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a b s t r a c t 

The treatment for glioblastoma multiforme (GBM) has not changed for more than 20 years while the 

prognosis for the patients is still poor and most of them survive less than 1 year after diagnosis. The stan- 

dard of care for GBM is comprised of surgical resection followed by radiotherapy and oral chemotherapy 

with temozolomide. The placement of carmustine wafers in the brain after tumour removal is added 

in cases of recurrent glioma. Significant research is underway to improve the GBM therapy outcome 

and patient quality of life. Biomaterials are in the front line of the research focus for new treatment 

options. Specially, biocompatible polymers have been proposed in hydrogel-based formulations aiming 

at injectable and localized therapies. These formulations can comprise many different pharmacological 

agents such as chemotherapeutic drugs, nanoparticles, cells, nucleic acids, and diagnostic agents. In this 

manuscript, we review the most recent formulations developed and tested both in vitro and in vivo using 

different types of hydrogels. Firstly, we describe three common types of thermo-responsive polymers ad- 

dressing the advantages and drawbacks of their formulations. Then, we focus on formulations specifically 

developed for GBM treatment. 

Statement of significance 

Biomaterial formulations have been designed for the localized treatment of glioblastoma mul- 
tiforme generating nanocomposite delivery systems aiming at better treatment outcomes. Hy- 
drogels and polymers combined with drugs, nanoparticles, nucleic acids, immune cells or con- 
trast agents originate formulations with different properties. The development of such formu- 
lations is constantly evolving and contributing to increase treatment options for glioblastoma 
patients in the future. 

© 2020 Acta Materialia Inc. Published by Elsevier Ltd. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Advances in the treatment of GBM: from standard 

hemotherapy to carmustine wafers and liquid polymers 

Malignant gliomas are tumours that originate in glial cells 

nd represent the most common type of primary brain tumours. 

mong them, glioblastoma multiforme (GBM) is the most promi- 

ent and aggressive brain tumour in adults, classified as grade IV 

umour by WHO [1] (World Health Organization) and presenting 

 poor patient survival prognosis of less than one year. This prog- 

osis is not only due to the severity of the disease but also to the

urdles in the treatment imposed by the localization and biological 

haracteristics of this type of tumour [2] . 
∗ Corresponding author. 
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Systemic treatments of neurological disorders are very challeng- 

ng due to the presence of the blood brain barrier (BBB) which im- 

airs the penetration of drugs into the brain. One of the mech- 

nisms responsible for the selective permeability of the BBB is 

he presence of protein transporters (also known as efflux pumps) 

hat move several molecules, including hydrophobic drugs and 

hemotherapeutics, across the cell membranes and outside the 

rain in an ATP-dependent manner [ 3 , 4 ]. Therefore, both the per-

eability of the BBB and the existence of efflux pumps are respon- 

ible for the difficulty to achieve an effective concentration of drug 

n the brain [5] . Moreover, systemic chemotherapy imposes many 

evere side effects to patients. For this reason, the standard of care 

or GBM, composed of surgical resection followed by radiotherapy 

ombined with oral chemotherapy with temozolomide (TMZ) [6] , 

till needs to be refined to provide better outcomes associated with 

mprovement of quality of life, with less systemic side effects. In 
rticle under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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Fig. 1. Systemic vs local treatment of GBM. 
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ddition, episodes of recurrence and resistance to the chemother- 

peutic drug are very common [7] . Therefore, to avoid all these 

roblems and increase treatment safety and efficacy, new drug de- 

ivery strategies have been proposed against GBM [8] . 

In 1996, the first localized treatment for GBM was approved 

ith the commercial name Gliadel [9] . This drug delivery de- 

ice consists of wafers of Polifeprosan 20 embedded with carmus- 

ine (bis-chloroethylnitrosourea, BCNU). Its development intended 

o improve the treatment outcome and decrease the side effects 

xperienced by patients following systemic chemotherapy. Since 

hen, in some cases the surgical resection of the tumour is fol- 

owed by the local implantation of these wafers. However, the use 

f Gliadel presents some challenges related to the resection area, 

hich is not effectively covered by the wafers, and the low amount 

f drug that can diffuse into the brain reaching the cancer cells 

 10 , 11 ]. For this reason, other local delivery approaches to the brain

re under investigation to improve treatment outcomes ( Fig. 1 ). 

In addition to the likelihood to decrease side effects, local ther- 

py seems convenient for GBM since most of the patients will un- 

ergo surgery as one of the first steps of their treatment. In this 

cenario, formulations consisting of copolymers forming hydrogels 

r polymeric nanoparticles (hydrogel nanoparticles, nanospheres, 

anocapsules, microspheres and micelles), and nanocarriers includ- 

ng metal and inorganic nanoparticles, liposomes, polymeric mi- 

elles and microspheres are gaining more attention as possible 

lternatives in the development of a localized treatment [12] . It 

s important to highlight that, besides the use of hydrogels and 

anocarriers, other approaches have been investigated in the field. 

hey include methods to improve the delivery of drugs such as the 

onvection enhanced delivery (CED) [13] , and the intra-nasal deliv- 

ry of formulations [14] , as one example of strategy to overcome 

he BBB. 

The incorporation of drugs into nanoparticles protects them 

rom degradation while can also provide targeted and controlled 

elease of drugs depending on the characteristics of the nanode- 
90 
ivery system. Moreover, the combination of nanoparticles into hy- 

rogels adds the possibility to combine drugs and to control the 

elivery of not only drugs, but also nanoparticles from the hydro- 

els. 

The use of hydrogels in healthcare devices has many technical 

dvantages. Firstly, many of them allow the solubilisation of hy- 

rophobic drugs. For instance, as demonstrated by Zentner et al . , 

he incorporation of paclitaxel (PTX), a highly hydrophobic drug, 

n a biodegradable triblock copolymer significantly increased drug 

olubility and stability, providing a sustained release during ap- 

roximately 6 weeks [15] . Secondly, encapsulation in hydrogels 

rotects drugs from phagocytic cells and unfavourable environ- 

ental factors that can promote drug degradation. Thus, hydrogel 

ormulations can increase the half-life of chemotherapeutic drugs 

hile reducing the frequency of drug administration and improv- 

ng patient compliance [ 16 , 17 ]. 

To obtain a suitable hydrogel formulation for drug delivery, 

ome material characteristics are important, specifically viscoelas- 

icity and swelling capacity, encapsulation stability and minimal 

oxicity. Other characteristics that may be tuned to improve the 

ormulation include the response to stimulus, passive and active 

argeting, controlled and sustained drug release [18] . 

Many polymers are available to be used in local treatment 

ormulations as hydrogels. Some examples of hydrogel formula- 

ions developed for GBM therapy include poly-NIPAM (poly-N- 

sopropylacrylamide) [19] , alginates [ 20 , 21 ], chitosan [22] and PEI 

polyethylenimine) [23] . Moreover, block copolymers derived from 

he combination of two or more polymers can also be used as hy- 

rogel formulations. Copolymer design considering characteristics 

uch as hydrophobic/hydrophilic ratio, block length and molecular 

eight, influences gel formation, release profiles, degradation and 

iocompatibility, which can be tuned based on hydrogel composi- 

ion [24] . In addition, the sol-gel transition of hydrogels, for exam- 

le, can be controlled by changing the block lengths, the polymers 

atio and concentration [25] . Therefore, these design possibilities 
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Fig. 2. Representative thermosensitive tri-block copolymers and their chemical 

structures. These polymers were used in different formulations for the local treat- 

ment of GBM due to their temperature sensitivity and favourable chemical charac- 

teristics to incorporate drugs and nanocomposites. 
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ake copolymer hydrogels interesting materials for the develop- 

ent of in situ delivery formulations. 

. Thermo-responsive block copolymers 

Hydrogels can be classified according to their structure, me- 

hanical properties, method of preparation and responsiveness to 

n external stimulus. The ones in the latter category are known 

s stimuli-sensitive hydrogels and they can be responsive to pH, 

ight, redox environment, magnetic field, and temperature among 

thers [26] . Specifically, thermo-responsive hydrogels are formed 

n response to changes in the local temperature and can be used 

o deliver drugs and/or diagnostic agents in a controlled and sus- 

ained manner. 

The hydrogel chemical and physical properties influence the 

oading and delivery of compounds. Different mechanisms are re- 

ponsible for the delivery of a drug from a hydrogel and the most 

mportant is passive diffusion. However, there are different models 

o predict release profiles from hydrogels, and these models are 

lassified in three categories: (1) diffusion-controlled, (2) swelling- 

ontrolled, and (3) chemically controlled. Moreover, the structure 

nd consequently the release characteristics of a hydrogel can be 

uned by monomer composition, different degrees of crosslinking 

nd the intensity of external stimuli [27] . Therefore, the possibility 

o build different formulations to achieve the desired delivery pro- 

le has stimulated an increased research in this area, especially for 

iomedical applications [28] . 

For drug delivery purposes, the use of in situ forming hydrogels 

s favourable since this type of gels offers a number of benefits; 

amely, they can be administered in liquid state in the absence 

f a trigger mechanism, and can rapidly undergo gelation after in- 

ection [29] . In this way, implantation by invasive surgical proce- 

ures is avoided. Furthermore, the incorporation of different types 

f drugs to the polymer solution can be achieved by simple physi- 

al mixing [30] . Thermosensitive hydrogels that can undergo an in 

itu gelation process at body temperature have received significant 

ttention for the design of local depots for anticancer drugs due 

o their ease of preparation and administration. In this review, we 

ummarize some types of block copolymers ( Fig. 2 ) and different 

ormulations that were built focused on the treatment of GBM. 

.1. PCL A-PEG-PCL A 

Copolymers of PCLA-PEG-PCLA (poly( ε-caprolactone-co- 

actide)-b-poly(ethylene glycol)-b-poly( ε-caprolactone-co-lactide)) 

ave been used as drug delivery systems in different biomedical 

ormulations since they are biodegradable and biocompatible, and 

herefore suitable for in vivo use. This triblock copolymer has 

hermosensitive properties, which contributes to tuning the load- 

ng and release of small molecules. Besides that, the rheological 

roperties of this hydrogel can be improved to make them more 

uitable for drug delivery applications. 

Several studies investigated and compared the PCLA-PEG-PCLA 

roperties after chemical modification on the polymer chain by 

ifferent capping systems and through blending of the modified 

ystems. Xun et al. synthetized a peptide functionalized hydrogel 

KRGDKK- PCLA-PEG-PCLA- KRGDKK) that kept the thermosensi- 

ive properties while displaying improved rheological characteris- 

ics [31] . The peptide added to the structure contributed with hy- 

rogen bonds to the formation of stronger gels at lower tempera- 

ures, and this characteristic is important to facilitate the use of the 

ydrogels for implantation. Another important improvement was 

he sustained and more prolonged release (over 1 month vs . 10 

ays) of doxorubicin (DOX), which was also attributed to the pres- 

nce of the peptide moiety on the hydrogel structure. 
91 
Petit et al . studied PCLA-PEG-PCLA aqueous solution of un- 

apped (hydroxyl-terminated), hexanoyl [32] , acetyl and propionyl- 

apped [33] copolymers regarding the gelation and degradation 

ehaviours. The degradation and sol-gel transition are very im- 

ortant characteristics for the material applicability and, in these 

tudies, the possibility to modify and mix thermosensitive triblock 

opolymers to build the desired drug delivery formulation was 

hown. They demonstrated that the hydrogel degradation occurred 

hrough dissolution rather than hydrolysis over 280 days depend- 

ng on the hydrogel composition, with the most hydrophobic and 

emi-crystalline copolymers having a slower dissolution. Moreover, 

he composition of the block copolymers provides the possibility 

o tune the temperature for sol-gel transition. 

