Taylor & Francis
Taylor & Francis Group

il Journal of Chemotherapy

ISSN: 1120-009X (Print) 1973-9478 (Online) Journal homepage: https://www.tandfonline.com/loi/yjoc20

Glioblastoma multiforme: a glance at advanced
therapies based on nanotechnology

Vahid Rezaei, Amir Rabiee & Farzaneh Khademi

To cite this article: Vahid Rezaei, Amir Rabiee & Farzaneh Khademi (2020): Glioblastoma
multiforme: a glance at advanced therapies based on nanotechnology, Journal of Chemotherapy,
DOI: 10.1080/1120009X.2020.1713508

To link to this article: https://doi.org/10.1080/1120009X.2020.1713508

ﬁ Published online: 25 Jan 2020.

N
CJ/ Submit your article to this journal

A
& View related articles &'

@ View Crossmark data (&

CrossMark

Full Terms & Conditions of access and use can be found at
https://www.tandfonline.com/action/journalinformation?journalCode=yjoc20


https://www.tandfonline.com/action/journalInformation?journalCode=yjoc20
https://www.tandfonline.com/loi/yjoc20
https://www.tandfonline.com/action/showCitFormats?doi=10.1080/1120009X.2020.1713508
https://doi.org/10.1080/1120009X.2020.1713508
https://www.tandfonline.com/action/authorSubmission?journalCode=yjoc20&show=instructions
https://www.tandfonline.com/action/authorSubmission?journalCode=yjoc20&show=instructions
https://www.tandfonline.com/doi/mlt/10.1080/1120009X.2020.1713508
https://www.tandfonline.com/doi/mlt/10.1080/1120009X.2020.1713508
http://crossmark.crossref.org/dialog/?doi=10.1080/1120009X.2020.1713508&domain=pdf&date_stamp=2020-01-25
http://crossmark.crossref.org/dialog/?doi=10.1080/1120009X.2020.1713508&domain=pdf&date_stamp=2020-01-25

W) Check for updates

Review

Glioblastoma multiforme: a glance at
advanced therapies based on
nanotechnology

Vahid Rezaei', Amir Rabiee®, Farzaneh Khademi3

‘Department of Medical Nanotechnology, School of Advanced Medical Sciences and Technologies, Shiraz
University of Medical Sciences, Shiraz, Iran; *Department of Medical Biotechnology, School of Advanced
Medical Sciences and Technologies, Shiraz University of Medical Sciences, Shiraz, Iran; 3Department of
Tissue Engineering and Applied Cell Sciences, School of Advanced Medical Sciences and Technologies,
Shiraz University of Medical Sciences, Shiraz, Iran

ABSTRACT

Glioblastoma multiforme (GBM, grade V) is the most common malignant and invasive central nervous system
tumor with poor survival outcome. Various pathogenesis signatures such as genetic mutation, hypoxia, necro-
sis and neo-angiogenesis are involved in GBM. Standard treatment includes surgical resection along with
radiation therapy and temozolomide (TMZ) chemotherapy that do not improve the overall survival of patients.
In this review, we focused on the diagnosis, risk factors and novel therapies, using advanced therapies such
as nanotechnology in drug delivery, gene therapy and hyperthermia that have promising roles in the treatment
of aggressive brain tumors.

Keywords: Brain tumor; neuro-oncology; glioblastoma; nanotechnology

1. Introduction

Benign, malignant and metastatic brain lesions are
different types of brain tumor with various effects
on the patients’ quality of life.! According to the
World Health Organization’s (WHO) classification,
brain tumors are divided into primary and second-
ary.>* Every year, in the United States approxi-
mately 51000 patients are diagnosed with primary
brain tumors.” Glioma tumors arise from the glial
cells, namely the astrocytes, oligodendrocytes and
ependymal cells that account for 30% of all pri-
mary brain tumors.® In adults, common primary
tumors are astrocytoma, meningioma, and oligo-
dendroglioma, while secondary brain tumors are
metastatic ones that originate from the Ilung,
breast, kidney, skin cancers, etc.”* GBM is the
most malignant and aggressive primary brain
tumor with poor survival outcome (~15months),
representing 40-65% of the glioma tumors.'””’
Annually, 3.19 per 100,000 individuals are diag-
nosed with GBM tumor around the globe with
higher incidence rate among the males and non-
Hispanic whites.'®'> GBM is known by high cell
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growth, necrosis, angiogenesis, high cell density,
atypia, low survival, high rates of recurrence, and
resistance to chemo-radio therapy.*%’

As to the diagnosis, the neurologic tests such as
vision, hearing, alertness reflexes, magnetic reson-
ance imaging (MRI), computed tomography (CT)
scan, angiogram, spinal tap, and biopsy were car-
ried out."® Today, treatment modalities for GBM
are a combination of surgery, radiation therapy,
and chemotherapy; however, the mortality rate is
approximately 90%.%

