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1. GENERAL INTRODUCTION 

1.1. Glioblastoma   
1.1.1. Glioblastoma tumor physiopathology  

 

Glioblastoma (GB) is the most severe and  highest grade malignant glioma with an annual incidence of 5.26 

per 100,000 and accounts for 17,000 new cases each year [1–3]. Unfortunately, these types of tumors reduce  

patients’ quality of life and prognosis, with a median survival time of 15 months after diagnosis [1,2]. In fact, 

GB is defined as grade IV glioma and is the most deadly and most common malignant primary brain tumor. 

Unlike other solid tumors, GB is highly invasive to adjacent tissues in the brain and  rarely metastasizes to 

other organs, but it causes an increased rate of recurrence and tumor transformation in healthy cells [1–3]. 

Current FDA-approved treatments are based on surgical resection of most tumors, followed by systemic 

chemotherapy and radiation therapy, and adjuvant therapy with temozolomide (TMZ) according to the Stupp 

protocol [2–5]. Despite the unquestionable benefits associated with this therapeutic approach, recurrence 

occurs in 90% of  cases  after initial surgery[4]. This common problem is primarily due to a specific population 

of cancer stem cells, called tumor-initiating stem cells, that are highly tumorigenic  and often remain unaffected 

after surgery or chemotherapy [6–10]. Therefore, the ability to divide asymmetrically leads to GB recurrence, 

but few treatment options are available in this case [6–10]. 

 

 

GB is a malignant tumor that seriously affects the central nervous system (CNS). The disease occurs primarily 

in caucasian men and is more prevalent by age 60 [11–13] ;  the etiology of GB is previously unknown and 

requires further research. However, exposure to intense ionizing radiation has been shown  to rise up the risk 

of developing GB but no studies have shown the involvement of other environmental factors such as cell 

phones waves, exposure to  N-nitroso compounds and pesticides [13–15]. Cases mainly occur sporadically in 

individuals with no family history, but a few cases are associated with autosomal dominant hereditary 

syndromes: neurofibromatosis types 1 and 2, turcot syndrome [2]. Patients who develop GB exhibit general 

and tumor site-specific symptoms such as loss of consciousness, headaches and seizures [16–18]. GB is a deadly 

cancer with an estimated survival time of 3-4 months due to lack of treatment [19,20]. Its detection is made by 

imaging techniques such as magnetic resonance imaging MRI or computed tomography (CT) scan [14,21]. 

Currently, first-line treatment for this condition consists on maximal removal of the tumor to reduce the risk 

of recurrence. This surgical procedure associate chemotherapy  combined with radiotherapy (RT) [1–4,20]. A 

good tumor management and a concomitant RT and chemotherapy improves life expectancy in patients to 15 

months, but GB remains a tumor with a high recurrence rate. As a result, survival at 30 months is low, with 

less than 5% of patients surviving up to 5  years [13–15].  GB represents 54% of diagnosed gliomas in adults 

and 16% of primary brain tumors. It is also the tumor with the highest incidence and malignancy among 

primary astrocyte tumors [20,22,23]. Most often (about 90%) GB occur spontaneously within 6 months and are 

called "primary" or "de novo" GB. Low-grade gliomas can develop over the years and form what is known as 

"secondary" GB [24]. This tumor originates from astrocyte-shaped cancer cells, but remains highly 

heterogeneous. In fact, GB is composed of cancer cells that form tumor masses, as well as cancer stem cells 

(CSCs) and non-neoplastic cells (macrophages, neutrophils, endothelial cells, perinatal period ...). This set of 

cells forms various niches within the tumor and the hypoxic niche consists of a dense set of cells surrounding 

the necrotic core. 

 

 

High cell density and insufficient vascularization of the area results in hypoxia, which activates hypoxia factors 

HIF-1α and HIF-2α, responsible for promoting CSC. Necrotic cells in the center of the niche release 

proinflammatory signals that allow recruitment of cells of the innate immune system, resulting in 
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immunosuppressive and angiogenic effects. Perivascular lymphadenopathy provides a microenvironment 

favorable for the growth of CSCs because the interactions between neoplastic and non-neoplastic cells promote 

increased vascular endothelium growth factor (VEGF) activity and release of angiogenic factors such as FGF 

and PDGF. Thus, the perivascular niche allows neovascularization of the tumor and also recruitment of non- 

 

cancerous cells to maintain the immunosuppressive effect. Finally, the invasive niche includes cancer cells in 

the periphery of the tumor. Perivascular niches have the ability to penetrate healthy tissue with the brain's 

white matter. This entry is accomplished by an epithelial-mesenchymal transition (EMT) mechanism, which 

allows cells to acquire a parent phenotype and by taking over endocrine communications from astrocytes and 

microglial cells [25,26]. 

 

Besides, methylation types play a valuable function in gliomas. They are not quite required for the tumor 

subclassification however they may be helpful when using novel therapies. Methylation of the O6-

methylguanine DNA methyltransferase (MGMT) promoter has emerged as sturdy prognostic element 

withinside the remedy of GB. It is related to an advanced reaction to chemotherapy with temozolomide and 

longer average survival. MGMT promoter methylation has implications for the physiopathology of the tumor 
of patients [27] 

It has been shown that the MGMT promoter methylation can change from the primary tumor to relapse in 

about 24% of glioma patients [27]. Testing MGMT promoter methylation not only in the primary tumor, but 

also in relapse would be helpful. It is recommended that clinical studies on GB recurrence take into 

consideration MGMT promoter methylation changes and investigate if these changes should be accounted for 

the treatment decision [27–29]. 

    

Immunotherapy focused on poor regulatory molecules on the immune inhibitory checkpoint axis 

(programmed cell death protein 1 (PD-1) and its ligand ([PD-L1) have shown breakthroughs in lots of cancers. 

PD-L1 is broadly expressed in nearly all tumor cells [30]. PD-1 is the receptor of PD-L1 and is expressed on 

CTLs and immune natural killer (NK) cells [30]. Indeed, the PD-1/PD-L1 axis is the essential pathway that 

inhibits the activation or proliferation of CTLs and NK cells within the tumor microenvironment [30]. 

Moreover, PD-L1-mediated immunosuppression in GB is related to M2 macrophage polarization and low 

survival [30]. The PD-L1 is linked to the PD-L1 blockade, and responses had been substantially better in PD-

L1-positive tumors than in PD-L1-negative tumors [30]. Thus, the PD-L1 degree in GB is taken into 

consideration as a first-line predictive marker of PD-1/PD-L1 antibody response. Precise detection of PD-L1 

expression in GB tissues can also forecast PD-1/PD-L1 antibody response [30]. Some studies have shown that 

PD-L1 is an adverse prognostic marker for GB affected patients; PD-L1-mediated immunosuppression may be 

also associated to the infiltration and M2-polarization of macrophages, and that PD-L1 may act as a good 

predictor and an effective GB therapeutic target [31,32]. 
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Figure 1: GB different niches and microenvironments elements. Barthel, Lennart et al. “Glioma: molecular 

signature and crossroads with tumor microenvironment.” Cancer metastasis reviews vol. 41,1 (2022): 53-75. 

doi:10.1007/s10555-021-09997-9 (Authorization in course) 

 

The GB tumor microenvironment with immune agents and three major niches revealed the presence of specific 

molecular profiles (Figure 1 from Barthel et al 2022). 

 

(i) Vascular niche: this niche is characterized by marked angiogenesis with a corresponding increase in VEGF. 

This is where tumor macrophages accumulate. Cytokines such as interleukines IL-6 and IL-8 are elevated. 

Similarly, PTEN increases protein matrix crosslinking and promotes angiogenesis. 

 

(ii) The hypoxic niche contributes to glioma growth and resistance. Elevated PTEN, HIF contribute to the 

regulation of VEGF and IL-8 and support the presence of stem cells indicated by elevated CD133. 

Inflammatory cytokines are reduced through tyrosine hydroxylase activity. 

 

(iii) Invasive niche: this niche is characterized by  transition to a state of normal blood vessels and normal brain 

tissue. Vascular-associated stem cells, glioma cells and glioma cells are involved in tumor growth, and 

endothelial cell-associated glioma stem cells via CXCL12/ CXCR4. The cellular matrix also supports the growth 

of invasive tumors. 

 

In summary, GB has multiple abilities, including uncontrolled cell proliferation, invasiveness, necrosis 

tendency, and a high triggering of angiogenesis. Interactions between cells and interactions with the 

microenvironment are crucial because they affect the phenotype of tumor cells and promote proliferation or 

infiltration depending on the factors present in the environment. For example, hypoxia, ionizing radiation and 

chemotherapy cause multiple molecular pathways (Ras, HGFR, STAT3 ...) leading to an invasive phenotype 

while angiogenesis or anaerobic glycolysis will cause a proliferative phenotype via other pathways (Myc, 

VEGF, CSPG...) [33].  The ability to proliferate and migrate and high genetic instability grants CSCs resistance 
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to apoptosis and chemotherapy, often leading to recurrence [6–8]. Despite this ability to invade GB, it localizes 

only in the CNS and does not form extracranial metastases except in rare cases [34]. This localization appears 

to be associated with the specificity of the brain tumor microenvironment and systemic immunity that limits 

the spread of cancer cells in the body [35]. Due to GB heterogeneity, it is classified as a subtype with certain 

genetic changes. It is called classical, mesenchymal, anterior, and nervous GB. It is associated with high 

proliferation. It is mutated in the gene encoding EGFR, leading to increased expression. GB has a deletion at 

the CDKN2A p16INK4a locus and has one chromosome on chromosome 10 pair. Mesenchymal GB is 

characterized by frequent mutations and deletions of the neurofibromin 1 (NF1) gene, which is involved in the 

regulation of  Ras signaling pathways, and overexpression of genes involved in protein synthesis (NF-κB, 

CHI3L1, HGFR). Nerve subtypes overexpress many mythological markers, whereas preneuronal GB shows 

changes in the PDGFRA gene and mutations in the IDH1 and TP53 genes that are involved in tumor 

progression. These clusters may share common mutations, such as deletions of the PTEN gene, which are 

involved in the regulation of the cell cycle. Classic and mesenchymal GB are often associated with a poor 

prognosis, as opposed to the anterior and nerve subtypes of this disease type. In particular, unlike other 

subtypes, classical and mesenchymal GB primarily affect the aging population [24]. 