Besides the thermosensitive property, this copolymer can be 

unctionalized to present other stimuli-responsive characteristics 

uch as pH sensitivity [ 34 , 35 ]. Shim et al. were able to both tune

he pH sensitivity and the biodegradability of PCLA-PEG-PCLA poly- 

ers by adding pH-sensitive sulfamethazine oligomers (SMOs) to 

ither end of the block polymer. The constructed polymer un- 

ergoes sol-gel transition at physiological conditions (pH 7.4 and 

7 °C). This modified hydrogel was then tested for the ability to in- 

orporate and deliver PTX to tumour-bearing mice through sub- 

utaneous injections [36] . The effect of drug incorporation on the 

ydrogel properties was studied and it was shown that regardless 

f the PTX amount loaded into the hydrogel, the sustained drug 

elease was maintained, although the gelation temperature shifted 

o lower temperatures in highly loaded gels (10 mg/ml PTX). These 

haracteristics are important regarding the practical aspect of ad- 

inistration in a clinical setting. 

Therefore, the formulation containing 5 mg/ml PTX that main- 

ained the sustained drug release and the sol-gel transition sim- 

lar to the unloaded gel was considered the most suitable for 

n injectable treatment. In vivo evaluation of the formulations in 
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Fig. 3. Oncogel vs TMZ/radiation therapies. Efficacy of intracranial TMZ or oral TMZ in combination with OncoGel with or without radiation on Fischer-344 rats. Median 

survivals: Control- 15 days; Radiation Day 5- 19 days; Oral TMZ on Days 5-9- 28 days; OncoGel 6.3 on Day 0- 33 days; TMZ polymer Day 5 – 35 days; OncoGel 6.3 

+ radiation- 85% long term survivors; TMZ polymer + radiation- 70 days; OncoGel 6.3 + oral TMZ 57% long-term survivors; OncoGel 6.3 + TMZpolymer + radiation – 75% 

long-term survivors; Oral TMZ + radiation – 35 days; OncoGel 6.3 + TMZ polymer and OncoGel 6.3 + oral TMZ + radiation – 100% long-term survivors. Reproduced with 

permission. [40] 2013, Springer Nature . 
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Table 1 

Physicochemical characteristics of some Pluronic copolymers [45–47] . 

Pluronic copolymers Molecular weight HLB a CMC (M) b 

F 127 12,600 22 2.8 × 10-6 

P 85 4,600 16 6.5 × 10-5 

P 103 4,950 9 6.0 × 10-6 

P105 6,500 15 6.2 × 10-6 

P 123 5,750 8 4.4 × 10-6 

a HBL: hydrophilic-lipophilic balance. 
b CMC: critical micelle concentration. 
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57BL/6 male mice bearing tumours in the left flank showed a 

ignificant decrease in tumour volume as compared to the control 

roup (saline – 17 cm3) and PTX hydrogel treated groups (smaller 

han 7 cm3) after 2 weeks of treatment. This result was confirmed 

y TUNEL analysis of apoptotic cells, which were very prominent 

n PTX hydrogel treatment but not in the control group. 

.2. PLGA-PEG-PLGA 

Poly(D,L-lactic-co-glycolic acid)-(polyethylene glycol)-poly(D,L- 

actic-co-glycolic acid) (PLGA-PEG-PLGA) polymers have been ex- 

ensively studied as drug delivery systems for poorly water solu- 

le drugs and drug combination therapy. In this class of polymers, 

he triblock thermosensitive copolymer named ReGel TM is one of 

he most commonly used. This hydrogel has been studied as a 

otential drug delivery vehicle against various solid tumours such 

s breast cancer, oesophageal cancer, spinal cancer, peritoneal and 

varian cancer, and high-grade gliomas [37] . 

Regarding GBM, ReGel TM was loaded with PTX, originating a 

ommercial product named OncoGel TM , which is in clinical trials 

38] . OncoGel TM has been studied as a monotherapy and as combi- 

ation therapy with TMZ or radiation ( Fig. 3 ). For instance, Tyler et

l. treated mice intracranially implanted with 9L gliosarcoma cells 

ith different OncoGel formulations or ReGel (with no drug, as 

egative control) to investigate the synergistic effects of OncoGel 

nd radiation therapy in comparison with each therapy alone [39] . 

he results demonstrated that the group treated with OncoGel had 

xtended survival periods compared with the group treated with 

eGel. Moreover, the authors demonstrated that the group treated 

ith both OncoGel and radiotherapy had the longest survival pe- 

iod (31 days), improving the results obtained with OncoGel (17 

ays) or radiotherapy alone (26 days). In another study with 9L 

liosarcoma xenografts, Vellimana et al . treated mice with an indi- 

idual therapy of OncoGel, TMZ (oral therapy or poly (1,3-bis-[p- 

arboxyphenoxy propane]-co-[sebacic anhydride]) local implant), 

adiotherapy or combinations of these therapies [40] . It was shown 

hat the combination of OncoGel and TMZ was more effective than 

he individual treatments. Moreover, the addition of radiotherapy 

o the combination treatment with oral TMZ significantly improved 

he therapeutic outcome, as 100% of the animals were alive at the 

nd of the study (120 days). Furthermore, a similar outcome was 
92 
btained for the group treated with OncoGel and an intracranial 

mplant of TMZ. 

.3. Pluronics 

Linear Pluronic, also known as poloxamers, are non-ionic am- 

hiphilic triblock copolymers. They are composed of poly(ethylene 

xide) and poly(propylene oxide) ordered as an ABA triblock 

opolymer (PEO-PPO-PEO) with thermo-reversible properties in 

queous solutions. Pluronics can be used as hydrogels in injectable 

nd topical formulations. For instance, a thermogel application of 

luronic copolymers include vaginal formulations to deliver am- 

hotericin B locally taking advantage of the relative in vivo stability 

f this system [41] . They can also form and are most used as mi-

ellar systems for drug delivery [42] . 

Pluronic copolymers can self-assemble into polymeric micelles 

bove their critical micellar temperature (CMT) forming nanodeliv- 

ry systems. The polymeric micelles formed can incorporate hy- 

rophobic drugs and this is directly dependent on the copoly- 

er composition. The size and composition ratio between the hy- 

rophilic (PEO) and the hydrophobic (PPO) chains influence the 

olubilisation of different types of drugs as well as their release 

haracteristics [43] . Drug release is also controlled by polymer dis- 

olution rate which can be tuned by the polymer concentration 

44] . Some types of poloxamers and their physicochemical char- 

cteristics are summarized in Table 1 [45–47] . 

The encapsulation of drugs in the core of these polymers al- 

ows the delivery of hydrophobic drugs to tumour sites while the 

ydrophilic surface protects the drug from degradation and in- 

ctivation. Therefore, hydrophobic drugs, such as genistein, PTX 
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Fig. 4. Pluronic micelles release of hydrophobic drugs. Release profiles of (A) genistein, (B) paclitaxel, and (C) quercetin from 1% ( ◦) P103 and ( �) P123 at 37 °C. Reproduced 

with permission. [48] 2017, Elsevier. 

Fig. 5. Pluronic copolymers are non inert drug delivery vehicles. Effects of P85 on (A) intracellular ATP levels; and (B) cell survival in resistant MCF-7/ADR (filled circles) 

and sensitive MCF-7 (empty circles). (C) Effects of P85 on IC50 of doxorubicin (filled symbols) and ATP intracellular levels (empty symbols) in KBv cells. (D) Schematic on 

the Pluronic copolymer effects in MDR cells. Reproduced with permission. [50] 2008, Elsevier and [51] . 2001, Springer Nature (Creative Commons copyright). 
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nd quercetin were already incorporated in different Pluronic mi- 

elles [48] . The solubility of these drugs was higher in moder- 

tely hydrophobic Pluronics P103 and P123, and was favoured by 

ncreased temperature and salt concentration. The release of the 

rugs from the micelles fits a first-order model equation. There- 

ore, the drugs are released in a sustained manner from the mi- 

elles mainly through diffusion ( Fig. 4 ). Pluronics have also been 

pplied as gene delivery systems and it has been proposed that 

oth physical forms of the material, the micellar solution and the 

el, can contribute differently to the gene transfection capability of 

he system [49] . 

Some studies have shown that Pluronic copolymers are not 

nert drug delivery vehicles ( Fig. 5 ). The effect of Pluronic ad- 

inistration on several cell processes includes inhibition of ef- 

ux transport, activation of glutathione/glutathione S-transferase 
93 
etox system and drug sequestration on vesicles, among others 

50] . For example, Batrakova et al . showed that Pluronic P85 acts 

s a chemosensitizer agent in multi drug resistant (MDR) cancer 

ells making them more sensitive to DOX. Using Pgp expressing 

embranes, they demonstrated that the Pluronic effect is due to 

oth ATP depletion and Pgp ATPase activity inhibition [51] . Impor- 

antly, the authors highlight that the drug resistance mechanisms 

n these cells are coupled with other factors, such as activation 

f glutathione/glutathione S-transferase detoxification system, that 

ramatically increases the energy requirements of these cells, also 

ontributing to the Pluronic cytotoxic effects observed. 

Besides the ability to take advantage of passive targeting due 

o their nanometric size, Pluronic polymeric micelles have been 

ngineered as targeted drug delivery systems able to cross the 

BB. Niu et al. designed Pluronic P105 micelles with two targeting 



L.C.S. Erthal, O.L. Gobbo and E. Ruiz-Hernandez Acta Biomaterialia 121 (2021) 89–102 

m

s

W

c

i

c

h

D

w

c

D

T

v

i

m

a

t

e

m

p

p

t

i

c

c

P

t

i

n

F

g

t

d

b

p

c

t

A

3

v

c

n

a

e

e

p

M

c

t

t

t

o

g

r

c

h

h

u

f

[

d

d

r

u

c

e

h

r

b

a

t

t

m

t

m

m

c

a

t

a

3

s

l

[

p

o

w

h

a

b

f

f

w

g

a

t

g

i

g

t

c

o

[

w

N

v

c

a  

p

l

i

e

s

i

p

o

b

n

s

P

oieties, glucose and folic acid, and evaluated the dual-targeting 

ystem loaded with DOX (GF-DOX) in brain tumour models [52] . 

hile glucose can increase the BBB penetration through the glu- 

ose receptor in the brain, folic acid can target its receptor present 

n glioma cells. Using an in vitro BBB model of murine brain mi- 

rovascular endothelial cells (BMVECs), they observed a 5 times 

igher transportation of the glucose modified micelles loaded with 

OX (GP-DOX) compared to free DOX, and a decrease in transport 

hen an excess of glucose was present. Moreover, rat C6 glioma 

ells showed higher uptakes of folic acid modified micelles (FP- 

OX) compared to non-modified micelles (P105-DOX) and GP-DOX. 

he dual-target micelles (GF-DOX) decreased C6 cell viability in 

itro by more than 80% and, after an intravenous administration 

n C6 intracranial tumour model, it significantly decreased the tu- 

our volume compared to mice treated with P105-DOX, GP-DOX 

nd FP-DOX (approximately 7.5, 3.5 and 4 times smaller, respec- 

ively). 

In another example of active targeting with Pluronics, Zhang 

t al. proposed a folate functionalization of Pluronic P123/F127 

ixed micelles (FPF) [53] . The functionalized micelles loaded with 

aclitaxel (FPF-PTX) showed higher cell uptake of drug com- 

ared to the non-functionalized micelles, while also increased 

he blood circulation time compared to the free drug. Interest- 

ngly, the authors observed the co-localization of the uptaken mi- 

elles and mitochondria, which are important organelles for both 

ell metabolism and cell death. Therefore, the co-localization of 

luronic micelles with mitochondria highlights the dual effect of 

he targeted micelles interfering on cell metabolism and cell death 

nduction through mitochondria sensing and protein release. Fi- 

ally, in the in vivo efficacy test against MDR tumour bearing mice, 

PF-PTX showed superior results regarding inhibition of tumour 

rowth likely due to both active targeting and the chemosensi- 

ization effect of the Pluronic system. Additionally, Pellosi et al . 

emonstrated that Pluronics can be used as delivery systems of 

oth drugs and photosensitizer molecules, which normally are very 

oorly soluble in water [54] . In this report, Pluronic P123/F127 mi- 

elles loaded with the isomers mixture of benzoporphyrin deriva- 

ives (BPDMA and BPDMB) showed photo-toxicity against HeLa and 

549 cells. 