2. Risk factors

Genetic and environmental factors affect GBM,
such as ionizing radiation, a well-known risk fac-
tor, and some genetic diseases can also lead to
GBM, namely neurofibromatosis type 1 and 2,
tuberous sclerosis, Li-Fraumeni syndrome, turcot
syndrome type 1 and 2, Von Hippel-Lindau dis-
ease, and retinoblastoma.'* !¢ It has demonstrated
that environmental exposure including vinyl chlor-
ide, pesticides, smoking, petroleum byproducts,
synthetic rubber manufacturing, infection with sim-
ian virus 40, and electromagnetic radiation are the
other risk factors of GBM.*!7:18

Journal of Chemotherapy 2020


http://crossmark.crossref.org/dialog/?doi=10.1080/1120009X.2020.1713508&domain=pdf&date_stamp=2020-01-23

V. Rezaei et al. Glioblastoma Multiforme and Nanotechnology

3. Standard therapy

The main reason why GBM is chemoresistance is
rooted in its cancer stem cells (CSCs), or in particular
glioblastoma stem cells (GSCs). These cells have stem
cell-like properties and originate from the embryonic
stem cells or downstream progenitors. GSCs are rec-
ognized via markers, including CD133, CD90, CD44,
CDI15, integrin-a6, L1 cell adhesion molecule
(LICAM), A2B5, sal-like protein 4 (SALL4),
octamer-binding transcription factor 4 (OCT-4),
SRY-Box 2 (SOX2), signal transducers, and activa-
tors of transcription (STAT3), NANOG, c-Myc,
kruppel-like factor 4 (KLF4), nestin and glial fibril-
lary acidic protein (GFAP).>"

Another cause of resistance to treatment is hyp-
oxia (low O, partial pressure), which creates
autophagy around the tumor. Hypoxia impression
on cancer cells was revealed by vascular endothelial
growth factor (VEGF) secretion from the hypoxic
cells and angiogenesis; in addition, VEGF is upre-
gulated with CD133+.2*' Autophagy occurs as a
result of defect in nutrients or oxidative stress con-
dition that kills the cells.”

Currently, surgical resection with or without radi-
ation therapy and chemotherapy is considered as a
standard treatment. Radiation therapy increases the
survival time to approximately 12.1 months, and
chemotherapy with TMZ improved it to
15.6 months. Tumor-treating fields (TTFields) deliver
device is a technology, approved by Food and Drug
Administration (FDA), for delivering low intensity
and intermediate-frequency alternating electrical
fields with TMZ chemotherapy into the GBM
tumor, with overall survival reaching 20.5months.'’
Furthermore, there are 3 years of survival time for 3-
5% of GBM patients.”*** Systemic injection of drugs
such as doxorubicin (DOX), paclitaxel (PTX) and
cisplatin has not penetrated well to the central ner-
vous system (CNS).'

The optimal treatment for GBM is surgical
resection followed by radiation therapy along with
adjuvant chemotherapy of TMZ. Regrettably, even
with advanced surgical treatments, patients can sur-
vive up to 15 months.>!7-**

It should be mentioned that in addition to
understanding the mechanism of GBM tumor for-
mation, advanced technologies in medical therapy
are necessary. We reviewed different aspects of can-
cer therapy through nanotechnology in drug deliv-
ery, gene therapy, and hyperthermia therapy (HT),
as an advanced science:

4. Advanced therapies based on nanotechnology
A new approach which is of interest in recent years
is the use of novel technologies for the treatment of
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diseases, which we will discuss as advanced therapies.
To overcome the low effectiveness of standard thera-
pies, the use of modern technologies in the context of
medicine such as nanotherapies can be promising.

Nanoparticles (NPs)/nanomaterials, with submi-
cron sized, have a wide range of applications and
each have different properties.”>*® They are capable
of delivering anticancer drugs or genes into the tumor
zone as a local or systemic rout.”” Moreover, NPs
are suitable for targeting the tumor cells as a carrier
of therapeutic agents and tend to agglomerate within
the tumor tissue for achieving more effectiveness of
conventional therapies.”>** However, disadvantages
including cytotoxicity, neurotoxicity, efficient delivery,
short half-life and non-biodegradability have reduced
the use of NPs in the clinic.”” The graphical abstract
of nanotechnologyapplications in GBM treatment
showed in Figure 1.

4.1. Drug delivery

The blood-brain barrier (BBB) is a dominant obstacle
against efficient chemotherapy that reduces the effect-
ive penetration of drugs into the brain and spinal
cord. The BBB is created by the cerebral endothelial
cells (CECs), pericytes, astrocytes, microglial cells,
smooth muscle cells, and perivascular macro-
phages.'*?® Blood-brain tumor barrier (BBTB) in
brain tumors is displaced with CECs-originated BBB.
To reach the brain tumor site, three paths exist:
intracranial injection, intranasal administration, and
intravenous administration.®'***

Nanoscience and nanotechnology are potent in cur-
ing illnesses and disorders. The use of nanotechnology
has led to eradication of some of medical problems,
namely insufficient drugs penetration into the brain,
untargeted drugs in the tumor environment, and high
dose of anticancer drugs. Accordingly, there are many
NPs and nanocarriers that can be used to treat CNS
disorders.® Nanostructures are employed in two ways:
active targeting (ligand/receptor) and passive targeting
(enhanced permeation and retention (EPR)).'**® Pores
cutoff size of the healthy tissue vessels and tumor ves-
sels are 4-25nm and 380-780nm, respectively.'*
Nanostructures in the size of <10nm are cleared by
the kidneys and 10-100nm reduced hepatic filtration
in systemic rout administration.'* We defined some
nanomaterials as NPs or nanocarriers, as shown in
Table 1, that are being used in research on GBM.