 

 
1.1.2. Current treatments and their drawbacks 

 

Surgery progresses 

 

A comprehensive strategy is necessary for the treatment of newly diagnosed GB. The current standard care 

consists of the most safe surgical resection possible, followed by concomitant radiotherapy with the oral 

alkylating chemotherapy drug temozolomide (TMZ; Temodar®), and adjuvant treatment with TMZ. Because 

these tumors are frequently invasive and frequently located in crucial regions of the brain, such as regions that 

regulate speech, motor function, and the senses, extensive and complete surgical resection of GB is challenging. 

Radical removal of the original tumor mass is not curative because to the high degree of invasiveness, and 

infiltrating tumor cells inevitably persist in the surrounding brain, causing the illness to develop or return in 

the future [36,37]. 

 

Numerous studies have shown the value of aggressive surgical resection when feasible, with trends showing 

better results in individuals who undergo more extensive resection [37–39]. Many studies have found 

statistically significant relationships between higher resection extent and longer progression-free survival 

(PFS) and overall survival (OS) [37,40–43]. More extensive resections may now be accomplished while 

maintaining function and quality of life because to advancements in surgical and preoperative imaging 

techniques [37,42]. 

 

In preoperative planning, the use of functional MRI and diffusion tensor imaging (DTI), as well as 

ultrasonography, CT scans, and MRI with direct stimulation during surgery, has enabled multimodal 

neuronavigation and the integration of patient-specific anatomic and functional data. Despite these 

advancements, distinguishing between normal brain and residual tumor remains a significant issue, and the 

use of 5-aminolevulinic acid (5-ALA) dye for fluorescence guiding has been shown to be more successful than 

standard neuronavigation-guided surgery alone [44]. A Cochrane study, on the other hand, discovered only 

low- to very low-quality evidence that image-guided surgery utilizing 5-ALA, intra-operative MRI, or DTI 

neuronavigation enhanced the proportion of patients with high-grade glioma who had a complete tumor 

excision on postoperative MRI [45]. 

 

Cost and the requirement for specialized equipment, operators, and surgical suites are two further drawbacks 

of these new technologies. More research is needed to explain the clinical advantages before they are adopted 

as the standard of therapy for GB affected patients. 
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Despite breakthroughs in surgical resection, individuals with GB have a terrible prognosis, with a median 

survival of 15 months [46]. Aside from the quantity of surgical resection, additional variables have been linked 

to improved survival. Patient age and Karnofsky Performance Status are well known as prognostic markers, 

with younger patients and higher performance status having a better chance of survival. Tumors larger than 

5-6 cm in diameter and those that cross the midline have been linked to poor outcomes [47]. Supratentorial 

(cerebrum) and cerebellar tumors have a better prognosis than tumors in the brainstem or diencephalon 

because they are more susceptible to surgical therapy [48]. A statistically significant improvement in OS 

following the start of vigorous multimodality therapy [49]. 

 

 

Gliadel® wafer therapeutic strategy 

 

Arbor Pharmaceuticals' Gliadel® wafers (prolifeprospan 20) are biodegradable copolymers loaded with the 

alkylating chemical carmustine (1,3-bis(2chloroethyl)-1-nitrosurea (BCNU)). At the early 1990s, Gliadel® 

wafers were created for the treatment of high-grade glioma (HGG) in order to overcome the constraints of 

blood-brain barrier impermeability to antineoplastic drugs [50]. It consists on a biodegradable matrix system 

that can provide a targeted and sustained release of BCNU after being implanted into the resection cavity. It 

has shown to be a relatively safe and adapted treatment for HMG in randomized, double-blinded, placebo-

controlled, multicenter human Phase III clinical trials [51–53] 

 

Adjuvant systemic chemotherapy extends primary malignant glioma patients' survival beyond 12-18 months. 

Gliadel® wafers with carmustine (BCNU) implanted in the resection cavity after surgery are the only 

interstitial chemotherapy treatments approved for malignant glioma. Westphal and colleagues (n = 240) found 

a 29% risk decrease (P = 0.03) in the BCNU wafer-treated group throughout the course of a 30-month study 

[54]. 

Patients with malignant glioma who received BCNU wafers at the time of first surgery in conjunction with 

radiotherapy treatment had a survival benefit at 2 and 3 years compared to placebo [54]. Besides, convulsions, 

disorientation, cerebral edema, infection, hemiparesis, aphasia, and visual field abnormalities were the most 

commonly reported side effects [54]. 

 

The wafer Gliadel® is an alternative for individuals with newly diagnosed malignant glioma who have a near 

gross complete resection [50,54]. There is no data to compare Gliadel® to systemic therapy, and the choice to 

combine Gliadel® with systemic therapy should be determined for each patient individually. The patient 

group that would benefit from Gliadel® (based on age, histology, and performance status) is unknown; more 

research is needed. Gliadel® is also a possibility for individuals with recurrent malignant glioma that has been 

surgically resected [50,54]. 

 

1.2. Differentiation: an interesting strategy in cancer therapy 

 
1.2.1. Differentiation as a therapeutic strategy for GB cells 

 

Novel therapies in development include monoclonal antibodies against vascular endothelial growth factor 

(VEGF), tyrosine kinase receptor inhibitors [55–57], and Programmed death-ligand 1 (PD-L1) [23,31,32,58]. 

Despite recent advancements, only a few people with GB survive 5 years following diagnosis (3-10%, 

depending on the regimen used) [23]. 

The following criteria were used to validate the stem cell phenotype of CSCs:  their ability to form primary 

spheres in vitro; their capacity for self-renewal on clonogenic and population analysis; their capacity to 

differentiate under serum stimulation both into GFAP-positive astrocyte-like cells and into neurofilament 

expressing neuron-like cells; the generation of tumors upon orthotopic (intracerebral) transplantation in 

immunodeficient mice; and keeping the chromosomal abnormalities from the parent tumor [59]. 
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Differentiation reduces the tumorigenic and stem cell-like capacity of neurosphere cultures and that targeting 

the bCSC population is achievable by directly reducing EGFR signaling. Some findings have shown that 

targeting the bCSC population with differentiation therapy, perhaps in conjunction with anti-EGFR 

medication, might be a viable therapeutic strategy for patients with GB [60]. 

 

Because of its severity, high risk of recurrence, and resistance brought on by CSC, GB is a cancer that is 

challenging to treat. Numerous markers for this cell type are present in CSCs (CD24, CD34, Nestin, Sox2). 

Prominin-1, also known as CD133, is one of them and may distinguish CSCs from other cancer cells[62–64]. It 

is frequently seen in several malignancies, including glioma and GB [61]. GB-CSC modifies the cell fate-

determining Nocht, Wnt, NF-B, and BMP signaling pathways in order to preserve the phenotypic of this strain. 

CSCs can resist apoptosis, maintain the parental phenotype, and lessen receptivity to differentiation cues 

thanks to these changes [9,62]. With the goal of creating medicines that can eradicate CSCs and prevent the 

recurrence of illness, several signaling pathways are being researched. 

 

It has been demonstrated that CSCs overexpress Gremlin 1, an endogenous BMP (bone morphogenetic 

protein) antagonist. CSCs can express this molecule, which preserves their parental phenotype, although 

cancer cells that do so frequently become undifferentiated [63]. Additionally, GB-CSC activates the 

Zestehomolog 2 (EZH2) gene's enhancer abnormally, blocking the BMP pathway and producing the same-

named polycomb enzyme. In actuality, EZH2 short-circuits cellular impulses and methylates the BMP receptor 

gene. The BMP signaling pathway's forced expression or inhibition of this methylation restores the 

differentiation effect and lessens the number of CSCs and their invasiveness [64–66]  

 

While it is obvious that GB stem cells can differentiate, it is less clear if they can commit to sustained 

differentiation and enter the terminal cell cycle. Clinical translation of BMP-based differentiation therapy may 

thus be challenging. First, there are distinct differences in responses amongst cell lines, and this is to be 

expected in patients. Secondly, whereas induction is quick, methylation alterations are gradual and need 

prolonged exposure. Thirdly, acquired changes are not permanent, and reversion, de-differentiation, or 

selection of differentiation-resistant clones are all possibilities [67].  

Clearly, overcoming these hurdles at the outset will be a significant task in the design of differentiation 

treatments. Implementing differentiation treatment for GB requires a better knowledge of the processes by 

which tumor cells avoid differentiation commitment [67].  

 
1.2.2. Bone Morphogenic Proteins as biodrugs 

 

Specifically involved in growth control or differentiation, BMP is a class of proteins that is part of the 

transforming growth factor-superfamily. BMPs play a role in all stages of organism development, including 

early and late embryogenesis. 15 BMPs have been discovered to have a pleiotropic effect in mammals. BMP is 

a proprotein that is present in the cytoplasm [68]. Type I or type II transmembrane receptors (BMPR-I / II) 

detect its cleavage and phosphorylate the Smad protein, a family of mediator proteins [69,70]. The Smad1/5/8 

protein, which binds to the Smad4 cofactor, is phosphorylated by the receptor. The complex is subsequently 

moved into the nucleus, where it interacts with different coactivators or cosuppressors to change the 

expression of certain genes (Figure 2) [71]. 