. Hydrogel formulations for localized treatment of GBM 

For biomedical applications, hydrogels are being used to de- 

elop several formulations with enhanced physicochemical, me- 

hanical and biological properties. These formulations can include 

ot only drugs but also NPs, cells, nucleic acids and diagnostic 

gents ( Table 2 ). For instance, the combination of two drug deliv- 

ry platforms, hydrogel and NPs, may prevent the burst release of 

ncapsulated drugs and extend the release period, thus decreasing 

otential adverse effects and increasing drug bioavailability [55] . 

oreover, the incorporation of nanostructures into hydrogel matri- 

es may alter the hydrogel physicochemical properties, providing 

ailored functionalities and an improved drug delivery efficiency of 

he composite [56] . A significant advantage of hydrogel formula- 

ions and, specifically, thermosensitive hydrogels, is the formation 

f a localized therapeutic depot that can be implanted after sur- 

ical resection of a tumour for prevention of metastasis or recur- 

ence. 

Recently, hydrogel research for GBM treatment has been fo- 

used on two main areas, hydrogel formulations for treatment and 

ydrogels for brain tumour cell culture [57] . In the latter approach, 

ydrogels are being used in the development of in vitro models to 

nderstand the blood brain barrier [58] , to develop test platforms 

or different therapeutic modalities such as Photothermal Therapy 

59] and to establish 3D models of tumours [ 60 , 61 ] using patient 

erived cells or established cell lines aiming to understand tumour 
94 
evelopment and drug resistance in a mimic tumour microenvi- 

onment. 

Regarding the therapeutic application, hydrogels are mainly 

sed as drug delivery systems. Specially, hydrogels are used in drug 

ombination therapies such as the most recent development of an 

nzyme-responsive hydrogel loaded with TMZ and an MGMT in- 

ibitor (O6-benzylamine) that sensitizes TMZ resistant cells after 

esection surgery in vivo, decreasing recurrence [62] . Besides com- 

ination therapies, drug penetration into the brain parenchyma is 

nother concern and hydrogels are being designed to help solve 

his problem. Wang et al. designed a hydrogel based on a pene- 

rating cyclic peptide covalently linked to two camptothecin drug 

olecules, which can also encapsulate other drugs for combined 

herapy [63] . The formulation improves penetration and antitu- 

our effect in vitro on spheroids and in vivo . Other recent develop- 

ents include a copolymer formulation that maintains high local 

oncentrations of PTX in vivo [64] and a camptothecin-based self- 

ssembling hydrogel [65] . These formulations, applied locally after 

umour resection, showed effect on suppressing tumour recurrence 

nd prolonging survival in mice GBM resection models. 

.1. Hydrogels loaded with drugs 

One of the earliest studies to investigate the potential of in 

itu forming thermo responsive hydrogels as local depots to de- 

iver a chemotherapeutic drug is the research work by Arai et al . 

66] They incorporated DOX in a thermo responsive hydrogel com- 

osed of PEG and poly-N-isopropylamide, and the anticancer effect 

f the formulation was tested in T98 and U87 GBM cell lines as 

ell as in a mice model with a subcutaneous U87 xenograft. The 

ydrogel triggered significant apoptosis on both cell lines in vitro 

nd decreased the tumour weight when locally injected in mice. 

In an attempt to develop a novel local drug delivery system, Ak- 

ar et al . designed a hydrogel system composed of PLGA with dif- 

erent common plasticizers, to locally deliver TMZ to tumour cells 

ollowing tumour resection surgery [67] . In the study, U87 cells 

ere implanted in mice, and after 35 days the tumours were sur- 

ically removed followed by the hydrogel injection in the resected 

rea. There were no significant differences in adverse effects be- 

ween control groups and groups treated with TMZ-loaded hydro- 

els. However, in terms of treatment efficacy, the tumour weight 

n groups injected with hydrogels decreased up to about 95%. 

Another innovative system, based on a lipid nanocapsule hydro- 

el composed of a triglyceride core surrounded by a shell con- 

aining two surfactants (Span 80 and Kolliphor HS15) and the 

hemotherapeutic agent lauroyl-Gemcitabine (GemC12), was devel- 

ped to be locally delivered in the treatment of brain tumours 

 68 , 69 ]. The intratumoral injection of the hydrogel formulation was 

ell tolerated in the GBM in vivo models used (nude mice and 

MRI mice). Furthermore, a significant increase in the median sur- 

ival of groups treated with the hydrogel (62 days) compared to 

ontrol groups (no treatment – 35.5 days) was observed as well 

s a lower rate of tumour recurrence. The group of Chen et al . re-

orted on a different phospholipid based gel system aimed to de- 

iver PTX [70] . The formulation, liquid at room temperature, turns 

nto a gel upon injection into the tumour due to diffusion of the 

thanol that is included in the formulation. PTX was delivered in a 

ustained manner, and the gel was well tolerated and significantly 

ncreased the median survival of C6 tumour bearing mice com- 

ared to mice receiving no treatment (26.5 days versus 15.5 days) 

r local injections of free drug (18 days). 

Erkoc et al . proposed a dual therapy for GBM through the com- 

ination of a degradable hydrogel loaded with free TRAIL (tumour 

ecrosis factor α-related apoptosis-inducing ligand) and a TRAIL 

ensitizer drug, quinacrine [71] . The hydrogel was composed of 

EG particles that were sensitive to matrix-metalloproteinases, se- 
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Table 2 

Hydrogel formulations tested for GBM treatment in in vitro and in vivo models. 

Polymer composition Main features 

Drugs/small molecules/genetic 

material In vitro tested cell line In vivo model Reference 

PCLA-PEG-PCLA end capped 

with the pH-sensitive 

sulfamethazine oligomers 

(SMOs) 

The formulations showed a significant decrease in 

tumour volume in vivo comparing to the control group 

(no treatment) 

Paclitaxel – C57BL/6 male mice bearing 

tumours in the left flank 

[36] 

Oncogel (PLGA -PEG -PLGA) In vivo treatment with OncoGel and radiotherapy 

increased the survival period (31 days) compared to both 

treatments alone (OncoGel – 17 days and radiotherapy –

26 days) 

Paclitaxel 9L gliosarcoma cells Female Fischer-344 rats 

intracranially implanted with 

9L gliosarcoma cells 

[39] 

Oncogel (PLGA -PEG -PLGA) The combination of OncoGel and TMZ was more effective 

than the individual treatments. 

Paclitaxel/TMZ – Female Fischer-344 rats 

implanted with 9L gliosarcoma 

cells 

[40] 

Pluronic P85 Pluronic P85 causes ATP depletion and Pgp ATPase 

inhibition on cells acting as a chemosensitizer. 

Doxorubicin Multi drug resistant cancer 

cells (MDR cells) 

- [51] 

Pluronic P105 The Pluronic polymeric micelles were modified with two 

target molecules, glucose and folic acid. Intravenously 

administered formulation significantly decreased the 

tumour volume in mice. 

Doxorubicin Murine brain microvascular 

endothelial cells (BMVECs) and 

rat C6 glioma cells 

Male Institute of Cancer 

Research (ICR) mice implanted 

with C6 cells 

[52] 

Pluronic P123/F127 micelles 

mixture 

The Pluronic micelles were functionalized with folate. 

The formulation inhibited tumour growth in vivo . 

Paclitaxel KBv and KB cells and A-549 

cells 

Mice subcutaneously 

implanted with KBv cells on 

the flank 

[53] 

PEG and 

poly-N-isopropylamide 

The hydrogel triggered significant apoptosis in vitro and 

decreased the tumour weight when locally injected in 

mice. 

Doxorubicin T98 and U87MG GBM cell 

lines 

Male BALB/c nude mice model 

with a subcutaneous U87 

grafted tumour 

[66] 

PLGA with different common 

plasticizers 

The tumour weight in groups injected with drug-loaded 

hydrogels decreased up to about 95%. 

Temozolomide C6 and U87MG GBM cell lines Adult PRKDC CB-17 mice 

model with subcutaneous 

U-87 cell-grafted tumour and 

adult Wistar rats with C6 cells 

intracranial tumour 

[67] 

Triglyceride core surrounded 

by a shell containing two 

surfactants (Span 80 and 

Kolliphor HS15) 

The formulation promoted a significant increase in the 

median survival of groups treated with the hydrogel (62 

days) compared to control groups (no treatment – 35.5 

days) and a lower rate of tumour recurrence. 

Lauroyl-Gemcitabine 

(GemC12) 

U251, T98G and U87MG 

glioma cells 

Nude mice and NMRI mice [ 68 , 69 ] 

Phospholipid based gel system The gel system significantly increased the median 

survival of C6 tumour bearing mice compared to mice 

receiving no treatment (26.5 days versus 15.5 days) or 

local injections of free drug (18 days). 

Paclitaxel - Male Balb/c mice intracranially 

implanted with C6 cells 

[70] 

PEG hydrogel The PEG particles are surface functionalized with RGDS 

peptide and it is sensitive to MMP2. 

The formulation showed synergistic effect between the 

components and induced apoptosis gene expression in 

vitro . 

Quinacrine-loaded particles 

and free TRAIL 

U87MG cells - [71] 

Alginate gel matrix The gel matrix entrapped PLGA microspheres had a 

sustained release of drug (over 60 days) and reduced 

tumour volume more effectively than Taxol. 

Paclitaxel C6 cells BALB/c nude male mice 

subcutaneously injected with 

C6 cells 

[20] 

( continued on next page ) 
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Table 2 ( continued ) 

Polymer composition Main features Drugs/small molecules/genetic 

material 

In vitro tested cell line In vivo model Reference 

PLGA (Poly Lactic-co-Glycolic 

Acid) 

PLGA nanofiber discs promoted a deeper penetration of 

drug into the tumour, inhibiting tumour growth in vivo 

more effectively compared to PLGA microspheres. 

Paclitaxel - BALB/c nude mice 

intracranially implanted with 

U87 MG-luc2 

[21] 

Polyethylene glycol (PEG) and 

poly-N-isopropylacrylamide 

PLGA microspheres were mixed with the thermosensitive 

hydrogel and 

the formulation significantly increased the survival period 

of animals compared with both the hydrogel (placebo) 

and drug-loaded hydrogel without the microspheres. 

Camptothecin and vincristine - Mice models bearing C6 

glioma tumours (Male 

Sprague–Dawley rats) 

[72] , [73] 

Poly(N-isopropylamide-co-n- 

butylmethacrylate) 

(poly(NIPAAm-co-BMA) and 

PEG 

The formulation containing polymeric microspheres or 

liposomes loaded with drug had a more sustained release 

compared to free drug into the gel, and inhibited tumour 

growth. 

Doxorubicin U87MG, LN229 and G55 cells Nude mice subcutaneously 

implanted with U87MG cells 

[75] 

PEG-dipalmitoyl-phosphatidyl- 

ethanolamine 

(m-PEG-DPPE) 

Calcium phosphate nanoparticles (NPs) were included in 

the formulation and provided a sustained drug delivery 

and significantly increased the survival rate of rats. 

Paclitaxel and temozolomide C6 cells SPF male Wistar rats bearing 

C6 gliomas (after resection) 

[76] 

Poly(ethylene glycol) 

dimethacrylate and 

Lucirin-TPO, a photoiniator 

Drug loaded PEG-PCLA micelles were incorporated into 

the hydrogel formulation, which induced higher extent of 

apoptosis in vivo compared to mice treated with systemic 

TMZ. 

Temozolomide - Female athymic nude 

subcutaneously injected with 

U87MG cells 

[77] 

Poly(ethylene 

glycol)-g-chitosan hydrogels 

T-lymphocyte cells infiltrated better and retained their 

cytotoxic activity against U87 cells compared to Matrigel. 

U87MG - [22] 

Nanogel of cholesteryl 

pullulan (CHP) 

The nanogel formulation with a peptide antigen triggered 

an immune response against syngeneic tumours in mice. 

The nanogel was already tested in clinical trials. 

Peptide antigen - Female BALB/c mice 

subcutaneously injected with 

the vaccine 

[80] 

Cationic polymer composed of 

RGD peptide and 

Polyethylenimine (PEI) 

(RGD-PEG-SS-PEI) 

The intravenous administration in mice bearing U87 

tumours showed an efficient targeting to the brain after 

analysis of reporter gene systems. 

pDNA complexes U87MG cells Nude mice intracranially 

implanted with U87MG cells 

[83] 

Dexamethasone-conjugated- 

polyethylenimine 

(PEI-Dexa) 

The combination between the polymer carrier and the 

gene vector was more effective in reducing the tumour 

volume compared to the polymer alone (three times less 

effective) or combined with a non-specific plasmid 

sequence (twice less effective). 