4.1.1. Polymeric nanoparticles

The biocompatible, biodegradable, natural and syn-
thetic polymers are used as solid carriers. Poly-
(butyl cyanoacrylate) (PBCA) nanocarriers have a
small size, are simple to synthesize, can easily pene-
trate, and have in vitro stability and rapid



N\ >

s
o &y
o S¢
\? g Surgical

Radiation therapy

resection
and removal

V. Rezaei et al. Glioblastoma Multiforme and Nanotechnology

\
Drug delivery

polymeric NPs “ ‘;“4"“’.9
Liposomes ,- e

7 A £,

AL

O Dendrimers
SPIONs O %

GNPs

CT or MRI
SPIONs
(A5
<
GNPs b o.poo Ag NPs ) N
0o (o3
<
Iron-oxide NPs (/\\\ o~ rfr\B ; v@
- | | awF '\ee
Advanced

Figure 1. Graphical abstract.

clearance. To enhance the permeability from BBB,
this particle is coated with polysorbate 80 and con-
jugated with apolipoprotein E.*** Poly-(lactic-co-
glycolic acid) (PLGA) is a biodegradable and bio-
compatible polymer, approved by FDA applied in
drug delivery.*” Molecular envelope technology
(MET) polymers are engineered by N-palmitoyl-
Nmonomethyl-N, N-dimethyl-N,N,N-trimethyl-6-O-
glycol chitosan, and have amphiphilic properties in
which drugs can load into these structures.”” Some
studies have been carried out using polymeric NPs,
as Shown in Table 1.22,24,29,32—34,37,41,45,47,48

4.1.2. Micelles

Micelles have the structure of amphiphilic copoly-
mer with a hydrophobic core and hydrophilic sur-
face. To improve passing from BBB, some ligands
such as methoxy poly (ethylene glycol)-poly-(e-cap-
rolactone), poly-(ethylene glycol)-block-poly-(L-

glutamic acid), poly-(ethylene glycol)-block-poly-
(D, L-lactide acid), cholesterol conjugated polyoxy-
ethylene sorbitol oleate (CPSO), and cyclic Arg-
Gly-Asp (cRGD) have been conjugated to the
micelles.***

4.1.3. Dendrimers

Dendrimers are branched and three-dimensional
shapes.**>°  Polyamidoamine (PAMAM) is an
ethylene diamine core and have a repeated amido-
amine branch structure. PEGylation (poly-ethylene
glycol) of PAMAM causes prolonged circulation
time and decreased toxicity. Nanoparticles with large
size (>200nm) are absorbed by Reticuloendothelial
System (RES); hence, the small size of PEGylated
PAMAM (<15nm) are good particles to escape
from RES.’! These particles are able to deliver the
drugs and genes, and brain tumors imaging. Due to
their small size, retention of this structure in the brain

Journal of Chemotherapy 2020



Glioblastoma Multiforme and Nanotechnology

V. Rezaei et al.

(penupuo))

oy
6

e

8¢

28

9€

Se

e
€e

(4

oe

62

AlpIoe ul peseasoul
sem ases|al X1 N) aAlsuss Hd
siseusbolbue
wiod} uquyur ‘sisoydode
190 {NgD o uonesayold ssauddng
ases|a) paulelsng
SABp g i F 09 SEM Bwi}
eAnung ewolb 90 Jo Aoueubiew
paonpal ‘{AJileHoW JO XSy paonpay

sisojdode |90 ‘s||92 Jowny Pa||IM

skep z'ee

SEeM 8w} [BAIANS JOWN} JO 8ZIS
pasealoap ‘uonisodap JeAl paonpay

aseaje. paulelsns

YHM S[[80 INGD Um0l gyl
pue ggg woJy Buissolo paoueyu]

SNTIS-1A 8yl ueyy Aoeoiye yimoub
Jowny uomaiyut Jeybiy SOIN-LA

skep ¢¢

Sem awl} [eANS sJoldaoal

grde -1 ybnoduyy Aisallep X1d
paseaJoul 1S90 INGD Ymoid 1ayul
SI[80 NGO YmmoiB HaIyu|

Brup sa1)