 

There are non-standard routes mediated by MAPK (mitogen-activated protein kinase), in addition to the usual 

Smad pathway [72,73]. The study stresses its capacity to stimulate BMP4 and glioblastoma CSC differentiation 

based on existing information. This protein can produce neural stem cell (NSC) and CSC-differentiated 

phenotypes by activating BMP typical pathways. Additionally, it lessens the proliferative, invasive, and 

tumorigenic capacity of glioblastoma CSCs both in vitro and in vivo. Additionally, these effects are associated 

with elevated levels of the cell-differentiation proteins claudin and E-cadherin [74,75]  
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Figure 2: SMAD pathway triggered by BMP-4 Beederman, M. et al. BMP signaling in mesenchymal stem cell 

differentiation and bone formation. Journal of Biomedical Science and Engineering 6, 32–52 

(2013).(Autorisation in course) 

 

Consequently, the use of BMPs, notably BMP4, appears promising in raising knowledge of chemotherapy and 

radiation therapies among CSCs [73]. Among over 20 BMPs family proteins, BMP-2, BMP-4, BMP-6, and BMP-

9 are significantly involved in ossification, of which, the effects of BMP-9 on ossification are the strongest, 

followed by those of BMP-2 and BMP-7. BMP-2, BMP-6, BMP-7 and BMP-9 that have shown differentiation 

properties on osteoblasts and bone marrow mesenchymal stem cells [76–82]. BMP-2 is a protein with similar 

properties as BMP-4 and are both very important for bone formation. 

As a secretory, acidic, hydrophobic glycoprotein, BMP-4 is a mature polypeptide has 116 amino acids and a 

molecular weight of around 30 kDa. BMP-4 and BMP-2 are similar structurally. Between BMP-4 and BMP-2, 

there is an 83% identity in the amino acid sequence [72,83,84]. Human BMP-4 exists in two different forms, 

one of which is expressed in the mature placenta tissue and has a protein precursor with 402 amino acid 

residues, and the other of which is expressed in osteosarcomas and has a protein precursor with 408 amino 

acid residues. As a member of the BMP family, the core of the BMP-4 monomer is a family-conserved cysteine 

knot structure[72,83,84]. There is a signal peptide region at the N-terminus of BMP-4. It may contain four N-

linked glycosylation sites. Three of these are in the same location [84].  

Mature human BMP-2 is an acidic glycoprotein with a molecular weight of approximately 32 kDa. It contains 

114 amino acid residues, enriched with glutamate, and is soluble in neutral saline with an isoelectric point of 

4.8–5.1. BMP-2 has cross-species homology among bovine, rabbit, mouse, and human. The crystal structure  of 

BMP-2 was assessed at a resolution of 2.7 Å by X-ray diffraction analysis [85]. The structural basis of the BMP-

2 monomer is three intrachain disulfide bonds formed by six family-conserved cysteine residues [84]. Human 

BMP-2 proprotein contains four glycosylation sites. Below this are the glycosylation sites of the polypeptide 

chain of mature BMP-2 [84]. 

 

Despite extensive study on systemic routes, transport and targeting of BMP-4 and other common molecules 

in the brain remains problematic due to the blood-brain barrier (BBB) and biodistribution. The BBB is a crucial 

barrier for brain protection. It is made up of endothelial cells, astrocytes, pericytes, neurons, and the brain 
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basement membrane, and it allows for finely regulated impermeability. Exchanges occur via a variety of 

mechanisms, including passive diffusion, transcytosis, and transporters [86,87]. This mechanism protects the 

brain by permitting only tiny lipophilic molecules (400 Da) to pass by diffusion while peptides and proteins 

are transported via specialized transporters. As a result, the BBB blocks the majority of medicinal compounds 

[88–91]  

 

The permeability of this physiologic barrier is a significant research area, and numerous bioengineering 

strategies, such as the use of viral vectors and micro and nanoparticles (MP, NP) based on their 

physicochemical features, have been proposed [92]. 

Many characteristics, including as solubility, stability, distribution, method of administration, and potential 

adverse effects, must be addressed while developing therapeutic proteins [93,94]. Subtle modifications in this 

structure cause denaturation and, as a result, inefficiency. As a result, preserving protein integrity is critical. 

However, these therapeutic proteins are rapidly destroyed by proteases in the circulation and are difficult to 

precisely target [95–97]  

 

Due of these challenges, researchers have developed local area techniques to minimize degradation and better 

target therapeutic proteins. Protein delivery systems based on polymer architectures include MPs and NPs, 

hydrogels, and porous structures loaded with drugs and biodrugs, displaying controlled drug release 

properties. 

 

 

1.3. Polymer-based protein delivery systems 
1.3.1. Common forms of polymer-based protein delivery systems  

 

Therapeutic proteins have gotten a lot of interest because they play important roles in a variety of biological 

processes [93,94]. Their distribution to target locations, on the contrary, is difficult because to their inherent 

sensitivity to varied environmental conditions [93,94]. Polymeric systems can provide not only physical 

protection from external stimuli, but also tailored protein delivery to specified areas [93,94]. Many applications 

favor NPs containing charged polymers because they provide moderate protection via electrostatic 

interactions [93,94]. Furthermore, most organs have a certain pH, and by adjusting the degree of electrostatic 

interactions and contact length between the target and polymeric NPs, the latter's intracellular absorption and 

hence long-term therapeutic effectiveness may be improved [98–102]. 

Others systems such as fibers, scaffolds, sponges and hydrogels have been developed in order to vectorize and 

administer proteins in a locoregional way (Figure 3) [103–105]. 
 

 

            

 

 

 
 

              

          Fibers        Micro/Nanoparticles            Scaffold                         Hydrogel 

 

 

Figure 3: Common types of polymer-based delivery systems 
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However, these protein carriers have substantial drawbacks, such as limited encapsulation efficiency, physical 

instability, and intrinsic toxicity to cells or tissues [106,107]. Polymeric NPs, namely polymer aggregates 

prepared from natural or synthetic polymers using various strategies, have recently got the interest of 

researchers as protein carrier systems due to their multifunctionality; they can protect loaded drug from 

extreme conditions, allowing for enhanced bioavailability at target sites by forming complex or in the complex 

state with proteins [97]. 

 

These properties make polymeric NPs ideal for carrying therapeutic, yet non-toxic, quantities of protein to 

specified areas. For biomedical polymeric nanoparticles (NPs) are non-toxic colloidal particles with sizes 

ranging from 10 to 1000 nm that can aggregate form spheres, discs, rods, or ellipsoids [101,108,109]. 

They are frequently made from biodegradable synthetic polymers such as poly(lactide-glycolide) (PLGA) 

copolymers and poly(caprolactone)s (PCLs), as well as natural polymers such as albumin, gelatin, alginate, 

collagen, and chitosan [110–117]. Depending on the specifications of the NP design, the polymers might be 

functional or non-functional. Polymeric NPs inert nature allows them to avoid endosomal internalization, 

which would otherwise result in clearance and breakdown by lysosomes. Furthermore, charged polymers can 

be functional, such as being switched to stimuli-responsive drug release such as pH, temperature, radiations 

[118–120]. 

 
1.3.2. Nanoprecipitation of proteins 

 

Proteins are large biological macromolecules made up of one or more chains of amino acids [93,121]. They 

play a variety of important roles in biological systems. Intracellular proteins that exist naturally provide critical 

tasks such as enzyme catalysis, signal transmission, gene control, and the maintaining of a delicate balance 

between cell survival and programmed death [93,121]. Proteins are vulnerable to environmental conditions or 

neighboring modifications because to their fragile and tertiary structure [97]. Many diseases are connected 

with damage to their function [93]. Proteins have acquired great appeal in the pharmaceutical sector due to 

their dynamic ability to execute a wide range of complicated tasks and their lesser propensity to disturb normal 

biological processes [93,94,122]. 

 Their inherent vulnerability to various environmental stresses found within the human body, such as 

hydrolysis, oxidation, and proteolysis, limits their clinical use [97]. 

They are readily destroyed by enzymes in the gastrointestinal tract (GIT) when delivered orally or 

parenterally, have difficulties penetrating across gastrointestinal mucosa, and are removed during first-pass 

hepatic clearance [93,94]. 

 

Furthermore, protein distribution to the intracellular space (their primary location of action) is hampered by 

many proteins' intrinsic features, such as their large size, variable surface charges, and fragile tertiary 

structures [121]. 

It has therefore been proposed that encapsulating therapeutic proteins within biocompatible matrices can 

protect them from early denaturation and subsequent loss of efficiency while also decreasing their 

immunogenicity and systemic toxicity [93,94]. 

Encapsulating fragile proteins within carrier systems not only allows for targeted delivery to a specific organ 

or tissue by functionalizing the carrier with targeting moieties, but it also reduces the overall concentration 

necessary to provide therapeutic effects and, the size of the carrier systems must be in the nm range to allow 

intracellular absorption [93,94]. 

 

Numerous research have been conducted to investigate the influence of protein interactions with 

polyelectrolytes on protein release from polymeric systems. In one research, lysozyme and chondroitin sulfate 

were complexed before being encapsulated in PLGA microparticles [98,99,123,124], which improved protein 

release relative to natural lysozyme. The complex's release profile revealed an initial moderate release followed 

by a zero-order release with homogenous complex dispersion in the polymeric matrix [125]. In another work, 

complexing lysozyme with glycolic chitosan reduced early release while increasing total protein release rate 

[126]. 
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Proteins in the solid state are known to be more stable than those in an aqueous solution. The protein structural 

mobility is reduced in the solid state, which promotes stability and protects activity. Encapsulation 

technologies such as solid/oil/water (S/O/W) [127] and solid/oil/oil (S/O/O) [128] emulsions have been 

developed for this purpose in order to stabilize the proteins and prevent adsorption at the water/oil interface. 