Plasmid carrier for nestin 

intron 2 (NI2) and 

erythropoietin enhancer 

C6 and U87MG GBM cell lines Subcutaneous (Balb/cSlc nude 

mice) and intracranial (male 

Sprague −Dawley rats) models 

of GBM 

[84] 

mPEG-PEI polymers The formulation promoted higher transfection both in 

vitro (almost 2-fold targeting enhancement in U87 cells) 

and in vivo in nude mice bearing U87 tumours. 

Target peptide sequence 

(retro-inverso CendR peptide 

(D(RPPREGR)) 

U87MG cells Male BALB/c nude mice 

intracranially implanted with 

U87MG cells 

[23] 

Poly(organophosphazene) 

hydrogel 

The hydrogel formulations containing cobalt ferrite 

nanoparticles generated higher inhibition effects on 

tumour growth (up to 48% decrease) compared with the 

chemotherapeutic drug only, and suitable MRI 

contrast-enhancing effects. 

7-ethyl-10- 

hydroxycamptothecin 

(SN-38) 

NIH3T3 mouse embryo 

fibroblast cells and U87MG 

cells 

6-week-old 

female BALB/c-nu mice (U87 

ectopic xenograft model and 

orthotopic brain tumour 

model) 

[85] 

Carboxymethyl cellulose 

(CMC)-grafted 

poly(N-isopropylacrylamide 

co-methacrylic acid) 

The formulation includes albumin nanoparticles loaded 

with paclitaxel. 

The theranostic formulation increases the average in vivo 

survival compared to the control group from 18 to 63 

days (MBR-641 models) and from 27 to 69 days (U87 

models). 

gadolinium/epirucibin 

/paclitaxel 

MBR 614 human brain tumour 

cell 

C57BL/6 and Nu/Nu mice 

subcutaneously implanted 

with MBR-614 or U87MG cells 

[19] 

9
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Fig. 6. Nanoparticles loaded into hydrogels provide a more sustained release of drugs over time. (A) In vitro release of paclitaxel from different formulations of the alginate 

beads. 80% (w/w) microsphere-loaded alginate beads and paclitaxel-loaded beads; the prefixes H, M and L refer to the extent of crosslinking in the beads (high, medium and 

low). H80P, M80P, L80P refer to paclitaxel-loaded beads with equivalent amount of paclitaxel as compared to its microsphere loaded beads. Reproduced with permission. [20] 

2009, Springer Nature. (B) in vitro release of paclitaxel from 9.1% paclitaxel-loaded F3 discs, 9.1% paclitaxel-loaded F2 discs, H80 and M80 beads [From previous Ref. [20] and 

Reproduced with permission. [21] 2010, Elsevier. (C) Cumulative release profiles of PTX from PTX NPs, PTX:TMZ NPs and nanocomposite gel (D) Cumulative release profiles 

of TMZ from TMZ NPs PTX:TMZ NPs and nanocomposite gel. Reproduced with permission. [76] 2017, Taylor & Francis. 
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reted by the tumour cells, and were functionalized with target- 

ng RGDS peptides. The authors proved the in vitro synergistic ef- 

ect between the quinacrine-loaded PEG particles and TRAIL, also 

howing that the treatment induces apoptosis specific gene expres- 

ion in U87 cells. 

.2. Hydrogels loaded with drug-loaded micro/nanoparticles 

The properties and applicability of drug-loaded hydrogel formu- 

ations can be improved by the combination with different types of 

articles. The addition of a particulate component opens the pos- 

ibility to combine different chemotherapeutic agents in the same 

ormulation, and allows the exploitation of additional ways to con- 

rol and target the drug release ( Fig. 6 ). For instance, Ranganath 

t al . developed an implant formed by an alginate gel matrix en- 

rapping PTX-loaded PLGA microspheres [20] . The incorporation of 

icrospheres in a gel matrix resulted in formulations with a highly 

ustained in vitro release profile of PTX of more than 60 days at 

 near-constant rate and with a minimum initial burst. Moreover, 

hen implanted subcutaneously in mice, it reduced the tumour 

olume more effectively than Taxol, demonstrating its potential as 

 local chemotherapy for glioma treatment. 

The same group compared these PTX-loaded PLGA microspheres 

ntrapped in alginate hydrogel matrices with PTX-loaded PLGA 
97 
anofiber discs [21] . At this time, the formulations were intracra- 

ially implanted in BALB/c nude mice with glioblastoma xenografts 

U87 MG-luc2). They observed that the nanofiber discs formula- 

ions had a higher release rate in vitro and provided deeper pen- 

tration of drug in the tumour, inhibiting tumour growth in vivo 

ore effectively compared to the formulations developed previ- 

usly. This result was attributed to a higher drug concentration at 

he implant surface. In a typical post-surgical chemotherapy regi- 

en, the initial tumour growth inhibition will be critical to slow 

own the rate of glioma recurrence, thereby inhibiting migration 

nd invasion into healthy brain tissue. Thus, the authors concluded 

hat these implants could improve the treatment outcome for re- 

urrent GBM. 

Using a similar approach, Ozeki et al . designed a system in 

hich PLGA microspheres loaded with camptothecin were mixed 

ith a thermosensitive polymer composed of PEG and poly- N - 

sopropylacrylamide [72] . The in vivo assessment using rat mod- 

ls bearing C6 glioma tumours showed that the formulation sig- 

ificantly increased the survival period of animals compared with 

oth the hydrogel (placebo) and drug-loaded hydrogel without 

he microspheres. It was shown that the formulation with micro- 

pheres had higher retention times up to 14 days, which could 

ontribute to enhance therapeutic outcomes. They also showed 
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hat the microsphere-hydrogel composites may act as local de- 

ot after tumour resection surgery and different chemotherapeu- 

ic drugs can be incorporated into the gel, for example, camp- 

othecin and vincristine, improving the survival period of the in 

ivo model (Male Sprague–Dawley rats bearing C6 intracranial tu- 

ours) [ 73 , 74 ]. 

Another example of hydrogel nano/micro-composites was de- 

eloped by Arai et al . combining polymeric microspheres or 

iposomes loaded with DOX with a thermo-reversible gela- 

ion polymer (TGP), composed of poly( N -isopropylamide- co - n - 

utylmethacrylate) (poly(NIPAAm-co-BMA) and PEG [75] . In vitro 

esults using U87MG, LN229 and G55 cells confirmed that TGP 

lone is non-toxic to glioma cell lines and that the DOX released 

rom the TGP, liposomes and spheres retains its biological effect. 

n subsequent in vivo studies, the antitumour effect was evaluated 

n subcutaneous human glioma xenografts in nude mice. The free 

OX entrapped in TGP was released faster than from the TGP com- 

ined with DOX-loaded spheres (2.5x times) or liposomes (4.3x 

imes), which presented a more sustained drug release up to 30 

ays and, therefore, inhibited tumour growth up to 32 and 38 days, 

espectively. 

More recently, Ding et al . developed an injectable thermo 

esponsive hydrogel based on PEG-dipalmitoyl-phosphatidyl- 

thanolamine (m-PEG-DPPE) and calcium phosphate NPs that 

rovided a sustained and local delivery of both PTX and TMZ [76] . 

he formulation was able to inhibit C6 cell proliferation in vitro 

nd significantly increased the survival rate of rats bearing C6 

liomas, which were injected with the hydrogel formulation after 

umour resection. 

Photopolymerisation methods have also been used to design 

ydrogel-nanostructure composites for the treatment of GBM. 

n the research by Fourniols et al., PEG Poly( ε-caprolactone-co- 

rimethylene carbonate) micelles loaded with TMZ were added to 

 polymer solution containing poly(ethylene glycol) dimethacrylate 

nd Lucirin-TPO as photoiniator [77] . The formulation was locally 

njected in female athymic nude mice and UV light was applied 

o induce the polymerization reaction, forming the local gel de- 

ot at the tumour site. The in vivo results showed that the tu- 

ours from mice treated with the hydrogel-nanostructure formu- 

ation were significantly lighter, and a higher extent of apoptosis 

as observed compared to mice treated with systemic TMZ. 

Taken together, these results confirm the advantages of a local- 

zed and combined strategy. On one hand, local administration can 

nsure the therapeutic dose maintenance at the tumour site. On 

he other hand, the NPs ensure a sustained and prolonged release 

f drugs to remaining or recurrent tumour cells. Therefore, this 

ombination holds significant promise in the treatment of GBM. 

.3. Hydrogels for cancer immunotherapy 

Immunotherapy is a modern and attractive approach in can- 

er treatment that attempts to stimulate the patient immune sys- 

em to specifically reject and destroy tumours with minimal harm 

o healthy tissues. Thermosensitive hydrogels are not only able 

o carry small molecules and micro or nanoparticles but have 

lso been reported to act as depots for immune cells-based ther- 

py. Tsao et al . designed a thermosensitive poly(ethylene glycol)- 

-chitosan hydrogel that was able to support the penetration of 

-lymphocyte cells [22] . The hydrogel showed better compatibility 

or the infiltration and release of T-lymphocyte cells when com- 

ared to Matrigel, likely due to its bigger pore size (0.5 −1 μm vs 

.1-0.5 μm pore size distribution). Moreover, the cells retained 

heir cytotoxic activity against U87 glioblastoma cell line. Although 

n vivo studies were not carried out, these results may lead to the 

evelopment of a novel localized immunotherapy for glioblastoma 

r other CNS disorders. 
98 
Another immunotherapeutic approach studied for cancer treat- 

ent is the development of vaccines. Cancer vaccines aim to 

timulate the immune system to act against cancer cells. How- 

ver, some improvements are needed to get the desired immuno- 

enicity for the formulations [ 78 , 79 ]. Muraoka et al . developed a

ancer vaccine using a nanogel of cholesteryl pullulan [80] . The 

anogel loaded with a peptide antigen was selectively internalized 

y macrophages in lymph nodes of female BALB/c mice subcuta- 

eously injected with the vaccine. In addition, they showed that 

he macrophages could present the antigen to T cells, triggering 

he immune response against syngeneic tumours transplanted into 

he mice. Importantly, this nanogel system was already tested in 

linical trials that confirm its safety and efficacy. 

The above mentioned research works introduce new develop- 

ents regarding immunotherapy and cell therapy against cancer. 

hey show that hydrogels can be used both as cell supporting sys- 

ems in vitro and as cell delivery vectors. The biocompatibility of 

hese materials would allow their incorporation into new treat- 

ents for GBM and other tumour types. 

.4. Hydrogels loaded with DNA/RNA 

Different strategies to deliver gene sequences have been devel- 

ped and evaluated in the past years [81] . Polymers have been 

resented as a feasible strategy to increase the transfection ef- 

ciency of gene therapies, exploring stimuli-responsive and tar- 

eting mechanisms. For this purpose, oligonucleotides have been 

oaded or attached to hydrogel NPs using a range of approaches. 

or instance, Ma et al . attached siRNA to hydrogel NPs via disul- 

hide bonds to improve the systemic and controlled delivery of 

ene therapy [82] . In this design, the siRNA release is respon- 

ive to reductive conditions. The developed material was tested 

n vitro using luciferase-expressing HeLa cells, and the inhibi- 

ion of luciferase expression was observed upon treatment with 

he siRNA conjugated hydrogel NPs. In vivo tests were conducted 

ith C57BL/6 mice, showing the efficiency of transfection (at both 

RNA and protein level) through gene silencing of the Coagula- 

ion factor VII (FVII) produced by hepatocytes. Exploring the same 

rinciple with disulphide linkages, Lei et al . developed a non-viral 

ene delivery vector aimed to treat GBM [83] . A cationic polymer 

omposed of RGD-PEG linked to polyethyleneimine (PEI) through a 

isulphide bond (RGD-PEG-SS-PEI) was synthesized. The PEG moi- 

ty was used to both decrease the polymer toxicity and increase 

he transfection efficiency. The superior performance of the re- 

ucible targeted gene vector was confirmed in vitro in U87 cells, 

nd in vivo after intravenous administration in nude mice bearing 

87 tumours. The analysis of reporter gene systems in the mice 

rgans after polymer administration showed an efficient targeting 

o the brain. 