Jo) sAep G’/ | ueyl skep 9'gL Sem

awll} [BAIANG AJOIXO} puE 10848
apIS peonpal (Bulpas|q pases.oy|

S||80 Jowny JO uone|qy
(Asonyjop 186.€))
Urelq 8y} Ul Z1| JO UOIEJJUSDUOD
BU} POSBaIOUl PUE 8SBS|a) PaURISNS
sAep £g sem awi [eAUNS Jowny
O 8IS pasealoap ‘|aAg] | INDIN
Jown} ssauddns ‘swiy [BAIANS
9SEBIOUl 'S|190 INGD UmoiB 1giyul

OJIA U
OJUA Ul g (801W

9 UsIeiqaz) OAIA U
OJYA Ul g (STeJ) ONA U|

(S1EJ) ONA U|

OJIA U

OJYIA Ul g (801W) OAIA U|

OJYA U]
OJYA Ul g (901W
8pnu o/g71vd) ONA Uj
OJYA Ul g (901W
apnu Buuesg-ewolb

90 [eluBIORIIUI) ONIA U
OJYA Ul g (STeJ) ONA U|

OJA Ul g (STeJ) ONIA U|

OJYA U

OJJA Ul g (901W) OAIA U|

OJJA Ul B
(s1e4 BuLeaq
-ewolb 864) ONA U|

abesone wWuQ/ |
UYUM WU 002-0S +

wu ¢
wugeL+6'ar

wuQooct 01 628

W 7 Alerewixolddy

wuyy'0+9ee

wu/zZ1-0vt
wuochk ~ 01N
pue wuEgl ~ N1S

WU /E'ZF8/°GH
wu o/

wu ey

971s abeJony Ul WU |G

wuggL+2¢€le

wu/z/zt

dN vO1d

$9||93IW 10d-D3dN
sawosod

siequoueu v d
O3d yim
pa1eod pue ‘Uiedsaion)
Yum pepeo ‘X100
pue O yum parebnfuod
dN 8pIX0O uoJl oneubep

SdN 2uswAod 13N
Apogiue uulajsuesioueul
pue uuioide

Yum perebnfuod sNIS

SOIN PUe SNIS

(epnded Bunensusd

e) |-dod
Yim perebniuod vo1d-953d
VO1d-93d

08 erequosAjod yim vodd
(13d pue uwnge
awinies uewny Yim sdNo
Buiddeo) assydsoueu pjon

08 erequosAjod yim sOTIN

VOd payipow
20BUNG UBSONYD

XN

MH pue XOd
X1a

une(dsio pue
‘uedaloull ‘NNOg

NNOO

Xod

ZINL pue 4OA

Xld
Xld

upeldsio

uneidsio

Z1I

9g-,0 Pue NNOg

2102 '[e 1° MeeN

210¢ '[e 1° oeH
L10¢ '[e 1© meys

9102 'Ie 1o Bues ]

910¢ 'le ¥ NN

910¢ ‘e 10 IsnsiH

910¢ '[e 18 oy

G10¢C ‘e 1 N\

G1LOzZ '[e 18 Buepp
7102 ‘e 10 8oueN

v10c e 1®
IPEqEWYERYS WiYeia

710¢ ‘e 18 S enes

7102 e 18 INM Wi

€10¢ ‘[e 18 7 Lelo

aoualaey

awoo)n0

OJ}IA UI/OAIA U]

az1S

Jauieooueu/a|oipedoueN

(s)yusbe
|lesiwayo/(s)bniqg

Apmis

*OAIA Ul pue oJ}IA ul ‘Adelayl Ngo ul pasn sbBnip paseq-oueN ‘| 3jqeL

2020

Journal of Chemotherapy



Glioblastoma Multiforme and Nanotechnology

V. Rezaei et al.

XN ‘(Buojoejoiden-3) Aod 10d ((100AIB susiAyie) Aod AxouleiN HIIN

"9pIX0 susydelB-oueN :QHN SUIPLNAXOBP-Z-0POI-G :HPN| ‘Wedynsig :4SQ ‘ploe
0l|JuoBAI0d WVd ‘U18104dODAIB SnuIA saigeY :6ZOAY Buneneods 1ybl olweuAq 1S ‘Ad0OS0JOIL UOJI08e UonISUBRL] INTL ‘BuBylLINAI0d Nd ‘(p1oe onoe)) Alod vd ‘3 ueioidodijody :Jody ‘erexalioyisin

IMOUOH MH ‘[eXxe1900Q :X1d ‘eunsnuuie) NNDG ‘UIX0l0JolyD X1D ‘UMIXepojoAD D ‘ABojouyos) edojgaus Jejnosion

13N feunsnwio (NNDD eLleq Uelg-poolg :gdg uioignioxod :XOad NS 0} Papeo| spiuojoZzows} + auilsUOUIA NTISLA “OIN O} POPEO| SpILO|0ZOWs} + SUlSUOUIA O TNLA ‘sojoiuedoueu pidil pllos :SNTS
{OPILIOIOZOWS | (ZINL ‘BUISHOUIA HOA (100416 ausjAuie) Alod 53 ‘|exeloed :X1d ‘erejfuoeouekojAingAlod wvDgd ‘eulwiusjAyieAiod 1 3d ‘sejoiuedoueN plos) SAND ‘sseuted pidi painionisoueN SOIN
‘ej0zeuooel)| (71| esesssuelAyiow YNJ-euuenBiAylew-9-O T LINDIN DULoiNW BLIOSEIqOID (INFD ‘(PIo8 0lj00A1B-00-0108|) Alod VOd ‘euluenBlAzueg-40 pue sulsnuie) 19g-40-NNDOg UonelraIqay