Nevertheless, protective additives such as cyclodextrins and surfactants are required to keep some proteins 

active [100,101,129]. 

 

Surfactants are amphiphilic compounds that tend to lower the surface tension of the protein solution, 

preventing adsorption and aggregation on hydrophobic surfaces via an often competitive mechanism. Non-

ionic surfactants are preferred to ionic surfactants, which can bind to various protein groups and cause 

denaturation of the proteins. Surfactants with varying hydrophilic-lipophilic balances (HLB) were co-

encapsulated in a research of insulin encapsulation via the water/oil/water emulsification technique. Within 

these surfactants, only polysorbate 20 improved protein stability in PLGA particles [130]. Polysorbate 20 and 

polysorbate 80 were not successful in stabilizing lysozyme in another study [131]. 

Poloxamer 407, on the contrary hand, was effectively employed to encapsulate urease in PLGA particles; the 

gel structure of the hydrophilic poloxamer chains preserved the protein during formation. Furthermore, it was 

demonstrated that phosphatidyl choline may stabilize interleukin-1- during encapsulation [129] 

Poloxamer 188, has been successful to stabilize lysozyme, chymotrypsin, peroxidase, TGFβ3 and TGFβ1 

during nanoprecipitation process followed by phase separation encapsulation [100–102,132]. 

 
1.3.3. Nanoparticles processes and non-toxic solvents 

 

Indeed, hydrophobic interactions during formulation between the polymer (PLGA) and the protein pose a 

stability issue since the protein might adsorb onto the polymer and denature. Likewise, the pH, ionic strength, 

and polarity of the solvent all have an impact on protein adsorption. Because of the protein neutrality, a pH 

near to the isoelectric point (Pi) promotes this phenomena. Adsorption is increased by increasing the ionic 

strength and employing more polar solvents [133]. According to one research, because ethyl acetate is less 

polar than dichloromethane, it less interacts with the polymer, making it a more appealing solvent for 

formulation procedures in terms of protein stability (Figure 4) [133,134] . 

The chapter 4 focuses on the validation of a phase separation-based formulation approach for therapeutic 

protein encapsulation. Under specific conditions, adding an aqueous solution to a polymer solution causes 

controlled desolvation of the polymer, permitting particle formation. This procedure was developed without 

the use of any harmful solvents [100–102,132,135]. 
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Figure 4 Phase separation process of PLGA NPs. Adapted from Haji Mansor, M. et al. Eur J Pharm 

Biopharm 125, 38–50 (2018). (Autorisation in course) 

 

Glycofurol (GF) is a colorless, odorless liquid that is transparent. It is a non-volatile organic solvent that is 

soluble in water and is suitable for intravenous or intramuscular usage up to a concentration of 50% (v/v) [136]. 

It is employed as a co-solvent in various pharmaceutical formulations [136–138], but it is also used as a vaccines 

adjuvant [139] and as a vehicle for injectable polymeric implants [140–142]. Co-administration of glycofurol 

has been demonstrated to increase peptide absorption, including insulin and T-peptide [143]. Furthermore, it 

has recently been reported as a PLGA solvent in the formation of micro- and nanoparticles [109,144–146] 

 

Dimethyl isosorbide (DMI) is a colorless, transparent liquid that is non-flammable and non-volatile. It is highly 

soluble in water (1.103 g.L-1 at 25°C). It is utilized as a solvent for various active substances and cosmetic oils 

[147], as well as a co-solvent to improve the solubility of weakly water-soluble components such steroids [148]. 

DMI is utilized in cosmetic formulation to promote the penetration of certain cosmetic chemicals since it is not 

irritating to the skin, eyes, or ears. It is also used in pharmaceutical applications [82] and as a solvent to dissolve 

embolic biomaterials [149–151]. This solvent, which may be injected intravenously or intraarterially, is 

employed in formulations with weakly water-soluble components [150]. 

 

An overview of glycofurol and dimethylisosorbide's characteristics is provided. According to the 

bibliographic studies and toxicity data, we believe that DMI and GF are the least harmful organic solvents 

(Table 1). In this project, we will utilize these solvents to dissolve the polymer (PLGA) in the formulation stages 

of particulate systems for growth factor Lysozyme and BMP-4 encapsulation. 
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Table 1: Solvent characteristics tested in in vivo models 

 

 
Injectable 

solvents 

LD50*(ml/kg) Hemolytic 

activity[149]** 

Cardiovascular 

toxicity [150] 

Arterial 

Pressure 

reduction 

[150] 

Angiotoxicity/

vasospasm 

duration (min) 

[151] 

GF 3.5(iv./m) Moderate  Insignificant None 10.5 

DMI 8.54(iv./r) Low Insignificant None 5.9 

DMSO 6.9(iv./m) 

12.6(ip./m) 

15(po./m) 

Very high Moderate Moderate 19.1 

NMP 4.4(ip./m) Moderate  Significant Significant 5 

 

*LD50: median lethal dose; iv: intravenous, ip: intraperitoneal, po: oral, m and r: in mice and rats. **The study 

is performed by the intravenous and intra-arterial routes [149–151] . 

 

 
1.3.4. Hydrogels 

 

A hydrogel is a network of hydrophilic polymers that may absorb hundreds of times their dry weight in water, 

or between 10 and 20% (an approximate lower limit). Chemically, hydrogels can either be stable or they can 

break down and finally dissolve. When the networks are kept together by molecular entanglements and/or 

secondary forces such as ionic, H-bonding, or hydrophobic interactions, they are referred to be "reversible" or 

"physical" gels [118]. Physical hydrogels are not homogenous because they may contain molecular 

entanglements in groups or domains that are hydrophobically or ionically linked. In physical gels, free chain 

ends or chain loops also signify transient network flaws [152,153]. 

Systems of interest that are going to be described and characterized in this work, are physical hydrogels. 

Physical interactions such as hydrogen bonding [118,152,153], hydrophobic, electrostatic, van der Waals, and 

even - interactions cross-link physical HGs. This physical cross-linking can occur spontaneously or be driven 

by changes in environmental properties, the most frequent of which is temperature variation. The utilization 

of thermoresponsive particles that self-assemble following hydrophobic contact via heating has also been 

described. There are some hydrogels that are formulated using a cold gelation process and where the polymer 

is dissolved at 4 °C then the hydrogel undergoes structural modifications  when the temperature increases and 

assess a hydrogel network at physiological temperature like poloxamer [154–158]. A change in light intensity 

is another way to generate physical cross-linking [97,99]. More detailed characteristics of hydrogels and other 

types of scaffolds will be discussed in Chapter 3. 
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 2. Thesis aim and objectives 

 
 

The chemokine BMP-4 has been shown to alter the phenotype of GB cells through differentiation. It is also 

widely recognized that extensive GB tumor excision is frequently not possible with current surgical methods.  

 

The remaining GB cells in the brain might grow and reform the tumor, worsening the patients' clinical 

condition and leading to a high risk of death. Hence, the project aims to create a polymer-based hydrogel 

capable of releasing BMP-4 on a long-term basis that could be injected into the resection cavity to 

differentiate residual GB cells, making them more sensitive to radiotherapy and chemotherapy and thus 

facilitating their selective killing.  

 

The main specifications that have been highlighted as critical to achieving the aforementioned goal are:  

 

• Encapsulating BMP-4 in polymer-based nanoparticles to produce main carriers of this cytokine  

 

• Incorporating BMP-4-loaded nanoparticles into an injectable hydrogel to offer a secondary barrier to BMP-

4 release 

 

 

 

The results of these aims are presented and discussed in the next two chapters of this thesis (Chapters 3 and 

4).  

 

The third chapter is called Hyaluronic acid-based systems and consists on a review written and accepted in 

MDPI International Journal of Molecular Sciences. It is titled “Hyaluronic acid scaffolds for loco-regional 

therapy in nervous system related disorders” and discusses different types of scaffolds developed in the 

literature whether they are hydrogels, sponges, Electrospun fibers and nanocomposite systems. 

 

The fourth chapter is called “Encapsulation of BMP-4 into polymer-based nanoparticles”. This chapter 

explains how to make homogenous nanoparticles out of PLGA and a PEG-PLGA co-polymer to load BMP-4. 

It is also presented as an article intended for submission on MDPI Pharmaceuticals. The careful tuning of the 

nanoparticle composition to achieve a suitable compromise between BMP-4 encapsulation efficiency and 

release capacity is one of the chapter's highlights. 
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 The fifth chapter is entitled “Development of nanocomposite hydrogels for Glioblastoma application”. This 

chapter focuses on formulating a nanocomposite hydrogel and its physico-chemical and biological 

characterization. It is also presented as an article intended for submission on MDPI Gels.  This section of the 

thesis featured detailed discussions on the influence of nanoparticle presence on the physico-chemical 

properties of the hydrogel as well as the BMP-4 release profile from the nanocomposite hydrogel. 

 

The sixth chapter is a general discussion and a conclusions of the project and its perspectives. Followed by the 

annexes, that consist on one published article on another therapeutic strategy based on Rapamycin delivery 

using lipid nanocapsules for Glioblastoma treatment. 
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 Abstract: Hyaluronic acid is a Glycosaminoglycan made of disaccharide units containing N-

acetyl-D-glucosamine and glucuronic acid. Its molecular mass can reach 10 MDa and its 

physiological properties depend on its polymeric property, polyelectrolyte feature and 

viscous nature. HA is a ubiquitous compound found in almost all biological tissues and fluids. 
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capable of forming hydrogels, polymer crosslinked networks that are very hygroscopic. Based on these considerations, we propose an 
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1. Introduction 

Hyaluronic acid (HA), also known as hyaluronan, is a linear polysaccharide composed of disaccharide units 

containing N-acetyl-D-glucosamine and glucuronic acid [1–3]. Its molecular mass varies between 0.2 to 10 

MDa and its physiological properties are governed by its polyelectrolyte and polymeric features, as well as by 

its viscous nature [1–3]. HA is a ubiquitous compound present in almost all biological tissues and fluids [1–3]. 