Alternative stimuli-responsive strategies that take advantage of 

athological characteristics of the tumour, such as hypoxic condi- 

ions, have been reported. Using dexamethasone-conjugated PEI as 

lasmid carrier, Kim et al . developed a specific therapy for GBM 

hat combines two different regulatory elements, the nestin intron 

 (NI2), which has increased gene expression in glioblastoma, and 

he erythropoietin enhancer, which has increased expression under 

ypoxia, to deliver a suicide gene to the tumour [84] . They con- 

rmed the specificity of their constructs and the cytotoxicity pro- 

oted by the delivered gene in C6 and U87 GBM cell lines. More- 

ver, in vivo subcutaneous and intracranial models of GBM showed 

esponse to this gene delivery therapy. Indeed, the study showed 

hat the combination between the polymer carrier and the gene 

ector was more effective in reducing the tumour volume com- 

ared to the polymer alone (three times less effective) or com- 

ined with a non-specific plasmid sequence (twice less effective). 
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Fig. 7. Theranostic hydrogels. (A) Schematic illustration of the theranostic formulation proposed by Lin et al . [19] 2017, Ivyspring International Publisher (Creative Commons 

copyright). (B) MRI contrast-enhanced T1 images of (left) hydrogel and (right) hydrogelGd implanted in tumor-bearing mice. (C) The reduction of MR T1 intensity of BSA 

NPs-incorporated hydrogelGd in tumour site. (D) Tumour growth curves of mice bearing U87 tumours after surgical operation then treatment with BSA NPs incorporated 

hydrogelGd or hydrogelGd/EPI or BSA/PTX NPs incorporated hydrogelGd or BSA/PTX NPs incorporated hydrogelGd/EPI implantation. (E) Survival curves of mice bearing U87 

tumours after different treatments. 
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A polymer based on mPEG-PEI was reported by Wang et al . to 

eliver gene sequences to GBM tumour cells using a retro-inverso 

endR targeting peptide (D(RPPREGR)), known to increase cell pen- 

tration through binding the neuropilin-1 receptor [23] . Enhanced 

ell uptake and tumour spheroid penetration of the fluorescent 

eptide FITC-D(CRPPREGR) were achieved, as well as higher trans- 

ection using the gene delivery system both in vitro (almost 2-fold 

argeting enhancement in U87 cells) and in vivo in nude mice bear- 

ng U87 tumours. 

In summary, polymer based formulations are showing promis- 

ng results as gene delivery carrier systems for GBM therapy, and 

he use of polymers as non-viral delivery vectors is a very promis- 

ng area of research to be expanded. 

.5. Theranostic hydrogels 

The combination of therapeutic and diagnostic approaches, 

nown as “theranostics”, has also been reported in the field 

f hydrogels. In this case, the polymer matrix contains both a 

hemotherapeutic and a contrast agent that allows the treatment 

onitoring in real time. As an example of nanotheranostic formu- 

ation, the “MRI-monitor long term therapeutic hydrogel” (MLTH) 

ystem consists of a thermosensitive poly(organophosphazene) hy- 

rogel, cobalt ferrite NPs and the chemotherapeutic drug 7-ethyl- 

0-hydroxycamptothecin (SN-38) [85] . MLTH systems with differ- 

nt amounts of SN-38 were tested in U87 ectopic xenograft mice 

odels to determine the MRI-enhancing effect and anticancer ef- 

cacy of the formulations. The hydrogel formulations generated 

igher inhibition effects on tumour growth (up to 48% decrease) 

ompared with the chemotherapeutic drug only. Moreover, the 

obalt-ferrite NPs in the composite had suitable MRI contrast- 
99 
nhancing effects to distinguish between the untreated and treated 

reas in the brain. The MLTH system has been presented as an al- 

ernative approach to treat malignant brain tumours without any 

urgical resection. 

Other formulations propose benefits following tumour resec- 

ion and claim to impair tumour recurrence. This is the case 

f the recently reported theranostic hydrogel formulation with 

apid gelation ability that is composed of carboxymethyl cellulose- 

rafted poly( N -isopropylacrylamide co-methacrylic acid) and the 

RI agent gadolinium, loaded with a free drug, epirucibin (EPI), 

nd PTX-loaded albumin NPs [19] . In vivo studies with mice bear- 

ng gliosarcoma tumours of MBR-614 or U87 cells showed that the 

heranostic formulation increases the average survival compared to 

he control group from 18 to 63 days (MBR-641 models) and from 

7 to 69 days (U87 models). In vivo MRI of the group that received 

ocal administration of the hydrogel formulation showed a bright 

ontrast at the site of implantation, and the signal intensity grad- 

ally decreased in 21 days, corresponding to the degradation and 

learance of the hydrogel depot. The theranostic ability of this type 

f hydrogels could significantly improve treatment monitoring in 

he clinical setting ( Fig. 7 ). 

. Conclusion 

The treatment of GBM is a great medical challenge due to both 

he disease aggressiveness and tumour location. The research for 

ew chemotherapeutic molecules as well as new forms of treat- 

ent administration are of high importance for current and fu- 

ure patients. Indeed, local administration of therapy is a promising 

trategy to improve therapeutic outcomes. 
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[

Several examples were covered in this manuscript and high- 

ighted the importance and effectiveness of having a sustained 

elease of drugs, for example through the combination of hy- 

rogel and nanocarriers which includes hydrogel nanoparticles, 

anospheres, nanocapsules, microspheres, micelles, metal and in- 

rganic nanoparticles, liposomes and polymeric micelles. It has 

een proven that a sustained and increased exposure of the tu- 

our to the treatment can lead to significant enhancement on sur- 

ival time. On one hand, drugs loaded into nanoparticles and/or 

ncorporated into hydrogels are protected from degradation and 

an have their solubility increased. On the other hand, the im- 

rovement of treatment outcomes will be accompanied with an 

xpected decrease in side effects when a local administration is 

sed. 

Moreover, the tunability of hydrogel systems makes them very 

ersatile materials regarding the mode of administration (in- 

ectable or implantable) and the formulation composition. The hy- 

rogel characteristics, specially the rheological properties, can be 

odified according to the desired formulation. Besides drugs, in- 

orporation of nucleic acid and contrast agents are also being ex- 

lored to use hydrogels as non-viral gene delivery systems and to 

onitor treatment efficacy. 

Despite all the above, clinical translation of hydrogel formula- 

ions to treat GBM is still poor and to date there are no clinical

rials on GBM specifically evaluating hydrogel formulations. Some 

spects of this approach that need to be further evaluated are: (1) 

he optimization of formulations to achieve a synchronised release 

f components due to the need of a specific ratio between drugs to 

chieve additive or synergistic effects, and (2) the analysis of the 

afety to use specific formulations directly into the human brain. 

ence, to translate the use of in situ hydrogel formulation treat- 

ent into clinical settings, these possible drawbacks need to be 

ddressed further in future works. 

Remarkably, hydrogels are being used in GBM research to de- 

elop 3D cultures of GBM cells in order to compare drug cytotox- 

city with monolayer cultures and perform drug screenings. It is 

nown that cell spheroids usually show greater resistance com- 

ared to monolayer cultures. For this reason, they are models 

hat better reflect the clinical manifestation of cancer. Examples 

f these studies include a chitosan-PEG hydrogel crosslinked with 

enipin, developed to form GBM cell spheroids in which the com- 

ination of TMZ and BCNU was tested showing higher resistance 

nd shedding light into the possible reasons for the emergence of 

he resistance behaviour [86] . Another example is the development 

f a brain cancer chip using photo-polymerizable poly(ethylene) 

lycol diacrylate (PEGDA) hydrogel in which 3D GBM spheroids are 

ormed and can be treated with different drug combinations for 

rug screening [87] . Thus, these platforms based on hydrogels can 

elp to understand and circumvent drug resistance issues. 

These studies are expected to help translate the use of new hy- 

rogel formulations to the clinic while they improve our under- 

tanding of the disease. Therefore, hydrogels hold great promise as 

art of formulations aimed to the local delivery to GBM. 

eclaration of Competing Interest 

The authors declare that they have no known competing finan- 

ial interests or personal relationships that could have appeared to 

nfluence the work reported in this paper. 

cknowledgement 

This research was funded by the Wellcome Trust Institutional 

trategic Support Fund and the European Research Council under 

rant Agreement No. 758887 . 
100 
L C S Erthal received a Postgraduate Ussher Scholarship from 

CD School of Pharmacy. 

Graphical Abstract, Figs. 1 and 7 created with BioRender.com . 

eferences 

[1] D.N. Louis, A. Perry, G. Reifenberger, A. von Deimling, D. Figarella-Branger, 
W.K. Cavenee, H. Ohgaki, O.D. Wiestler, P. Kleihues, D.W. Ellison, The 2016 

World Health Organization classification of tumors of the central nervous 
system: a summary, Acta Neuropathol. 131 (2016) 803–820, doi: 10.1007/ 

s00401-016-1545-1 . 
[2] K. Urba ́nska, J. Sokołowska, M. Szmidt, P. Sysa, Review glioblastoma 

multiforme–an overview, Contemp. Oncol. (Pozn) 5 (2014) 307–312, doi: 10. 

5114/wo.2014.40559 . 
[3] C.P. Haar, P. Hebbar, G.C. Wallace, A. Das, W.A. Vandergrift, J.A. Smith, P. Giglio, 

S.J. Patel, S.K. Ray, N.L. Banik, Drug resistance in glioblastoma: a mini review, 
Neurochem. Res. 37 (2012) 1192–1200, doi: 10.1007/s11064- 011- 0701- 1 . 

[4] A. Dréan, S. Rosenberg, F.-X. Lejeune, L. Goli, A .A . Nadaradjane, J. Guehennec, 
C. Schmitt, M. Verreault, F. Bielle, K. Mokhtari, M. Sanson, A. Carpentier, J.- 

Y. Delattre, A. Idbaih, ATP binding cassette (ABC) transporters: expression and 

clinical value in glioblastoma, J. Neurooncol. 138 (2018) 479–486, doi: 10.1007/ 
s11060- 018- 2819- 3 . 

[5] Y. Chen, L. Liu, Modern methods for delivery of drugs across the blood–brain 
barrier, Adv. Drug Deliv. Rev. 64 (2012) 640–665, doi: 10.1016/j.addr.2011.11.010 . 

[6] R. Stupp , W.P. Mason , M.J. Van Den Bent , M. Weller , B. Fisher , M.J. Taphoorn ,
K. Belanger , A .A . Brandes , C. Marosi , U. Bogdahn , Radiotherapy plus concomi-

tant and adjuvant temozolomide for glioblastoma, N. Engl. J. Med. 352 (2005) 

987–996 . 
[7] M. Ghosh , S. Shubham , K. Mandal , V. Trivedi , R. Chauhan , S. Naseera , Survival

and prognostic factors for glioblastoma multiforme: retrospective single-insti- 
tutional study, Indian J. Cancer 54 (2017) 362 . 

[8] L.P. Ganipineni, F. Danhier, V. Préat, Drug delivery challenges and future of 
chemotherapeutic nanomedicine for glioblastoma treatment, J. Control. Release 

281 (2018) 42–57, doi: 10.1016/j.jconrel.2018.05.008 . 
[9] S.H. Lin, L.R. Kleinberg, Carmustine wafers: localized delivery of chemothera- 

peutic agents in CNS malignancies, Expert Rev. Anticancer Ther. 8 (2008) 343–

359, doi: 10.1586/14737140.8.3.343 . 
[10] A.B. Fleming, W.M. Saltzman, Pharmacokinetics of the carmus- 

tine implant, Clin. Pharmacokinet. 41 (2002) 403–419, doi: 10.2165/ 
0 0 0 03088-20 0241060-0 0 0 02 . 