8y

Ly

o

Sy

144

cc

ey

[474

sAep g¢ sem auwll
[EAINS UBIPS ‘piel dlsubew
JO juasaid 1B SWN|OA Jown}
uononpal Juedyubis ‘ieziisuasolpes
HPN| JO 1088 asea.ou|
(dd3) uonueley
Aljigeswlad paoueyus
(SOY) seroeds usbAxo aaoeal
paonpul ‘sisoydode 01 Buipes)
Remyred aseun-dyA 8Ui UOIBAIIOY
(SN4B4N) punosenn
pasnoo} papINB-8ouUBUOSS.
olleufew yum ggg o1 uonesw.ad
aoueyus pue ‘uopeluoydsoyd
XV2ZHL Aq sebewep
VYNQ ‘slled NgD ymoiB ugiyu
SAep gy sem swi} [BAIANSG S|[80
Jowny sisoldode (Bunebiel ewolb
Jo} pueby| ayeudoidde s 6ZOAY dYL
|90 NGD 1surebe A10IX0101A0
ybiy pue z|\] Jo asesjpl paureisng
SYuoW < Sem awi [eAIANS
Jowin} JO 82UBLINd8) pue Ymmolb
Haiyur ‘sisoydode ‘esesje. paurelsng
shep 8y—-G1
Sem awli} [eAnng sisojdode
‘g-asedseo pue ‘g-esedseo ‘ggd
paleAllOE puE g-1og JO uoissaidxe
HaIyul s|jed wels ewol|t
pue s|jeo ewolb Jo ymolB Hayul

sisojdode ‘ymolb
BWIN|OA JowN] JO paseslos(
aseaje. paulelsns:s|jeo
NGD 10} ANDIX0101A0: (JUBLUUOIIAUS

oA Ul
(S1E. JBISINN) OAIA U]

OJUA Ul 9 (801L) OAIA U]

oA UL
(e01W eWWEY)
dIOS AON) ONA Uj

OJYIA Ul g (S1EJ) ONIA U|
OJYA U]

oA ULR
(syes 01do}0YHIO) OAIA U

oA Ul
(901w uoIB8 [043U0D
Bunuuduw) onA U
oA Ul
(syeJ Joyosi4
pue Jelsipn) OAIA U|

wug'Ls

wu08-02

wu /2

WUy'eFGOLL
S0 Aq wu gz
-02 WAL Aq wugz-gt

wu ooy 1-00¢

WUZL'OF L6k

wuose

VOTd/NOIdS/OON

sepipedouey v 1d-53d

YVd Uim
poe1e0d SdND [eduayds
VO1d-93d
0} parebnfuoo (pueby|
oyloeds) epnded 62OAY
Jaquoueu 8)sodwod ny/Nd
-0-101d-10d AQ peyeco-plon

(e dwi ue
Se) Jeqioueu 10d-V1d-vO1d

(NVIN) episouesAdouuew
-p-©-|Ausydouiwe
-d Ag palyipow sewosodr

Jody yum peyebnfuod SN

dpnl

45d

uneidsio

XLd

ZNL

ZNL

auuoeunb
pUE UILUN2IND

XN

80T ‘e 1e NojieAIyS

810¢ '[E 1° BlepEN

810¢ ‘e 18 eldodn|o)

8102 e 10 enH
2102 e 18 1ue|

/10¢ ‘e
ueJIpuUByORWEY

2102 '[e 1o Buep

/10Z ‘e 19 elbeneg

aouaisey

{wodInQ

OJJA UI/OAIA U]

az1g

Jalueosoueu/a|oipedouen

(s)uabe
|eaiwayo/(s)bniqg

Apms

“(penupuo)) °| a|qeL

5

2020

Journal of Chemotherapy



V. Rezaei et al. Glioblastoma Multiforme and Nanotechnology

Table 2. Gene therapy-based nanocarriers used in GBM therapy.