In the human organism, it is found in the extracellular matrix (ECM) of the skin, vitreous humor, cartilage, 

and umbilical cord, CNS, PNS [1,4]. 

HA has various applications. For instance, in cosmetology, it is used as an anti-ageing agent, in pharmaceutics 

and regenerative medicine as an excipient and constituent of scaffolds for drug delivery and regeneration, and 

in biology as a component of in vitro models [5–7]. Research and medical grade HA samples are produced by 

biotechnological processes, mainly from bacteria or isolated from rooster combs [1,4]. HA is FDA-approved 

and Generally Recognized As Safe (GRAS) for medical applications. Besides, HA can be administered 

topically, orally or by injection [1–3]. 

HA is a natural polymer present in the Central Nervous System (CNS) and Peripheral Nervous System (PNS) 

[7,8]. It is capable of forming a polymeric crosslinked network that exhibits a high water-absorbing ability, 

called a hydrogel [9]. HA polymers are biodegradable in vivo by free radicals and by vertebrates by specific 

enzymes from type I to type VI hyaluronidases [2,4]. HA biomimetic properties have motivated the 

development of HA-featuring devices for CNS and PNS disorders, displaying the following characteristics: 

injectability, biocompatibility, bioadhesion, controlled drug release and biodegradability [1,3,10]. 

HA-based systems are tunable. They are usually formulated with HA alone or in association with other 

biopolymers with biological properties such as chitosan, alginate and cellulose; or synthetic ones with 

thermosensitive and mechanical properties, for example, poloxamers, polyethylene glycol (PEG) and 

polycaprolactone (PCL) [7,10–14]. Due to their versatility, research on HA-based polymers has increased over 

the past decade with potential applications for drug delivery and regenerative medicine[9]. The aim of this 

review is to highlight HA properties, summarize emerging in vitro and in vivo evidence of HA-based scaffolds 

developed for brain cancer treatment [15], CNS [16] and PNS [17], and discuss relevant results for the 

locoregional administration of these scaffolds (Table 2, Table 3, Table 4).  

 

2. Pathologies of the central and peripheral nervous system and current therapeutic approaches  

Pathologies of the Nervous System are considered among the most difficult to treat, due to the complexity of 

the system and its numerous protective barriers that play a critical role in the brain’s metabolic activity as well 

as neuronal function [18,19]. At the same time, the occurrence of brain diseases like cancer, traumatic injuries, 

and neurodegenerative diseases are currently increasing [20]. Notwithstanding the advances in research 

regarding novel therapeutic approaches to treat pathologies of the CNS, the majority of these diseases still lack 

an effective and permanent cure. Here, we introduce the main issues and current therapeutic approaches for 

three classes of brain pathologies: i) cancer, particularly focusing on the most common and hard-to-treat brain 

cancer, i.e. Glioblastoma [15]; ii) traumatic brain injuries [16]; and iii) peripheral nerve injuries [17]. 
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2.1 Glioblastoma and gliomas 

Grade IV Glioblastoma (GB) and malignant gliomas are the most common form of brain tumors. They have 

an annual incidence of 5.26 per 100,000 people, accounting for 17,000 new cases each year [21,22]. 

Unfortunately, these kinds of tumors lead to poor quality of life and prognosis for patients, with a survival 

median of 15 months after diagnosis [15,21]. In fact, GB is defined as a IV grade glioma, and it is the most lethal 

and frequent malignant primary brain tumor [21]. On contrary to other solid tumors, GB is highly invasive 

towards neighboring tissues in the brain, causing high rates of recurrence and tumoral transformation in 

healthy cells, although rarely metastasize to other organs [15,21,23]. 

Current FDA-approved therapy is based on surgical resection of the majority of the tumor, followed by 

systemic chemotherapy and radiotherapy together with adjuvant therapy with temozolomide (TMZ), 

according to Stupp protocol [24,25]. In spite of the undoubted advantages linked to this therapeutic approach, 

in 90% of the cases patients experiment recurrence after the first surgery [15,26]. This common issue is mainly 

due to a specific population of cancer stem cells, called tumor-initiating stem cells, which display a high 

tumorigenic potential and often remain intact even after surgery and chemotherapy [23,27]. Thus, their ability 

to proliferate in an asymmetric way leads to the relapse of GB, but few therapeutic options are available in this 

scenario [15,21,23,28]. 

To reduce the risk of recurrence, several therapeutic approaches are now under investigation (Table S1). Of 

particular interest is the possibility to develop peptide- and cell-based vaccines that specifically target GB cells 

leading to their death by stimulation of the immune system [26]. More recently, CAR-T cells have also gained 

increasing interest from scientists thanks to their high potential for the treatment of GB [29]. Other approved 

molecules for the treatment of GB, carmustine, lomustine, and even monoclonal antibodies such as 

bevacizumab [30]. Another innovative approach is represented by nanomedicines; in fact, the particular tumor 

microenvironment and surface characteristics of GBM cells allow for specific targeting of drug-loaded 

nanosystems that can release cytotoxic drugs in tumor cells with low off-target effects [31,32]. Despite the 

several advantages that these innovative therapies may involve, few of them have reached the market. Besides, 

one approach is represented by Gliadel® [33–35]. Developed in early 2000, Gliadel® consists of polymeric 

wafers loaded with carmustine. They are approved to be implanted into the resected cavity after surgery and 

are able to release the drug for up to 3 weeks, thus reducing the risk of GB setback and promoting a better 

prognosis for patients [35]. However, this treatment only produces modest effects as the released drug can 

only penetrate 1-2 mm into the surrounding brain tissues, preventing the complete killing of residual GB cells, 

which may reside more than one centimetre away from the resection margin. Moreover,  the shape of the 

scaffold does not quite fit the resection cavity border and induces some side effects in many patients according 

to various clinical trials [36–38]. 

                                    2.2 Traumatic Brain Injuries 

Traumatic brain injuries (TBIs) are on the rise, not only in the elder population, where almost 500 out of 100,000 

people over 80 years are estimated to suffer from this pathology each year, but also in children, with an annual 

incidence of almost 500,000 cases among children aged 0-14 [16]. In particular, TBIs are one of the major causes 

of impairments in young adults, and for this reason, they represent a huge healthcare burden [39]. After the 

traumatic event, many phenomena can occur in the brain, both at physical and chemical levels [40,41]. In 

particular, the first phase after the trauma is generally considered crucial to determine the development of 

secondary damage, as it can include haemorrhages, disruption of the Blood Brain Barrier (BBB), high levels of 

inflammation, with consequences such as seizures, hypoxia, ischemic areas, and edema [42]. All these events, 

if not timely treated, may lead to metabolic failure, eventually leading to critical impairments or even death of 

the patient [16,40,41]. 
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Therapeutic approaches approved in the case of TBIs are generally linked to the specific case and history of 

the disease [16]. Considering physical and pharmacological approaches, these may include surgery to reduce 

edema-induced intracranial pressure, administration of neuroprotective agents, antioxidants to reduce free 

radical production, and antiinflammatory drugs; also, other therapies can involve hypothermia, regulation of 

blood flow dysregulation and ischemia, regulation of ion homeostasis and cytoskeleton stabilization [43]. All 

these pharmacological strategies, though, present a common limitation due to their fast clearance, thus 

resulting in hampered prolonged release and the need for several therapeutic systems [42]. At the same time, 

surgery often includes craniotomy and cranioplasty, calling for the need to develop biocompatible materials 

that can substitute physiological tissues and promote recovery [44,45]. Both these issues have been under 

investigation in recent years, leading to the design and formulation of biocompatible scaffolds that allow the 

prolonged release of therapeutics, along with the promotion of tissue curing [46,47]. In fact, many scaffolds 

have been developed, using different materials and production techniques (Table 3). In particular, hyaluronic 

acid-based scaffolds will be discussed in part 5. 

2.3 Peripheral nerve injuries 

Peripheral nerve accidents are not unusual situations, with a vast range of symptoms depending on the 

severity of the trauma and the nerves involved [17]. Although a lot of information exists on the mechanisms 

of damage and regeneration, reliable treatments that allow for complete recovery are rare [17,48,49]. 

Peripheral nerve accidents can imply various challenges to patients, starting from moderate pain to life-long 

impairment (Table S3). Seddon pioneered nerve accidents classification, by identifying three primary classes 

based on the degree of demyelination and the amount of damage to the axons and the connective tissues of 

the nerve [17]. The mildest shape of harm is referred to as neurapraxia, described by focal demyelination in 

the absence of harm to the axons or the connective tissues [17,50]. Neurapraxia generally happens as 

consequence to moderate compression or traction of the nerve and results in lower conduction velocity 

[17,50,51]. Depending on the severity of demyelination, the consequences can change from asynchronous 

conduction to conduction block, resulting in muscle weakness [17,52]. The subsequent stage is referred to as 

axonotmesis, which includes direct harm to the axons as well as focal demyelination, but the continuity of the 

nerve`s connective tissues is preserved [17,51]. The most extreme form of damage is referred to as neurotmesis, 

involving the complete transection of the axons and total nerve discontinuity [17,51,52]. 