[11] M.A. Samis Zella, M. Wallocha, P.J. Slotty, G. Isik, D. Hänggi, J. Schroeteler, 
C. Ewelt, H.-J. Steiger, M. Sabel, Evaluation of post-operative complica- 

tions associated with repeat resection and BCNU wafer implantation in 

recurrent glioblastoma, Acta Neurochir. 156 (2014) 313–323, doi: 10.1007/ 
s00701-013-1931-6 . 

[12] C. Bastiancich, P. Danhier, V. Préat, F. Danhier, Anticancer drug-loaded hydro- 
gels as drug delivery systems for the local treatment of glioblastoma, J. Control. 

Release 243 (2016) 29–42, doi: 10.1016/j.jconrel.2016.09.034 . 
[13] A . Jahangiri, A .T. Chin, P.M. Flanigan, R. Chen, K. Bankiewicz, M.K. Aghi, 

Convection-enhanced delivery in glioblastoma: a review of preclinical and clin- 

ical studies, J. Neurosurg. 126 (2017) 191–200, doi: 10.3171/2016.1.JNS151591 . 
[14] P.G. Upadhaya, S. Pulakkat, V.B. Patravale, Nose-to-brain delivery: exploring 

newer domains for glioblastoma multiforme management, Drug Deliv. Transl. 
Res. (2020). https://doi.org/10.1007/s13346- 020- 00747- y . 

[15] G.M. Zentner , R. Rathi , C. Shih , J.C. McRea , M.H. Seo , H. Oh , B.G. Rhee ,
J. Mestecky , Z. Moldoveanu , M. Morgan , S. Weitman , Biodegradable block

copolymers for delivery of proteins and water-insoluble drugs, J. Control Re- 

lease 72 (2001) 203–215 . 
[16] G.W. Ashley, J. Henise, R. Reid, D.V. Santi, Hydrogel drug delivery system with 

predictable and tunable drug release and degradation rates, Proc. Natl. Acad. 
Sci. 110 (2013) 2318–2323, doi: 10.1073/pnas.1215498110 . 

[17] P. Huang, H. Song, Y. Zhang, J. Liu, J. Zhang, W. Wang, J. Liu, C. Li,
D. Kong, Bridging the gap between macroscale drug delivery systems and 

nanomedicines: a nanoparticle-assembled thermosensitive hydrogel for per- 

itumoral chemotherapy, ACS Appl. Mater. Interfaces 8 (2016) 29323–29333, 
doi: 10.1021/acsami.6b10416 . 

[18] J. Basso, A. Miranda, S. Nunes, T. Cova, J. Sousa, C. Vitorino, A. Pais, Hydrogel-
based drug delivery nanosystems for the treatment of brain tumors, Gels 4 

(2018) 62, doi: 10.3390/gels4030062 . 
[19] F.-W. Lin, P.-Y. Chen, K.-C. Wei, C.-Y. Huang, C.-K. Wang, H.-W. Yang, Rapid in 

situ MRI traceable gel-forming dual-drug delivery for synergistic therapy of 

brain tumor, Theranostics 7 (2017) 2524–2536, doi: 10.7150/thno.19856 . 
20] S.H. Ranganath, I. Kee, W.B. Krantz, P.K.-H. Chow, C.-H. Wang, Hydrogel matrix 

entrapping PLGA-paclitaxel microspheres: drug delivery with near zero-order 
release and implantability advantages for malignant brain tumour chemother- 

apy, Pharm. Res. 26 (2009) 2101–2114, doi: 10.1007/s11095- 009- 9922- 2 . 
[21] S.H. Ranganath, Y. Fu, D.Y. Arifin, I. Kee, L. Zheng, H.-S. Lee, P.K.-H. Chow, 

C.-H. Wang, The use of submicron/nanoscale PLGA implants to deliver pacli- 
taxel with enhanced pharmacokinetics and therapeutic efficacy in intracra- 

nial glioblastoma in mice, Biomaterials 31 (2010) 5199–5207, doi: 10.1016/j. 

biomaterials.2010.03.002 . 
22] C.-T. Tsao, F.M. Kievit, A . Ravanpay, A .E. Erickson, M.C. Jensen, R.G. Ellenbo- 

gen, M. Zhang, Thermoreversible poly(ethylene glycol)-g-chitosan hydrogel as 
a therapeutic T lymphocyte depot for localized glioblastoma immunotherapy, 

Biomacromolecules 15 (2014) 2656–2662, doi: 10.1021/bm500502n . 

https://doi.org/10.13039/501100000781
https://BioRender.com
https://doi.org/10.1007/s00401-016-1545-1
https://doi.org/10.5114/wo.2014.40559
https://doi.org/10.1007/s11064-011-0701-1
https://doi.org/10.1007/s11060-018-2819-3
https://doi.org/10.1016/j.addr.2011.11.010
http://refhub.elsevier.com/S1742-7061(20)30683-8/sbref0006
http://refhub.elsevier.com/S1742-7061(20)30683-8/sbref0006
http://refhub.elsevier.com/S1742-7061(20)30683-8/sbref0006
http://refhub.elsevier.com/S1742-7061(20)30683-8/sbref0006
http://refhub.elsevier.com/S1742-7061(20)30683-8/sbref0006
http://refhub.elsevier.com/S1742-7061(20)30683-8/sbref0006
http://refhub.elsevier.com/S1742-7061(20)30683-8/sbref0006
http://refhub.elsevier.com/S1742-7061(20)30683-8/sbref0006
http://refhub.elsevier.com/S1742-7061(20)30683-8/sbref0006
http://refhub.elsevier.com/S1742-7061(20)30683-8/sbref0006
http://refhub.elsevier.com/S1742-7061(20)30683-8/sbref0006
http://refhub.elsevier.com/S1742-7061(20)30683-8/sbref0007
http://refhub.elsevier.com/S1742-7061(20)30683-8/sbref0007
http://refhub.elsevier.com/S1742-7061(20)30683-8/sbref0007
http://refhub.elsevier.com/S1742-7061(20)30683-8/sbref0007
http://refhub.elsevier.com/S1742-7061(20)30683-8/sbref0007
http://refhub.elsevier.com/S1742-7061(20)30683-8/sbref0007
http://refhub.elsevier.com/S1742-7061(20)30683-8/sbref0007
https://doi.org/10.1016/j.jconrel.2018.05.008
https://doi.org/10.1586/14737140.8.3.343
https://doi.org/10.2165/00003088-200241060-00002
https://doi.org/10.1007/s00701-013-1931-6
https://doi.org/10.1016/j.jconrel.2016.09.034
https://doi.org/10.3171/2016.1.JNS151591
https://doi.org/10.1007/s13346-020-00747-y
http://refhub.elsevier.com/S1742-7061(20)30683-8/sbref0015
http://refhub.elsevier.com/S1742-7061(20)30683-8/sbref0015
http://refhub.elsevier.com/S1742-7061(20)30683-8/sbref0015
http://refhub.elsevier.com/S1742-7061(20)30683-8/sbref0015
http://refhub.elsevier.com/S1742-7061(20)30683-8/sbref0015
http://refhub.elsevier.com/S1742-7061(20)30683-8/sbref0015
http://refhub.elsevier.com/S1742-7061(20)30683-8/sbref0015
http://refhub.elsevier.com/S1742-7061(20)30683-8/sbref0015
http://refhub.elsevier.com/S1742-7061(20)30683-8/sbref0015
http://refhub.elsevier.com/S1742-7061(20)30683-8/sbref0015
http://refhub.elsevier.com/S1742-7061(20)30683-8/sbref0015
http://refhub.elsevier.com/S1742-7061(20)30683-8/sbref0015
https://doi.org/10.1073/pnas.1215498110
https://doi.org/10.1021/acsami.6b10416
https://doi.org/10.3390/gels4030062
https://doi.org/10.7150/thno.19856
https://doi.org/10.1007/s11095-009-9922-2
https://doi.org/10.1016/j.biomaterials.2010.03.002
https://doi.org/10.1021/bm500502n


L.C.S. Erthal, O.L. Gobbo and E. Ruiz-Hernandez Acta Biomaterialia 121 (2021) 89–102 

[  

[

[

[

[

[

[

[

[

[

[  

[

[  

[

[

[

 

[

 

[

[  

[

[

[

[

[

[

[

[

[

[

[  

[

[

[

[

[

[  

[  

[

[

[  

[  

[

[

23] J. Wang, Y. Lei, C. Xie, W. Lu, E. Wagner, Z. Xie, J. Gao, X. Zhang, Z. Yan,
M. Liu, Retro-inverso CendR peptide-mediated polyethyleneimine for intracra- 

nial glioblastoma-targeting gene therapy, Bioconjugate Chem. 25 (2014) 414–
423, doi: 10.1021/bc400552t . 

24] J. Li, D.J. Mooney, Designing hydrogels for controlled drug delivery, Nat. Rev. 
Mater. 1 (2016). https://doi.org/10.1038/natrevmats.2016.71 

25] E.M. Ahmed, Hydrogel: preparation, characterization, and applications: a re- 
view, J. Adv. Res. 6 (2015) 105–121, doi: 10.1016/j.jare.2013.07.006 . 

26] C. He, S.W. Kim, D.S. Lee, In situ gelling stimuli-sensitive block copolymer hy- 

drogels for drug delivery, J. Control. Release 127 (2008) 189–207, doi: 10.1016/ 
j.jconrel.20 08.01.0 05 . 

27] M. Hamidi, A. Azadi, P. Rafiei, Hydrogel nanoparticles in drug delivery, Adv. 
Drug Deliv. Rev. 60 (2008) 1638–1649, doi: 10.1016/j.addr.2008.08.002 . 

28] E. Caló, V.V. Khutoryanskiy, Biomedical applications of hydrogels: a review of 
patents and commercial products, Eur. Polym. J. 65 (2015) 252–267, doi: 10. 

1016/j.eurpolymj.2014.11.024 . 

29] L. Yu, J. Ding, Injectable hydrogels as unique biomedical materials, Chem. Soc. 
Rev. 37 (2008) 1473–1481, doi: 10.1039/b713009k . 

30] S.J. Buwalda, T. Vermonden, W.E. Hennink, Hydrogels for therapeutic deliv- 
ery: current developments and future directions, Biomacromolecules 18 (2017) 

316–330, doi: 10.1021/acs.biomac.6b01604 . 
[31] W. Xun, D.-Q. Wu, Z.-Y. Li, H.-Y. Wang, F.-W. Huang, S.-X. Cheng, X.- 

Z. Zhang, R.-X. Zhuo, Peptide-functionalized thermo-sensitive hydrogels for 

sustained drug delivery, Macromol. Biosci. 9 (2009) 1219–1226, doi: 10.1002/ 
mabi.20 090 0298 . 

32] A. Petit, B. Müller, P. Bruin, R. Meyboom, M. Piest, L.M.J. Kroon-Batenburg, 
L.G.J. de Leede, W.E. Hennink, T. Vermonden, Modulating rheological and 

degradation properties of temperature-responsive gelling systems composed of 
blends of PCLA-PEG-PCLA triblock copolymers and their fully hexanoyl-capped 

derivatives, Acta Biomater. 8 (2012) 4260–4267, doi: 10.1016/j.actbio.2012.07. 

044 . 
33] A. Petit, B. Müller, R. Meijboom, P. Bruin, F. van de Manakker, M. Versluijs- 

Helder, L.G.J. de Leede, A. Doornbos, M. Landin, W.E. Hennink, T. Vermonden, 
Effect of polymer composition on rheological and degradation properties of 

temperature-responsive gelling systems composed of acyl-capped PCLA-PEG- 
PCLA, Biomacromolecules 14 (2013) 3172–3182, doi: 10.1021/bm400804w . 

34] W.S. Shim, J.-H. Kim, H. Park, K. Kim, I. Chan Kwon, D.S. Lee, Biodegradabil-

ity and biocompatibility of a pH- and thermo-sensitive hydrogel formed from 

a sulfonamide-modified poly( ε-caprolactone-co-lactide)-poly(ethylene glycol)- 

poly( ε-caprolactone-co-lactide) block copolymer, Biomaterials 27 (2006) 5178–
5185, doi: 10.1016/j.biomaterials.2006.05.038 . 