Nanocarrier Modified Anticancer
origins nanocarrier agents Results References
Micelles R7L10 micelle HSV-tk + TMZ Apoptosis and dullness 66
tumor growth
PLA + PEG micelle DTX +RGDyK Dullness tumor growth 67
Deoxycholic acid Curcumin +miR-21 antisense Tumor growth suppression 68
+ PEI micelle oligonucleotide
ch-Kn(s-s)R8-An Angiopep2 + Dbait Apoptosis and radiosensitizer 69
micelle improvement
Liposomes Cationic liposome IFN-p Decrement of tumor size, pyknotic, 70
(pilot study) necrotic and apoptotic change
Cationic liposome hTRAIL 4+ PTX + angiopep?2 Apoptosis and survival improvement 7
Paramagnetic cationic TNF-a + stress inducible Dullness tumor growth and 2
liposome promoter gadd153 decrement of tumor size
LipoTrust SiRNA + TMZ Duliness tumor growth and &
improvement of TMZ sensitizer
by downregulation of
MGMT expression
SNALP CTX + anti-miR-21 + sunitinib Dulliness tumor growth, decrement 4
of tumor size, apoptosis and
survival improvement
Liposome (phase I/Il HSV-tk 4+ ganciclovir Decrement of tumor size up to 62
clinical study) more 50%
PAMAM PAMAM + Arginine IFN-B Apoptosis 8
PAMAM + Tat peptide siRNA anti-EGFR Dullness tumor growth and 6
+ BMNs EGFR expression
PAMAM + phenylalanine Apoptin Apoptosis o
+ histidine 4 arginine
PAMAM + Folate ASODN Tumor growth suppression, EGFR 8
knock down and survival
improvement
PAMAM + PEG + transferrin =~ TRAIL Apoptosis and survival improvement I
Metallic NPs Iron NP@PEI dsRNA (ATN-RNA) Decrement of tumor cells migration 80
and cell death
ION@PEG-PEI-chitosan GFP +CTX Targeted gene delivery and 81
improvement of tumor cell uptake
SPION@PEG-PEI DOX + siRNA + PinX1 Decrement of tumor cell viability and 82

suppression tumor growth

Abbreviation: HSV-tk: Herpes Simplex Virus-1 Thymidine Kinase; TMZ: Temozolomide; PLA: Poly (lactic acid); PEG: Poly (ethylene gly-
col); DTX: Docetaxel; RGDyK: arginine-glycine-aspartic acid-tyrosine-lysine; PEl: Polyethylenimine; Dbait: DNA double-strand breaks
repair inhibitors; IFN-g: interferon beta; hTRAIL: human tumor necrosis factor-related apoptosis inducing ligand; PTX: Paclitaxel; TNF-
o: tumor necrosis factor alpha; siRNA: Small interfering RNA; MGMT: O-6-methylguanine-DNA methyltransferase; SNALP: stable
nucleic acid lipid particle; CTX: chlorotoxin; PAMAM: Polyamidoamine; BMNs: bacterial magnetic nanoparticles; EGFR: Epidermal
growth factor receptor; ASODN: antisense oligonucleotides; IONs: iron oxide nanoparticles; GFP: Green fluorescent protein; SPION:
Super paramagnetic iron oxide nanoparticle; DOX: Doxorubicin; PinX1: PIN2-interacting protein 1.

is weak.® The conjugation of drug-dendrimer
showed fast drug release profile in low acidic pH and
stable in the physiological environment. To improve
the crossing from BBB, angiopep-2 is conjugated with
dendrimer, and to enhance retention in tumors,
CREKA (cysteine-arginine-glutamic  acid-lysine-ala-
nine) is conjugated with PEGylated PAMAM; also, to
overcome BBTB, dendrimers were modified with inter-
leukin 13 receptor o2 (IL-13R#2) mediated endocyto-
sis; also, glioma homing peptides (Pep-1) conjugated
with PEGylated PAMAM were reported.* !

4.1.4. Liposomes

Liposomes are phospholipid bilayers with an aque-
ous core, applied in drug delivery. They are able to
pass from the blood vessel (6-9pum in diameter)
into the targeted tissues.*’ They can carry on both

Journal of Chemotherapy 2020

hydrophilic and hydrophobic therapeutics to GBM
cells with good biocompatibility. To reduce rapid
opsonization and low transportation of the thera-
peutics rate of liposomes, they are coated with poly
(ethylene glycol) (PEGylation) and conjugated with
targeting ligands.* Two kinds of treatment strat-
egies are mentioned in Table 1.3

4.1.5. Solid lipid nanoparticles (SLNs)

Solid Lipid Nanoparticles, aqueous colloidal sur-
face with the hydrophobic core, are appropriate for
delivering therapeutic agents to the GBM cells.***
Biocompatible polymers such as stearic acid (SA),
stearylamine, triglycerides were used to make
SLNs.*> These particles can overcome solubility,
permeability and toxicity problems.’” SLNs are a
suitable alternative to liposomes.>®> Advantages of



SLNs included good biocompatibility, degradability
and large surface for functionalized to brain target-
ing, and its disadvantages were hydrophobicity and
fast clearance by RES.* Moreover, several results
of studies on SLNs are shown in Table 1.3%-3¢42

4.1.6. Nanostructured lipid carriers (NLCs)

NLCs are the second generation SLNs.** NLC is
fabricated via blending lipids with solid and liquid
states.”> NLCs have overcome the problems of
instability and low loading capacity of therapeutic
agent, belonging to SLNs.*® The study results have
revealed the persistent therapeutic effect of NLCs
as well as the capability of tumor cell growth inhib-
ition in comparison with SLNs.*

4.1.7. Gold nanoparticles (GNPs)

To reduce the side effects of radiation therapy, sen-
sitized tumor tissues by reducing its effects on nor-
mal tissues, high atomic number elements such as
gold (Au) and platinum have been proposed as a
sensitizer to radiation.®* Gold nanoparticles were
discovered more than a century ago with unique
properties such biocompatibility, very low toxicity,
high atomic number, and high X-ray absorption
coefficient, proving its feasibility in theranostic
applications.”