3.  Routes of Administration of active pharmaceutical ingredients (API) into the CNS and challenges  

3.1 BBB and limits of drug diffusion 

The blood vessels that supply the central nervous system (CNS) have unique properties, known as the blood-

brain barrier, that allow them to tightly regulate the movement of ions, molecules, and cells between the blood 

and the brain. This precise control of CNS homeostasis enables proper neuronal function and also protects 

neural tissue from toxins, pathogens, and changes in barrier properties. This is an important part of the 

pathology and progression of various neurological diseases. The physiological barrier is coordinated by a 

series of physical, transport and metabolic properties possessed by the endothelial cells (ECs) that make up 

the vascular wall, and these properties are regulated by interactions with various vascular, immune, and nerve 

cells [53–55]. 

CNS vessels are continuous, non-windowed vessels, but they also contain many additional properties that 

allow tight control of the movement of molecules, ions, and cells between blood and CNS [54,56]. This highly 

restrictive barrier capacity allows the endothelial cells of the BBB to tightly regulate CNS homeostasis, which 

is essential for proper neuronal function, as well as for CNS protection. protected from toxins, pathogens, 

inflammation, injury and disease. The limited nature of BBB is a barrier to drug delivery to the CNS and 

therefore great efforts have been made to create methods to modulate or disrupt the BBB for therapeutic drug 
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delivery. The main route used to administer drugs is the intravenous route, and the BBB is a limiting factor. 

Hence, to overcome this hurdle, locoregional direct routes have been used [57,58]. 

 

                       

 

 

Figure 5: Parameters affecting the ability of drugs to cross the blood brain barrier (BBB) 

 

The Figure 5 shows main drawbacks of the BBB, among them, biological factors such as cerebral blood flow, 

physicochemical properties of the drug, like the chemical and biochemical structure, the compound charge 

and molecular mass, dosage form parameters like formulation process used, particle size, release kinetics. 

Other factors affecting the drug transport through the BBB are pharmacokinetics (ADME and clearance types), 

and biopharmaceutical factors like the membrane transport and affinity of the drug for cell receptors. Several 

administration types have been developed in the following parts among them, enhanced systemic 

administration, intranasal administration, convection- enhanced delivery, intracerebral route (Figure 6) 

Enhanced systemic administration 

One of the main challenges in the treatment of CNS related diseases is the bioavailability of the API in the 

damaged tissue. Systemic administration faces the constraint of the BBB, overall biodistribution and clearance 

from the body [53,57]. To overcome such limits, techniques such as aortic injection and enhanced permeation 

of the BBB by differential osmotic pressure [19] and cavitation generated by high intensity ultrasound 

combined with intravenous administration of microbubbles [59–61] have been investigated (Figure 6A). 

Although these techniques have the potential to increase the diffusion of active compounds, the accumulation 

into the desired site could be compromised while at the same time the clearance from the CNS tissues and 
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circulating blood is held. Thus, the therapeutic agent needs to be continuously administered on a planned 

basis in order to avoid considerable systemic toxicities [19].  

Intranasal administration 

Intranasal administration consists in the penetration of APIs into the CNS through the nasal barrier. The 

intranasal pathway can deliver therapeutics directly from the nasal cavity to the brain via the olfactory and 

trigeminal neurons. The intranasal route is made up of two routes, one intracellular and one extracellular [62]. 

The intracellular process begins with olfactory sensory cell endocytosis, which is followed by axonal transport 

to synaptic clefts in the olfactory bulb, where the drug is exocytosed [62]. This transynaptic process is 

replicated by olfactory neurons, allowing the medication to be distributed to different brain areas [62]. Drugs 

are carried directly into the cerebral spinal fluid via the extracellular method by first going via the paracellular 

space over the nasal epithelium, then through the perineural space to the brain's subarachnoid space [62]. 

One of the limitations of this route is the availability of the compound in contact with the nasal mucous 

membrane. Hydrogels may function as a reservoir for a prolonged release of APIs in the nasal route towards 

the CNS [63](Figure 6B-4). In other works, the development of nanobodies have been recently explored for the 

intranasal delivery of vaccines encapsulated in a nanogel [64], Temozolomide administration for glioblastoma 

treatment [65], poorly soluble drugs such as Simvastatin [66], and intranasal clozapine-loaded Technetium-

99m-labeled mixed micelles for the treatment of Schizophrenia [67]. Overall, although under investigation, 

this route may offer a non-invasive approach to the delivery of APIs in combination with appropriate 

encapsulation in nanoparticles including nanogels. 

Direct administration into the CNS compartment: the intracerebro-ventricular and parenchymal routes 

Since the majority of GB recurrences arise within the margins of the resection cavity, the chance exists that 

intraoperative loco-regional therapies (e.g. ascribed to differentiation, chemoattraction-trapping, 

immunostimulation strategies) from this space has received little attention to date and should get special 

consideration [68]. Invasive techniques that include the physical disruption of the BBB have also been 

investigated with the aim of reaching the damaged area more directly while reducing the total dose needed. 

For example, intracerebroventricular and intrathecal injections have the advantage that the drug is 

administered in the fluid compartment that is already in the CNS, hence the drug can more quickly reach the 

area of interest [18,69]. (Figure 6B-2&3). Moreover, administration via this route can be continuous by 

depositing a catheter connected to a pumping system [70]. Both routes of administration have the advantage 

that the main BBB step is bypassed contrary to systemic administration [69,71]. However, the diffusion into a 

distal site within the CNS can still be reduced due to other biological barriers, and the active compound may 

affect healthy tissues causing neurotoxicity or off-target effects [71–73]. 

A more direct approach consists in the injection of the drug directly into the damaged site. This approach, 

referred to as intracerebral parenchymal injection (Figure 6B-1), is relevant in the case of macroscopic lesions 

such as visible brain tumors and brain ischemia. The challenge of this strategy is the internal fluid pressure 

that can cause a reflux of the administered substance if performed in a single shot. Therefore, an additional 

force is needed to enhance the distribution of the administered substance. This is the principle of the strategy 

called Convection Enhanced Delivery (CED) in which a differential pressure is applied by means of a pumping 

system connected to a catheter that delivers the load gradually as the molecule of interest is locally and 

regionally spread into the interstitial space by convection and diffusion [74,75] (Figure 6B-1.2). CED has 

various benefits, such as a bulk flow-controlled process, bypassing the BBB, targeted delivery, and achieving 

reproducible diffusion [76].  

These techniques have been used for the administration of soluble drugs or colloidal dispersions of 

nanoparticles, sometimes delivering radiopharmaceuticals with promising results [63,64]. Nevertheless, 

although they offer a more loco-regional delivery, the absence of a reservoir that gradually releases the active 
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compound represents a limitation. CED may function as a reservoir strategy for gradual delivery, however 

the optimal regime depending on drug formulations needs to be established in order to diminish potential 

risks in the neurological status of the patient linked to an accumulation of the drug and/or the increase of the 

intracerebral pressure [77]. 

Delivery of scaffolds as prolonged releasing platforms 

A novel approach consists in the use of implantable devices which can ensure a sustained release of the active 

compound without the need of repeated injections. These releasing platforms are often formulated as 

hydrogels, fibers, and porous scaffolds [78–80]. The success of these systems has already been demonstrated, 

as in the case of Gliadel® wafers: when implanted in the margins of the glioblastoma resection cavity, they 

allow for a sustained release of carmustine [33–35,38]. However, the main disadvantage is that the wafers do 

not fit perfectly into the space and the contact with brain margins could be compromised [36]. 

Hydrogels by contrast offer the possibility of an adequate fitting into cavities and are very attractive as delivery 

systems. Indeed, they are of special interest in zones where the tissue has been resected such as tumors, brain 

and spinal cord injuries that undergo surgery (Figure 6B-1.1). The versatility of such systems relies on the 

feasibility of injection as a consolidated hydrogels or as soluble components that are sensitive to temperature 

or radiation to become stable hydrogels in situ [78]. The selection of either strategy is dependent on the 

application. For example, to fill a superficial cavity, thermosensitive soluble components would be easier to 

deposit with subsequent instantaneously reaction upon a change in temperature, whereas endoscopic delivery 

of thermosensitive compounds may not be suited for long distances that could result in gelation of the solution 

in the tubing system [81–83].Contrary, injection of a consolidated hydrogel may be limited to the rheological 

behavior and nature of the components. For instance, changes in structure or properties after injection and 

degradation due to hydrolysis are variables that could constrain their application [82,84–86].  

Delivery of hydrogels by CED 

The main advantage of the use of convection for delivery is the control of the time-space distribution of the 

load. While CED has been investigated since the early ‘90s on liquid formulations for intracerebral injections, 

little research has been made with regard to the delivery of hydrogels [78]. For instance, Mukerji R et al. 2015 

[87] developed a system of soluble elastin-like polypeptide (ELP) containing periodic cysteine residues and 

conjugated with chlorin-e6 (Ce6) as a photosensitizer. The soluble peptide was distributed in vivo into a solid 

tumor by CED to allow an even distribution within the whole tumoral mass (Figure 6B-1.2). Upon photon 

stimulation the produced ROS allowed disulphide crosslinking across the cysteine chains that eventually 

originated a reticulated network forming a hydrogel embedded in the tumor [87]. This strategy allowed to 

overcome the rheological constraints that can impose the injection of viscous materials. Additionally to 

photoradiation, thermal, enzymatic [63] and sonication [88] activation of the gelling of the injectable liquid 

mix might be explored in combination with CED. 