35] W.S. Shim, S.W. Kim, D.S. Lee, Sulfonamide-based pH- and temperature- 
sensitive biodegradable block copolymer hydrogels, Biomacromolecules 7 

(2006) 1935–1941, doi: 10.1021/bm0600567 . 

36] W. Shim, J. Kim, K. Kim, Y. Kim, R. Park, I. Kim, I. Kwon, D. Lee, pH- and
temperature-sensitive, injectable, biodegradable block copolymer hydrogels as 

carriers for paclitaxel, Int. J. Pharm. 331 (2007) 11–18, doi: 10.1016/j.ijpharm. 
2006.09.027 . 

37] N.L. Elstad, K.D. Fowers, OncoGel (ReGel/paclitaxel)–clinical applications for a 
novel paclitaxel delivery system, Adv. Drug Deliv. Rev. 61 (2009) 785–794, 

doi: 10.1016/j.addr.2009.04.010 . 
38] H. Cho, J. Gao, G.S. Kwon, PEG-b-PLA micelles and PLGA-b-PEG-b-PLGA sol–

gels for drug delivery, J. Control. Release 240 (2016) 191–201, doi: 10.1016/j. 

jconrel.2015.12.015 . 
39] B. Tyler, K.D. Fowers, K.W. Li, V.R. Recinos, J.M. Caplan, A. Hdeib, R. Grossman, 

L. Basaldella, K. Bekelis, G. Pradilla, F. Legnani, H. Brem, A thermal gel depot
for local delivery of paclitaxel to treat experimental brain tumors in rats, J. 

Neurosurg. (2010) 210–217, doi: 10.3171/2009.11.JNS08162 . 
40] A.K. Vellimana, V.R. Recinos, L. Hwang, K.D. Fowers, K.W. Li, Y. Zhang, 

S. Okonma, C.G. Eberhart, H. Brem, B.M. Tyler, Combination of paclitaxel ther- 

mal gel depot with temozolomide and radiotherapy significantly prolongs sur- 
vival in an experimental rodent glioma model, J. Neuro-Oncol. 111 (2013) 229–

236, doi: 10.1007/s11060- 012- 1014- 1 . 
[41] T. Ci, L. Yuan, X. Bao, Y. Hou, H. Wu, H. Sun, D. Cao, X. Ke, Development

and anti-Candida evaluation of the vaginal delivery system of amphotericin B 
nanosuspension-loaded thermogel, J. Drug Target. 26 (2018) 829–839, doi: 10. 

1080/1061186X.2018.1434660 . 

42] E. Russo, C. Villa, Poloxamer hydrogels for biomedical applications, Pharma- 
ceutics 11 (2019) 671, doi: 10.3390/pharmaceutics11120671 . 

43] K. Mortensen , J.S. Pedersen , Structural study on the micelle formation of poly
(ethylene oxide)-poly (propylene oxide)-poly (ethylene oxide) triblock copoly- 

mer in aqueous solution, Macromolecules 26 (1993) 805–812 . 
44] B.C. Anderson, N.K. Pandit, S.K. Mallapragada, Understanding drug release from 

poly(ethylene oxide)-b-poly(propylene oxide)-b-poly(ethylene oxide) gels, J. 

Control. Release 70 (2001) 157–167, doi: 10.1016/S0168-3659(0 0)0 0341-2 . 
45] E.V. Batrakova, Optimal structure requirements for Pluronic block copolymers 

in modifying p-glycoprotein drug efflux transporter activity in bovine brain 
microvessel endothelial cells, J. Pharmacol. Exp. Ther. 304 (2003) 845–854, 

doi: 10.1124/jpet.102.043307 . 
46] A. Pitto-Barry, N.P.E. Barry, Pluronic® block-copolymers in medicine: from 

chemical and biological versatility to rationalisation and clinical advances, 

Polym. Chem. 5 (2014) 3291–3297, doi: 10.1039/C4PY0 0 039K . 
[47] A.V. Kabanov, E.V. Batrakova, V.Y. Alakhov, Pluronic® block copolymers as 

novel polymer therapeutics for drug and gene delivery, J. Control. Release 82 
(2002) 189–212, doi: 10.1016/S0168-3659(02)0 0 0 09-3 . 

48] A . Raval, S.A . Pillai, A . Bahadur, P. Bahadur, Systematic characterization of 
101 
Pluronic ® micelles and their application for solubilisation and in vitro re- 
lease of some hydrophobic anticancer drugs, J. Mol. Liq. 230 (2017) 473–481, 

doi: 10.1016/j.molliq.2017.01.065 . 
49] A. Rey-Rico, M. Cucchiarini, PEO-PPO-PEO tri-block copolymers for gene deliv- 

ery applications in human regenerative medicine—an overview, Int. J. Mol. Sci. 
19 (2018) 775, doi: 10.3390/ijms19030775 . 

50] E.V. Batrakova, A.V. Kabanov, Pluronic block copolymers: evolution of 
drug delivery concept from inert nanocarriers to biological response modifiers, 

J. Control. Release 130 (2008) 98–106, doi: 10.1016/j.jconrel.2008.04.013 . 

[51] E.V. Batrakova, S. Li, W.F. Elmquist, D.W. Miller, V.Y. Alakhov, A.V. Kabanov, 
Mechanism of sensitization of MDR cancer cells by Pluronic block copolymers: 

selective energy depletion, Br. J. Cancer 85 (2001) 1987–1997, doi: 10.1054/bjoc. 
2001.2165 . 

52] J. Niu, A. Wang, Z. Ke, Z. Zheng, Glucose transporter and folic acid receptor- 
mediated Pluronic P105 polymeric micelles loaded with doxorubicin for brain 

tumor treating, J. Drug Target. 22 (2014) 712–723, doi: 10.3109/1061186X.2014. 

913052 . 
53] W. Zhang, Y. Shi, Y. Chen, J. Ye, X. Sha, X. Fang, Multifunctional Pluronic 

P123/F127 mixed polymeric micelles loaded with paclitaxel for the treatment 
of multidrug resistant tumors, Biomaterials 32 (2011) 2894–2906, doi: 10.1016/ 

j.biomaterials.2010.12.039 . 
54] D.S. Pellosi, A.L. Tessaro, F. Moret, E. Gaio, E. Reddi, W. Caetano, F. Quaglia, 

N. Hioka, Pluronic® mixed micelles as efficient nanocarriers for benzopor- 

phyrin derivatives applied to photodynamic therapy in cancer cells, J. Pho- 
tochem. Photobiol. A 314 (2016) 143–154, doi: 10.1016/j.jphotochem.2015.08. 

024 . 
55] W. Gao, Y. Zhang, Q. Zhang, L. Zhang, Nanoparticle-hydrogel: a hybrid bioma- 

terial system for localized drug delivery, Ann. Biomed. Eng. 44 (2016) 2049–
2061, doi: 10.1007/s10439- 016- 1583- 9 . 

56] F. Zhao, D. Yao, R. Guo, L. Deng, A. Dong, J. Zhang, Composites of polymer

hydrogels and nanoparticulate systems for biomedical and pharmaceutical ap- 
plications, Nanomaterials 5 (2015) 2054–2130, doi: 10.3390/nano5042054 . 

57] J. Thakor, S. Ahadian, A. Niakan, E. Banton, F. Nasrollahi, M.M. Hasani- 
Sadrabadi, A. Khademhosseini, Engineered hydrogels for brain tumor 

culture and therapy, Bio-Des. Manuf. 3 (2020) 203–226, doi: 10.1007/ 
s42242- 020- 0 0 084-6 . 

58] F. Yu, N.D.S. Kumar, L.C. Foo, S.H. Ng, W. Hunziker, D. Choudhury, A pump-free 

tricellular blood–brain barrier on-a-chip model to understand barrier property 
and evaluate drug response, Biotechnol. Bioeng. 117 (2020) 1127–1136, doi: 10. 

1002/bit.27260 . 
59] J.H. Ha, H.H. Shin, H.W. Choi, J.H. Lim, S.J. Mo, C.D. Ahrberg, J.M. Lee, 

B.G. Chung, Electro-responsive hydrogel-based microfluidic actuator plat- 
form for photothermal therapy, Lab Chip 20 (2020) 3354–3364, doi: 10.1039/ 

D0LC00458H . 

60] S. Pedron, G.L. Wolter, J.-W.E. Chen, S.E. Laken, J.N. Sarkaria, B.A.C. Harley, 
Hyaluronic acid-functionalized gelatin hydrogels reveal extracellular matrix 

signals temper the efficacy of erlotinib against patient-derived glioblas- 
toma specimens, Biomaterials 219 (2019) 119371. https://doi.org/10.1016/j. 

biomaterials.2019.119371 . 
61] P. Civita, D.M. Leite, G.J. Pilkington, Pre-clinical drug testing in 2D and 3D hu- 

man in vitro models of glioblastoma incorporating non-neoplastic astrocytes: 
tunneling nano tubules and mitochondrial transfer modulates cell behavior 

and therapeutic response, IJMS 20 (2019) 6017, doi: 10.3390/ijms20236017 . 

62] Z. Zhao, J. Shen, L. Zhang, L. Wang, H. Xu, Y. Han, J. Jia, Y. Lu, R. Yu, H. Liu,
Injectable postoperative enzyme-responsive hydrogels for reversing temozolo- 

mide resistance and reducing local recurrence after glioma operation, Bio- 
mater. Sci. (2020). https://doi.org/10.1039/D0BM00338G . 

63] F. Wang, H. Su, R. Lin, R.W. Chakroun, M.K. Monroe, Z. Wang, M. Porter, H. Cui,
Supramolecular tubustecan hydrogel as chemotherapeutic carrier to improve 

tumor penetration and local treatment efficacy, ACS Nano 14 (2020) 10083–

10094, doi: 10.1021/acsnano.0c03286 . 
64] M.C. Garrett, T.M. O’Shea, A.L. Wollenberg, A.M. Bernstein, D. Hung, B. Staar- 

man, H. Soto, T.J. Deming, M.V. Sofroniew, H.I. Kornblum, Injectable diblock 
copolypeptide hydrogel provides platform to deliver effective concentrations 

of paclitaxel to an intracranial xenograft model of glioblastoma, PLoS ONE 15 
(2020) e0219632. https://doi.org/10.1371/journal.pone.0219632 . 

65] P. Schiapparelli, P. Zhang, M. Lara-Velazquez, H. Guerrero-Cazares, R. Lin, H. Su, 

R.W. Chakroun, M. Tusa, A. Quiñones-Hinojosa, H. Cui, Self-assembling and 
self-formulating prodrug hydrogelator extends survival in a glioblastoma re- 

section and recurrence model, J. Control. Release 319 (2020) 311–321, doi: 10. 
1016/j.jconrel.2020.01.003 . 

66] T. Arai, T. Joki, M. Akiyama, M. Agawa, Y. Mori, H. Yoshioka, T. Abe, Novel drug
delivery system using thermoreversible gelation polymer for malignant glioma, 

J. Neurooncol. 77 (2006) 9–15, doi: 10.10 07/s11060-0 05-90 01-4 . 

67] U. Akbar, T. Jones, J. Winestone, M. Michael, A. Shukla, Y. Sun, C. Duntsch, De-
livery of temozolomide to the tumor bed via biodegradable gel matrices in 

a novel model of intracranial glioma with resection, J. Neurooncol. 94 (2009) 
203–212, doi: 10.1007/s11060- 009- 9857- 9 . 

68] C. Bastiancich, J. Bianco, K. Vanvarenberg, B. Ucakar, N. Joudiou, B. Gallez, 
G. Bastiat, F. Lagarce, V. Préat, F. Danhier, Injectable nanomedicine hydrogel for 

local chemotherapy of glioblastoma after surgical resection, J. Control. Release 

264 (2017) 45–54, doi: 10.1016/j.jconrel.2017.08.019 . 
69] C. Bastiancich, K. Vanvarenberg, B. Ucakar, M. Pitorre, G. Bastiat, F. Lagarce, 

V. Préat, F. Danhier, Lauroyl-gemcitabine-loaded lipid nanocapsule hydrogel for 
the treatment of glioblastoma, J. Control. Release 225 (2016) 283–293, doi: 10. 