Multifunctional nanoparticles (NPs) such as
GNPs have a high capacity for photoelectric inter-
actions at lower energy levels. They can increase
the effect of radiation therapy by increasing the
absorption of energy in the tumor tissue.’*
Application of GNPs in combination with ionizing
and non-ionizing radiation significantly improved the
effects of radiation therapy. Due to surface plasmon
resonance, they have been able to convert non-ioniz-
ing radiation into heat, which plays a significant role
in HT treatments. Also, they can be chemically modi-
fied to selectively target the tumors, which renders
them suitable for advanced cancer therapies.’® In
comparison with the use of gadolinium (Gd) alone,
GNPs have the ability to remain in the tumor mass
for hours and even days after a single injection.”’
There are three studies that have used GNPs, as
shown in Table 1.3!#4:46

4.1.8. Superparamagnetic iron-oxide nanoparticles
(SPIONs)

SPIONSs are able to be identified in a specific tissue
in the body using an external magnetic field.”® Due
to lower toxicity, magnetic manipulation and high
magnetic sensitivity SPIONs are suitable candidates
for theranostic interventions.” Based on surface
modification by biomolecules and drugs, SPIONs
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are highly applied in cancer research.®® In addition,
the HT feature has made SPIONs a promising
option in treating tumors like brain tumors.®'
Some treatment strategies with SPIONs are shown
in Table 1.°%%

4.2. Gene therapy

Today, due to the complexity and hereditary can-
cer, gene therapy has been widely considered.®
Providing genetic material such as a cancer sup-
pressor gene, small interfering RNA (siRNA),
micro-RNA (miRNA) into the tumor restores or
silences the defective genes.> 2’ GBMs’ patients
have more than two mutated genes in their gen-
ome.® Some molecules are expressed in GBM,
which consists of transferrin, folate, arf3 integrin,
vascular endothelial growth factor (VCAM-1),
VEGF and matrix metalloproteinases (MMP).'*+?
Studies revealed the involvement of genetic factors
in GBM, namely alteration in chromosome 7, 9,
10, 13 and 19; mutation and amplification of epi-
dermal growth factor receptor (EGFR) and plate-
let-derived growth factor receptor A (PDGFRA);
mutation and deletion of neurofibromatosis type 1
(NF1) and phosphatase and tensin homolog
(PTEN); isocitrate dehydrogenase 1/2 (IDH1/2)
mutation; mouse double minute 2/4 (MDM?2/4)
amplification; and  cyclin-dependent  kinase
Inhibitor 2A/B (CDKN2A/B) deletion.'*!-64
Receptor tyrosine kinases (RTKs) with the highest
percentage of alteration in GBM patients lead to
angiogenesis, invasiveness and anti-apoptosis,
which can be targeted for treatment.'>** Generally,
RTKs cell surface receptors are good targets as a
treatment strategy, which are receptors for the
growth factor, hormones, cytokines, neurotrophic
factors, and the other molecules.*?3:%

Since O-6-methylguanine-DNA methyltransfer-
ase (MGMT) causes resistance to treatment with
TMZ, Tumor suppressor gene (p53) is used to pre-
vent the expression of MGMT.%> WTP53 can nega-
tively regulate the MGMT expression in cancer
cells; consequently, wild-type p53 (wtp53) silences
the MGMT.*

Several methods have been employed for gene
therapy including suicide genes, virotherapy immu-
nomodulatory genes, and tumor-suppressor
genes.”>% In suicide genes approach, cytotoxicity is
induced through prodrugs, while the tumor cells
are lysing by using virus in virotherapy. On the
one hand, immunomodulatory genes can improve
the immune system’s response, and in tumor sup-
pressor genes procedure, presenting of them into
the tumor can induce apoptosis.>> %’

Genes carriers can be selected viral vectors
namely adenovirus and retrovirus, non-viral vectors
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like NPs, stem cells like neural stem cells (NSCs)
and mesenchymal stem cells, and intelligent poly-
meric carriers such pH-sensitive systems. In this
regard, nanocarriers, polymeric and non-polymeric
were used as micelles, liposomes, PAMAM, silver
NPs (Ag NPs), GNPs, SPIONs and multi-walled
carbon nanotubes (MWCNTSs).>> 7 Table 2 illus-
trates some studies that used from nanocarries for
gene delivery.5>6¢ %

Meanwhile, liposomes are the most well-known
nanocarriers, more commonly used in in vitro and
in-vivo studies for gene therapy.”® Incorporation of
liposomes with PEG and presence of transferrin
receptors on their surface will overcome their prob-
lems like short half-life and weak delivery of
therapeutics.?