Potential hazards and challenges 

The fact that the direct administration of drugs into the CNS is an invasive approach, can cause patient side 

effects such as edema, infection, and neuron damage [69,89,90]. The safety hazards, drawbacks, and relatively 

high prices held up their applications as standard therapeutic strategies for those CNS diseases with relatively 

long disease processes and needing repeated administration[90]. Reducing the invasiveness of the procedure 

by exploring minimally invasive surgery such as keyhole surgery [44,91] for deposition of catheters or injection 

of scaffolds (Figure 6B-5), accompanied with image guided surgery might result in benefit to the patient.  
Intracerebral drug delivery is a method of passing through the BBB and other mechanisms that limit drug 

distribution in the brain, allowing high concentrations of drug to enter the central compartment. Factors that 

affect the efficacy and safety of this route of administration are osmotic pressure, pH, volume, and the presence 

of preservatives and drug vehicles being administered [90]. Physicians should be aware of the ongoing 
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pathology process and the patient's neurological status, as well as the physicochemical properties of the 

associated drug when prescribing for intracerebral administration. High suspicion parameters should be 

maintained when monitoring patients for adverse drug events after administration [90]. 

 

Figure 6: Routes of administration into the CNS. reprinted from Mukerji R et al. Biomaterials 2016 [Ref 83], with 

permission from Elsevier. Figure 2B-2: artwork by Patrick J. Lynch. Reprinted from the public domain 

accessat https://en.wikipedia.org/wiki/Ommaya_reservoir#/media/File:Ommaya_01.png. Figure 2B-4.1: reprinted 

from Kiparissides C et al. Ind Eng Chem Res 2020 [Ref 60], with permission from ACS. Figure 2B-4.2: reprinted 

from Wei X et al. Bioconjug Chem 2013 [Ref 84], with permission from ACS. Figure 2B-5: reprinted from Core 

Techniques in Operative Neurosurgery [Add ref], with permission from Elsevier. Further permission related to 

the material excerpted should be directed to the editors. 

https://en.wikipedia.org/wiki/Ommaya_reservoir#/media/File:Ommaya_01.png
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A) Enhanced administration of molecules and nanobodies by osmotic or focused ultrasound (FU) disruption 

of the BBB. B) Direct administration: 1.1. Intraparenchymal injection. A brain tumor case is schematized where 

hydrogel injection might be performed intratumorally or after resection around the cavity edges. 1.2. 

Intraparenchymal injection assisted by CED (convection-enhanced delivery). Depicted is the case where 

soluble compounds are evenly distributed by CED within the tumor before a gelation reaction is induced by 

photoirradiation. The resulting embedded gel can be used as a platform for the sustained release of active 

compounds [87]. 2. Intracerebroventricular administration of drugs directly into the cerebrospinal fluid (CSF). 

The Ommaya reservoir consists of a catheter connected to one lateral ventricle and a reservoir implanted under 

the scalp [92]. 3. Intrathecal injection. Lumbar puncture showing the direct administration of a drug directly 

into the CSF. 4. Intranasal delivery. 4.1 Intranasal application of modified HA in the nasal endothelium. Upon 

in situ polymerization the generated patch might be used as a reservoir for sustained release of compounds 

[63]. 4.2 After permeation of the nasal barrier, HA nanogels may be used to enhance intracellular trafficking 

of drugs in CD44 expressing cells [88]. 5. Keyhole surgery [44,91] might be used as an alternative access route 

to the implantation of hydrogels into the brain. Credits: figures were reused with authorization of the authors 

and or editors.  

       4. Therapeutic relevance of HA based scaffolds in the CNS 

       4.1   Composition, biological properties & mechanical properties of CNS 

The extracellular matrix (ECM) plays a diverse role in several physiological and pathological conditions [93]. 

In the brain, ECM is unique in both composition and function. In addition, almost every cell in the central 

nervous system contributes to various aspects of this complex structure [94]. ECMs in the brain, rich in 

proteoglycans and other small proteins, aggregate into distinct structures around neurons and 

oligodendrocytes [95]. These special structures play important roles in normal brain functions such as learning, 

memory, and synaptic regulation [93,94]. 

Chemical modification further diversifies the processing and manufacturing techniques that can be used to 

create 3D HA scaffolds [96–98]. By easily changing the treatment method, HA hydrogels, granular hydrogels 

(microgels), electrospinning fibers, and HA-based composites can be formed [78,99–101]. Various types of HA 

scaffolds have their own characteristics which offer several benefits to CNS regenerative medicine [80]. 

Murine and human brain ECM stiffness and physico-chemical specification of these composite scaffolds need 

to be associated. Indeed, brain ECM is mainly composed of HA and gives this tissue a softness property [94]. 

Moreover, murine brain Young modulus according to the region (hippocampus, cerebellum, cerebral cortex) 

brain varies from 0.5 to 10kPa are quite close according to the region studied [102]. It can be around 2 kPa for 

a healthy brain and go up to 20 kPa for tumor affected brain, but in more rigid regions such as the dura mater, 

it can reach very high young moduli 32 MPa and 62 MPa [102–105]. Thus, formulating scaffolds with Young 

modulus in this range is possible, especially for systems like hydrogels, sponges and fibers [78,79,106–109]. It 

also has been shown that in a healthy brain vs an injured brain, the stiffness of the tissue can either increase or 

decrease according to the brain region and the type of injury (neurodegenerative disease, cancer) [110–114]. 

Various scientific projects on brain tissue mechanics have concluded that the brain is a very soft tissue, non-

linearly viscoelastic solid material, with a very low linear viscoelastic strain interval, around 0.1 to 0.3% [106]. 

Brain tissue is made up of white and grey matter, and different areas of the brain are composed of various 

proportions  [63,115]. White matter mainly consists of myelinated axons from nerve fibers, the grey matter is 

driven by unmyelinated axons and perikaryons  [106,107]. It is necessary to understand the mechanical 

properties of brain tissue, as the brain is so well isolated from mechanical damage under normal 

circumstances[110]. Mechanical factors are thought to play a role in many diseases, including brain 
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development, but brain mechanics has been most often studied to understand stressed conditions, in an 

indirect or direct way  [106,112,113]. 

 

     4.2  Physico-chemistry of HA based  semi-solid dosage forms:  

 

                          Figure 7: Hyaluronic acid chemical structure 

Hyaluronic acid (HA) is negatively charged and non-branched GAG (figure 7). Brain has a HA-enriched ECM, 

in a healthy one, high molecular weight (> 10^6 Da) HA chains function as the tissue center of ECM and interact 

with proteins and PGs via a small linker protein called HABP to form a hydrogel-like network[93,94]. HA is 

upregulated in GB tumors and contributes to many phenotypic changes associated with cancer progression, 

including early tumor development, cancer cell proliferation, infiltration, drug resistance, and post-treatment 

recurrence [105,116]. Besides, hyaluronidases, HA synthases, HA receptors, and some HABPs are 

overexpressed. Co-overexpression of these factors may be implicated in GB invasion and treatment resistance 

[115,117,118].  

For  better mechanics, biomimetism, biocompatibility, sustained release and smart properties such as 

thermosensitivity, poloxamer and HA are well-studied and great candidates for semi-solid dosage forms and 

more precisely composite hydrogel formulations [78,85].       

Hydrogels are 3D water-swelling polymer networks formed by chemical and / or physical interactions. The 

main advantage of using hydrogels in tissue engineering constructs is that they are not only easy to process 

and mold, but also have the ability to adjust mechanical and biochemical properties to mimic soft tissues 

[78,119]. HA is interesting in CNS, brain cancer and peripheral nerve engineering, because of its natural origin, 

non-immunogenicity, high biodegradability by hyaluronidase and hydrolysis, porosity, biocompatibility, 

neuronal differentiation and neurite outgrowth capacity [8,80]. Hydrogels have received a great deal of 

attention due to their unique properties such as excellent biocompatibility, high water content and ability to 

decompose into safe products, and are widely used in various biomedical applications such as regenerative 

medicine, aesthetic medicine and drug delivery [9,120]. 

Poloxamer is a family of synthetic nonionic triblock copolymers in which the central hydrophobic block of 

polypropylene oxide is sandwiched between two hydrophilic blocks of polyethylene oxide. Polyethylene 

oxide copolymers [67,94,95] amongst them, Poloxamer 407 (P407) hydrogels exhibit interesting thermal 

properties and are attractive candidates for formulations, especially in combination with HA. P407 is a 

temperature-responsive polymer that is cold and liquid [86]. Aqueous polymer solutions gel as the 

temperature rises. P407 is considered to be one of the safest polymeric materials for the production of thermal 

hydrogels. It has excellent biocompatibility and injectability and is used in various fields of tissue engineering 

[121–123]. Hydrophobic domains in the chemical structure of P407 are useful for retaining poorly water-

soluble compounds. Various active substance-containing hydrogels based on  P407 were developed and 

characterized as a function of active substance concentration. Since then, hydrogels have been used as a 

controlled drug delivery system to promote local, sustained, and long-term release of APIs, thereby reducing 
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dosing frequency, avoiding side effects, and complying with low doses. The most widely studied 

environment-sensitive systems are temperature-sensitive hydrogels, where physical entanglement, hydrogen 

bonds, and hydrophobic interactions are key functions that make up the crosslinks. There are two distinct 

types of thermal hydrogels that gel by cooling below the upper critical gelation temperature (UCGT) such as 

agarose or by heating above the lower critical gelation temperature (LCGT) such as poloxamer [124,125]. 

Hydrogels with LCGT behavior and sol-gel transition at 37°C can be loaded under mild conditions 

(temperature ≤ 37 ° C), making them very popular in the biomedical field as carriers for cells, drugs and 

biomolecules [120,126]. The solubility of hydrophobic parts decreases when aggregated, to reduce the 

interaction of PPO blocks with the solvent used. Poloxamer is well-known for its thermal responsiveness, 

biocompatibility and low toxicity, P407 is widely used in smart drug delivery and in various formulations 

such as ophthalmic, nasal and other parenteral galenic forms [121–123]. When P407 gel is used alone, it rapidly 

loses its gelling ability after being diluted in a water-enriched environment. Blending P407 with other 

polymers such as hyaluronic acid or molecules is a solution to improve drug loading; these composite 

hydrogels are widely developed in the literature [96,127–129]. For example, P407-based hydrogels are widely 

used to encapsulate some small molecule drugs, such as ketorolac, metoprolol, and doxycycline, which have 

a molecular weight (MW) of less than 500 Da. They are also suitable for achieving optimal release of proteins 

to facilitate transfer of water molecules and release proteins or other compounds with a Mw > 500 Da such as 

Urokinase and Rutin [127,130]. 

