C6 cells than the free pORF-TRAIL. Further analysis of the
glioma sections through terminal deoxynucleotidyl transferase
dUTP nick end labeling (TUNEL) staining revealed that the
PAMAM-PEG-Angiopep/pORF-TRAIL led to the most signifi-
cant tumor cell apoptosis. The biodistribution in vivo showed
that the uptake of PAMAM-PEG-Angiopep/pORF-TRAIL poly-
plexes in the glioma site was obvious (Fig. 5D). As shown in
Fig. 5E, in vitro experiments revealed that glioma-bearing mice
treated with the PAMAM-PEG-Angiopep/pORF-TRAIL poly-
plexes had a more significantly prolonged survival time than
other groups.

This journal is © The Royal Society of Chemistry 2024
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Small interfering RNAs (siRNAs) as potent tools for gene
silencing have many applications in central nervous system
diseases by directly inhibiting disease-causing gene expression
with high targeting specificity and low effective doses. To
realize the effective delivery of siRNA, Liyanage et al®’ co-
valently conjugated green fluorescent protein siRNA (siGFP) to
G6-OH dendrimers via a GSH-sensitive linker to form G6-OH
dendrimer-siRNA conjugates. The conjugates allowed precise
siRNA loading, protected siRNA from premature degradation
and efficiently delivered siRNA into glioma cells both in vitro
and in vivo. When administered intratumorally to an orthoto-
pic glioma mouse model, the conjugates could cross the BBB
and be localized in the TAMs to effectively silence GFP
expression.

Imaging-guided therapy

For precision cancer theranostics, it is vital to develop a den-
drimer-based nanomedicine platform to cross BBB for simul-
taneous glioma imaging and therapy. In a recent example,”
our group developed a multifunctional acetylated core-shell
tecto dendrimer (CSTD) platform (M-CSTD-NHAc) based on

This journal is © The Royal Society of Chemistry 2024

the supramolecular self-assembly of p-cyclodextrin (CD)-modi-
fied G5 PAMAM dendrimers as cores and adamantane (Ad)-
functionalized G3 PAMAM dendrimers (G3-NH,-Ad) as shells,
where the G3-NH,-Ad dendrimers acted as standalone
modules to be modified with pyridine for copper (Cu(u)) com-
plexation, dermorphin for BBB crossing and RGD peptide for
glioma targeting, respectively (Fig. 6A) for orthotopic glioma
MR imaging and chemodynamic therapy (CDT). In vitro experi-
ments utilizing 3D C6 multicellular tumor spheroids (MCTS)
revealed that the M-CSTD-NHAc-FITC had a better penetration
ability than the single-generation M-G5-NHAc-FITC (Fig. 6B-
D). Furthermore, the complexes could effectively deplete GSH
within glioma cells, initiating a Cu(u)-mediated Fenton-like
reaction to lead to increased levels of toxic reactive oxygen
species and cellular lipid peroxidation, hence significantly
inhibiting the growth of MCTS during the seven-day treatment
period (Fig. 6E and F). The T;-weighted MR phantom studies
showed that M-CSTD-NHAc/Cu(u) complexes had an r; relaxiv-
ity of 0.7331 mM~" s due to the presence of Cu(u) (Fig. 6G),
thus enabling effective T;-weighted MR imaging of an orthoto-
pic glioma mouse model. The glioma MR signal intensity
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complexes. (I) The survival rate of mice treated with the complexes or NS as a control ([Cu] = 8 mM, in 100 pL NS for each mouse, n = 10).
Reproduced with permission from ref. 51 Copyright 2021, Elsevier.

increased with the time post-injection and reached the peak at Although there are many advantages of PAMAM dendrimer
45 min, demonstrating the ability of the M-CSTD-NHAc/Cu(u) carriers in glioma therapy, their design and biomedical appli-
complexes to cross the BBB for glioma targeting (Fig. 6H). cations still remain challenging. For example, due to the
After treatment, the orthotopic glioma growth was inhibited, limited internal cavity, the loading capacity of single dendri-
and the survival rate of glioma-bearing mice in the mers is quite limited. It is desired to design dendrimer carrier
M-CSTD-NHAc/Cu(u) group substantially increased (Fig. 6I). systems with a clustered or nanogel structure to significantly

improve the payload of the therapeutic or imaging agents,

thus enhancing the efficacy of glioma imaging or therapy. In
Conclusions and outlook addition, the BBB crossing and glioma targeting strategy may

be further expanded beyond the existing dendrimer surface
In summary, this review surveys the recent advances in the modifications. The dendrimer carriers could be camouflaged
design of BBB-crossing dendrimers for glioma targeting, with cell membranes or coated with exosomes to render them
imaging, therapy or theranostics. For effective BBB crossing with the same BBB crossing and glioma targeting purposes.
and glioma targeting, dendrimers can be surface modified Lastly, to reduce the recurrence of glioma, more therapeutic
with hydroxyl groups, peptides, transferrin, and other ligands. modes such as immunotherapy or immunotherapy-integrated
Meanwhile, due to the unique structural features, dendrimers combination therapy should be developed based on the versa-
can be effectively modified or complexed with anticancer tile dendrimer nanotechnology. In general, the strategic
drugs, therapeutic genes, or imaging agents to provide a wide design of nanocarriers utilizing dendrimers offers a highly
variety of feasibilities for glioma imaging diagnostics, chemo- specific and targeted therapeutic approach for efficient glioma
therapy, gene therapy, or imaging-guided therapy. treatment, having a broad application prospect.
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