1016/j.jconrel.2016.01.054 . 

https://doi.org/10.1021/bc400552t
https://doi.org/10.1038/natrevmats.2016.71
https://doi.org/10.1016/j.jare.2013.07.006
https://doi.org/10.1016/j.jconrel.2008.01.005
https://doi.org/10.1016/j.addr.2008.08.002
https://doi.org/10.1016/j.eurpolymj.2014.11.024
https://doi.org/10.1039/b713009k
https://doi.org/10.1021/acs.biomac.6b01604
https://doi.org/10.1002/mabi.200900298
https://doi.org/10.1016/j.actbio.2012.07.044
https://doi.org/10.1021/bm400804w
https://doi.org/10.1016/j.biomaterials.2006.05.038
https://doi.org/10.1021/bm0600567
https://doi.org/10.1016/j.ijpharm.2006.09.027
https://doi.org/10.1016/j.addr.2009.04.010
https://doi.org/10.1016/j.jconrel.2015.12.015
https://doi.org/10.3171/2009.11.JNS08162
https://doi.org/10.1007/s11060-012-1014-1
https://doi.org/10.1080/1061186X.2018.1434660
https://doi.org/10.3390/pharmaceutics11120671
http://refhub.elsevier.com/S1742-7061(20)30683-8/sbref0043
http://refhub.elsevier.com/S1742-7061(20)30683-8/sbref0043
http://refhub.elsevier.com/S1742-7061(20)30683-8/sbref0043
https://doi.org/10.1016/S0168-3659(00)00341-2
https://doi.org/10.1124/jpet.102.043307
https://doi.org/10.1039/C4PY00039K
https://doi.org/10.1016/S0168-3659(02)00009-3
https://doi.org/10.1016/j.molliq.2017.01.065
https://doi.org/10.3390/ijms19030775
https://doi.org/10.1016/j.jconrel.2008.04.013
https://doi.org/10.1054/bjoc.2001.2165
https://doi.org/10.3109/1061186X.2014.913052
https://doi.org/10.1016/j.biomaterials.2010.12.039
https://doi.org/10.1016/j.jphotochem.2015.08.024
https://doi.org/10.1007/s10439-016-1583-9
https://doi.org/10.3390/nano5042054
https://doi.org/10.1007/s42242-020-00084-6
https://doi.org/10.1002/bit.27260
https://doi.org/10.1039/D0LC00458H
https://doi.org/10.1016/j.biomaterials.2019.119371
https://doi.org/10.3390/ijms20236017
https://doi.org/10.1039/D0BM00338G
https://doi.org/10.1021/acsnano.0c03286
https://doi.org/10.1371/journal.pone.0219632
https://doi.org/10.1016/j.jconrel.2020.01.003
https://doi.org/10.1007/s11060-005-9001-4
https://doi.org/10.1007/s11060-009-9857-9
https://doi.org/10.1016/j.jconrel.2017.08.019
https://doi.org/10.1016/j.jconrel.2016.01.054


L.C.S. Erthal, O.L. Gobbo and E. Ruiz-Hernandez Acta Biomaterialia 121 (2021) 89–102 

[  

[  

[

 

[  

 

[

[

[  

[  

[

[

[  

[

[

[

[  
70] T. Chen, T. Gong, T. Zhao, X. Liu, Y. Fu, Z. Zhang, T. Gong, Paclitaxel loaded
phospholipid-based gel as a drug delivery system for local treatment of 

glioma, Int. J. Pharm. 528 (2017) 127–132, doi: 10.1016/j.ijpharm.2017.06.013 . 
[71] P. Erkoc, A. Cingöz, T. Bagci-Onder, S. Kizilel, Quinacrine mediated sensitiza- 

tion of glioblastoma (GBM) cells to TRAIL through MMP-sensitive PEG hydro- 
gel carriers, Macromol. Biosci. 17 (2017) 1600267. https://doi.org/10.1002/mabi. 

201600267 . 
72] T. Ozeki , K. Hashizawa , D. Kaneko , Y. Imai , H. Okada , Treatment of rat brain

tumors using sustained-release of camptothecin from poly(lactic-co-glycolic 

acid) microspheres in a thermoreversible hydrogel, Chem. Pharm. Bull. 58 
(2010) 1142–1147 . 

73] T. Ozeki, D. Kaneko, K. Hashizawa, Y. Imai, T. Tagami, H. Okada, Combination 
therapy of surgical tumor resection with implantation of a hydrogel contain- 

ing camptothecin-loaded poly(lactic-co-glycolic acid) microspheres in a C6 rat 
glioma model, Biol. Pharm. Bull. 35 (2012) 545–550, doi: 10.1248/bpb.35.545 . 

[74] T. Ozeki, D. Kaneko, K. Hashizawa, Y. Imai, T. Tagami, H. Okada, Improvement 

of survival in C6 rat glioma model by a sustained drug release from localized
PLGA microspheres in a thermoreversible hydrogel, Int. J. Pharm. 427 (2012) 

299–304, doi: 10.1016/j.ijpharm.2012.02.012 . 
75] T. Arai , O. Benny , T. Joki , L.G. Menon , M. Machluf , T. Abe , R.S. Carroll , P.M. Black ,

Novel local drug delivery system using thermoreversible gel in combina- 
tion with polymeric microspheres or liposomes, Anticancer Res. 30 (2010) 

1057–1064 . 

[76] L. Ding, Q. Wang, M. Shen, Y. Sun, X. Zhang, C. Huang, J. Chen, R. Li, Y. Duan,
Thermoresponsive nanocomposite gel for local drug delivery to suppress the 

growth of glioma by inducing autophagy, Autophagy 13 (2017) 1176–1190, 
doi: 10.1080/15548627.2017.1320634 . 

77] T. Fourniols, L.D. Randolph, A. Staub, K. Vanvarenberg, J.G. Leprince, V. Préat, 
A. des Rieux, F. Danhier, Temozolomide-loaded photopolymerizable PEG-DMA- 

based hydrogel for the treatment of glioblastoma, J. Control. Release 210 (2015) 

95–104, doi: 10.1016/j.jconrel.2015.05.272 . 
78] S. Thomas, G.C. Prendergast, Cancer vaccines: a brief overview, in: S. Thomas 

(Ed.), Vaccine Design, Springer, New York, New York, NY, 2016, pp. 755–761, 
doi: 10.1007/978- 1- 4939- 3387- 7 _ 43 . 
102 
79] B. Fu, X. Huang, J. Deng, D. Gu, Q. Mei, M. Deng, S. Tang, M. Lü, Application of
multifunctional nanomaterials in cancer vaccines (review), Oncol. Rep. (2018). 

https://doi.org/10.3892/or.2018.6206 . 
80] D. Muraoka, N. Harada, T. Hayashi, Y. Tahara, F. Momose, S. Sawada, S. Mukai,

K. Akiyoshi, H. Shiku, Nanogel-based immunologically stealth vaccine targets 
macrophages in the medulla of lymph node and induces potent antitumor im- 

munity, ACS Nano 8 (2014) 9209–9218, doi: 10.1021/nn502975r . 
81] J.R. Kane, J. Miska, J.S. Young, D. Kanojia, J.W. Kim, M.S. Lesniak, Sui generis: 

gene therapy and delivery systems for the treatment of glioblastoma, Neuro- 

Oncol. 17 (2015) ii24–ii36, doi: 10.1093/neuonc/nou355 . 
82] D. Ma, S. Tian, J. Baryza, J.C. Luft, J.M. DeSimone, Reductively responsive hydro- 

gel nanoparticles with uniform size, shape, and tunable composition for sys- 
temic siRNA delivery in vivo, Mol. Pharm. 12 (2015) 3518–3526, doi: 10.1021/ 

acs.molpharmaceut.5b0 0 054 . 
83] Y. Lei, J. Wang, C. Xie, E. Wagner, W. Lu, Y. Li, X. Wei, J. Dong,

M. Liu, Glutathione-sensitive RGD-poly(ethylene glycol)-SS-polyethylenimine 

for intracranial glioblastoma targeted gene delivery: glutathione-sensitive 
polyethylenimine for glioblastoma gene delivery, J. Gene Med. (2013) n/a-n/a. 

https://doi.org/10.1002/jgm.2726 . 
84] H.A. Kim, J.H. Park, N. Yi, M. Lee, Delivery of hypoxia and glioma dual- 

specific suicide gene using dexamethasone conjugated polyethylenimine for 
glioblastoma-specific gene therapy, Mol. Pharm. 11 (2014) 938–950, doi: 10. 

1021/mp40 060 03 . 

85] J.I. Kim, B. Kim, C. Chun, S.H. Lee, S.-C. Song, MRI-monitored long-term thera- 
peutic hydrogel system for brain tumors without surgical resection, Biomate- 

rials 33 (2012) 4 836–4 842, doi: 10.1016/j.biomaterials.2012.03.048 . 
86] F.-C. Chang, S.L. Levengood, N. Cho, L. Chen, E. Wang, J.S. Yu, M. Zhang, 

Crosslinked chitosan-PEG hydrogel for culture of human glioblastoma cell 
spheroids and drug screening, Adv. Ther. 1 (2018) 180 0 058. https://doi.org/10. 

10 02/adtp.20180 0 058 . 

87] Y. Fan, D.T. Nguyen, Y. Akay, F. Xu, M. Akay, Engineering a brain cancer chip
for high-throughput drug screening, Sci. Rep. 6 (2016) 25062, doi: 10.1038/ 

srep25062 . 

https://doi.org/10.1016/j.ijpharm.2017.06.013
https://doi.org/10.1002/mabi.201600267
http://refhub.elsevier.com/S1742-7061(20)30683-8/sbref0072
http://refhub.elsevier.com/S1742-7061(20)30683-8/sbref0072
http://refhub.elsevier.com/S1742-7061(20)30683-8/sbref0072
http://refhub.elsevier.com/S1742-7061(20)30683-8/sbref0072
http://refhub.elsevier.com/S1742-7061(20)30683-8/sbref0072
http://refhub.elsevier.com/S1742-7061(20)30683-8/sbref0072
https://doi.org/10.1248/bpb.35.545
https://doi.org/10.1016/j.ijpharm.2012.02.012
http://refhub.elsevier.com/S1742-7061(20)30683-8/sbref0075
http://refhub.elsevier.com/S1742-7061(20)30683-8/sbref0075
http://refhub.elsevier.com/S1742-7061(20)30683-8/sbref0075
http://refhub.elsevier.com/S1742-7061(20)30683-8/sbref0075
http://refhub.elsevier.com/S1742-7061(20)30683-8/sbref0075
http://refhub.elsevier.com/S1742-7061(20)30683-8/sbref0075
http://refhub.elsevier.com/S1742-7061(20)30683-8/sbref0075
http://refhub.elsevier.com/S1742-7061(20)30683-8/sbref0075
http://refhub.elsevier.com/S1742-7061(20)30683-8/sbref0075
https://doi.org/10.1080/15548627.2017.1320634
https://doi.org/10.1016/j.jconrel.2015.05.272
https://doi.org/10.1007/978-1-4939-3387-7_43
https://doi.org/10.3892/or.2018.6206
https://doi.org/10.1021/nn502975r
https://doi.org/10.1093/neuonc/nou355
https://doi.org/10.1021/acs.molpharmaceut.5b00054
https://doi.org/10.1002/jgm.2726
https://doi.org/10.1021/mp4006003
https://doi.org/10.1016/j.biomaterials.2012.03.048
https://doi.org/10.1002/adtp.201800058
https://doi.org/10.1038/srep25062

	Biocompatible copolymer formulations to treat glioblastoma multiforme
	1 Advances in the treatment of GBM: from standard chemotherapy to carmustine wafers and liquid polymers
	2 Thermo-responsive block copolymers
	2.1 PCLA-PEG-PCLA
	2.2 PLGA-PEG-PLGA
	2.3 Pluronics

	3 Hydrogel formulations for localized treatment of GBM
	3.1 Hydrogels loaded with drugs
	3.2 Hydrogels loaded with drug-loaded micro/nanoparticles
	3.3 Hydrogels for cancer immunotherapy
	3.4 Hydrogels loaded with DNA/RNA
	3.5 Theranostic hydrogels

	4 Conclusion
	Declaration of Competing Interest
	Acknowledgement
	References