4.3. Hyperthermia
Due to the destructive effects of the thermotherapy
(45- 41°C) on the plasma membrane, damage to
DNA and protein denaturation, and changes in
micro-environmental pH, it induces apoptosis in
the tumor cells.'***®> For localized GBM hyper-
thermia, magnetic fields and laser were applied.
GNPs and magnetic NPs (MNPs) are two main
NPs that are used extensively in HT.®* The first
use of MNPs for cancer HT was done in
1957.83:8486 Three major classes of iron NPs,
namely magnetite, maghemite and hematite espe-
cially SPIONs, are frequently used in HT due to
biocompatibility and low toxicity.>* On the other
hand, utilization of the alternating magnetic field
(AMF) as a heat inducer of NPs, IONs coated by
aminosilane, dextran, and also magnetosome
extraction from Magnetospirillum gryphiswaldense
(MSR-1) bacteria coated by poly-L-lysine (PLL)
can be useful for hyperthermia.'*3* Generally, ther-
mal energy is produced due to Néel and Brownian
relaxations®> and hysteresis loss.*>*> The u-oxo
N,N -bis(salicylidene)ethylenediamine iron
[Fe(Salen)] NPs potentially increased the GBM cell
death through reactive oxygen species (ROS) pro-
cess.'* Limitations of magnetic HT include opti-
mization dose of MNPs, toxicity, inappropriate
heat distribution, untargeted MNPs injected, and
lack of device for measuring local temperature.®
Carbon nanotubes (CNTSs) with near-infrared radi-
ation (NIR) can reduce the tumor size, and par-
ticularly eradicate the CSCs.°

HT with magnetite NPs was approved in
Europe as an additional treatment alongside radio-
therapy for rGBM.*** One of the dilemmas facing
HT is heat shock proteins (HSPs) that are resistant
to hyperthermia and overexpression in glioma
tumors.®® In the first step, it seems that HSPs
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degradation and then HT have better effects than
HT alone.

4.4. GBM tumor tracking

One of the major NPs advantages is tracking at the
same time with treatment strategies using the MRI
and fluorescence imaging.”® GNPs and iron oxide
nanoparticles (IONs) were proved to be a promis-
ing option in drug delivery, imaging, and thera-
peutic effects. In addition, SPIONs can improve
endocytosis by activating the cancer cells in the site
of metastasis. GNPs are anti-cancer agents due to
low toxicity by increasing effective radiation dose
due to the presence of propagated electron and free
radicals. GNPs showed to be good contrast agents
for tissue imaging, and a high number of gold
atoms can empower X-rays. Combination of com-
puted tomography (CT) and GNPs are able to do
cell-based tracking.’”*® FDA-approved poly-ethyl-
ene glycol-polycaprolactone (PEG-PCL), as a
copolymer with amphipathic and biodegradable
properties, were used to increase the systemic circu-
lation time.®” GNP (1.9nm) and SPION (15nm)
were loaded to micelles and covered with PEG-
PCL and injected intravenously; we used CT and
MRIs to detect imaging.®” SPIONs with other
nanocarriers or alone were applied to treat GBM
and cell tracking, using MRI system and HT with
AMF system, respectively.'* The other system
employed for theranostic of GBM are micelles
including SPIONs and GNPs, gadolinium NPs, sel-
enium NPs loaded with Cd/Te quantum dots
(QDs) and ruthenium, PLGA NPs loaded with
TMZ and iron oxide, mesoporous silica nanopar-
ticles (MSNs) loaded with sunitinib (inhibit from
RTK) and surface functionalized with VEGF,;
and **Cu."

5. Future perspective

Up to now, the most important works for the
treatment of GBM are shown in Figure 2.
Although the current strategies for GBM therapy
are able to improve the overall survival a few more
months, another method should be replaced in
order to get better outcome. Probably, advanced
methods in combination with standard therapies
can be beneficial in the treatment of tumors.
Nanotechnology, in terms of nanoparticles and
nanocarriers, is an option for targeting treatment-
based drug delivery, gene therapy, HT, and track-
ing. Given the recent satisfactory results in in vitro
and preclinical studies, we are expecting that scien-
ces based on nanotechnology can be used in clin-
ical studies as soon. Certainly, smart nanoparticles
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Figure 2. Timeline of glioblastoma; from diagnostic to present.

and nanocarriers have a powerful effect on drug
delivery and gene therapy.

6. Conclusion

GBM is the most malignant brain tumor, and
standard therapy cannot completely eradicate it.
Thanks to FDA approval therapeutic agents and
strategies, overall survival has been possible for
several months. In addition, nanotechnology had
significant results in the treatment of tumor cell
lines; hence, scientists can improve the overall sur-
vival and treat complex tumors via NPs. The pro-
tective effect of NPs from drugs in the body,
controlled release of therapeutics, and even the
ability of treatment and simultaneous tracking of
NPs were revealed. However, the unknown issues
of NPs made limitations in clinical application.
Because GBM has not shown a promising response
to the current therapeutic approaches, there is a
need to discover and solve the unknowns of
advanced technology to be found with the most
ideal results.
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