5.   HA-based specific device for various applications   

Hydrogels are hydrophilic polymer networks that swell in water or body fluids. Recently, in situ gelation 

systems based on various synthetic and natural polymers have been extensively investigated for biomedical 

applications due to their ability to efficiently encapsulate cells and bioactive molecules, minimally invasive 

injection and easy to form in any desired defect shape, in addition to some advantages of typical hydrogels 

including high water content similar to extracellular matrix (ECM) [78,93,94], controllable physico-chemical 

properties (rheology, injectability) and biocompatibility [120,126]. When hydrogels are developed by covalent 

crosslinking, they form chemical or permanent gels. On the other hand, when physical bonding between 

molecules produces hydrogels, they form physical gels, and they are usually reversible [82,86,131]. Hydrogels 

are polymeric mesh networks that have the ability to bind a high amount of water [78,119,132]. It is a semi-

solid dosage form that is usually used for transdermal, subcutaneous, intra-articular, ophthalmic, nasal, 

vaginal, rectal administration routes [119,132]. The intracerebral route is the route that will be discussed in the 

following part; it is of high interest for brain cancer and central nervous system therapeutic strategies 

[69,89,90]. 

Unlike scaffolds that have a particular shape before being applied (figure 8), injectable scaffolds are injected 

into the defect area and then acquire their shape in situ [108,133,134] (see Graphical abstract p26). This function 

allows solidifying precursor scaffolds and cell mixtures to be site-specifically delivered into cavities and 

defects with irregular aspect, in a less invasive manner than transplantation [135–138].  

Several studies deals with HA based devices composed of other biopolymers such as heparin, silk fibroin[108], 

chitosan [12,133,139–142], collagen [133,143,144], alginate [11,145]or synthetic ones like 

poly(methylvinylether-alt-maleic acid [146], polycaprolactone [147,148], PDLLA [149], PEG [150], poloxamer 

[96,127–129]. These composite scaffolds made of natural polymers are biocompatible systems that exhibit 

interesting properties for tissue engineering applications such as structure, porosity, stiffness and correct 

controlled degradation rates [14,151]. Natural macromolecules exhibit abilities for site-specific cell adhesion, 

and given that HA is the main component of the brain ECM, neural cells can interact with a matrix which 

mimics their natural environment[3,10,14]. The most recent studies are presented, these systems have been 

developed for various applications such as GB treatment, peripheral nerve regeneration, and brain tissue 

engineering (Table S1, Table S2, Table S3). 
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Since they exhibit shear-thinning properties in rheological studies as well as when being injected, some 

hydrogels have been applied as fillers in nerve guide channels (NGCs) in order to induce regeneration of 

peripheral nerve tissue [49,142,152,153] 

Other lyophilized or dried biopolymer scaffolds have been administered locally for drug delivery, cell 

encapsulation or cell tissue colonization [108,138,141,146,148,154,155]. They have various applications such as 

cartilage, brain tissue, bone regeneration or treatment. They provide structural support for cell attachment and 

subsequent tissue growth. They consist of biological substitutes to restore, replace or regenerate defective 

tissues, and mimic tissue-specific ECM [113–116].  

Biomaterial scaffolds are one of the most important factors in promoting cell differentiation and proliferation 

to form new tissues of interest. Tissue-engineered scaffolds must have multiple functions, including proper 

porosity, optimized mechanical properties, well-controlled biodegradability, non-destructive sterilization, 

and biocompatibility with treated tissue [156–158]. 

Electrospun fibers have applications such as drug delivery, tissue engineering, wound dressing and 

cosmetics[99,109,159]. Electrospinning is a type of electrospray process and consists of strong electrical forces 

that overcome the weak surface tension of polymer solutions at specific thresholds to emit a jet of liquid that 

can be rooted in the process of electrospray forming small solid polymer droplets and/or fibers 

[79,99,109,159,160].  

A nanogel is a three-dimensional nano-sized hydrogel material composed of a cross-linked swellable 

hydrophilic  polymer network with  high water storage capacity, without actually dissolving in an aqueous 

medium. Nanogels can be made from a variety of natural, synthetic, or polymer combinations [161–164]. 

Nerve guidance conduits are tubular devices made of wide-range biomaterials that guide axial regeneration 

from the injured proximal nerve to the distal stump. It is a type of bridging that helps avoid nerve grafting 

and nerve healing which are both llimited [48,49,165]. 
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Scaffolds specifications: 

 

                                                                  Figure 8: Scaffold specifications depending on various parameters 

 

The scaffolds described in the tables 2, 3 and 4 must show some features, firstly architectural features, in other 

words, a suitable porosity in case of cell encapsulation or a system requiring cell trapping and migration, short-

term resistance to biodegradation, and a void volume for blood vessels ramification. Secondly, mechanical 

properties, like shape stability and biomechanical mimicking the treated tissue, for instance by having a close 

Young modulus also called Elastic modulus (kPa). Lastly, biopharmaceutical features required are cyto and 

histocompatibility, surface topography, cell-anchoring sites, and microstructures for the drug to bind into the 

scaffold, which is helpful for controlled drug release.  

 5.1    HA based scaffolds for glioma application 

The first authors to provide anti-inflammatory and anti-cancer natural molecules using HA nanohydrogels 

are [166]. It is a combination of quercetin and temozolomide for the treatment of GB. In this study, it was 

shown that quercetin nanohydrogel promotes preferential uptake of CD44 and significantly enhances the 

therapeutic effect of temozolomide in GB cells, possibly through an  anti-inflammatory mechanism [166]. 

Moreover, other results suggest that doxorubicin-loaded modified hyaluronic acid nanogels are an excellent 

candidate to effectively achieve glioma targeting [164]. 

Another study showed that the efficacy of HA-coupled micelles was increased by stronger inhibition of glioma 

proliferation and induction of apoptosis. Overall, these findings demonstrated the benefit of GBM associated 

chemotherapy using HA-coupled micelles [97]. Besides, HA-CF / CB hydrogel has the potential to be a strong 

candidate for drug delivery vehicles, especially for the treatment of GB. Injections of DOX -loaded HA-CF / 

CB hydrogel into GB ex vivo human tissue samples showed efficient attachment of the gel within diffusion and 

release of the compound into surrounding tissue [167]. Another system for GB treatment consisted of a 

polymer-drug conjugate, releasing DOX and has shown decrease in cell viability and inhibition of tumor 
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growth [168]. Drug delivery systems composed of HA, intended for GB treatment, have also shown promising 

in vitro on GB cell lines and in vivo on mice and rat models results, in terms of bioperformance, 

biocompatibility, biomimetism and controlled drug release of DOX, PXL and/or TMZ [114,164,169–171]. 

3D hydrogel cultures of patient-derived GB cells showed good viability and proliferation rates equivalent or 

superior to when cultured as standard neurospheres. The hydrogel system also allowed the incorporation of 

ECM mimetic peptides to reduce the effects of specific cell-ECM interactions [141,144,172,173]. Besides, the 

system described by other authors [150], provides a useful PEG-HA and PCL+/-BC/GEL-HA 3D in vitro 

mechanomimetic with stiffness tunability, a model for elucidating the underlying mechanisms of GBM 

progression in a more physiologically appropriate and controlled manner and assessing the efficacy of 

potential drug candidates [148,172,174]. In another similar study, HA brain-mimicking  hydrogel network 

resulted in significant dose-dependent changes in markers of glioma malignancies compared to unmodified 

3D gelatin or PEG hydrogels [148,174,175]. The HA-modified hydrogel system provided a clear and 

reproducible extracellular microenvironment for studying the development of gliomas [175]. 

The scaffold Gliadel® underwent clinical trials and has been FDA approved. It is a polyanhydride copolymer 

wafer loaded with Carmustin or BCNU. This post-resection treatment is the only GB implantable device on 

the market and shows effective bio performance with a few side effects [35,176]. Alternative systems have been 

developed with biopolymers such as silk fibroin, hyaluronic acid and heparin [68,108]. Such as formulating 

sponges loaded with SDF-1α chemoattractant cytokine that acts as tumor trap for CXCR4 receptor-positive 

cells. This strategy has also been explored in a recent study[177], using chitosan-based electrospun fibers 

charged with SDF-1α loaded PLGA nanoparticles for GB treatment. It was shown that a 7-day follow-up study 

of Fischer rats with implanted devices had no side effects in vivo [177]. Moreover, the nanofiber structure of 

the scaffold provided excellent fixation sites to aid the adhesion of human GB cells. Some improvement must 

be achieved to better  shape the resection cavity and optimize the drug quantity that can reach sites of interest, 

in order to increase the bioperformance and efficacy of the system [177].  

 

 

        5.2 Systems for CNS application 

Discussion of hydrogels: 

HA-PDL hydrogels has been explored to repair brain tissue defects and showed a good bridging property 

helping tissue ingrowth and vascularization in  vitro and in vivo  in Sprague-Dawley rat models [178]. In other 

studies, amino acid-based hydrogels have been prepared and improved tissue restructuration through, 

angiogenesis, and axonal growth in Sprague-Dawley rats models [179,180]. These formulated HA hydrogels 

also prevented glial scar formation by lowering glial cell proliferation also in Sprague-Dawley rats models 

[133]. Tam et al. [181] developed HA-MC hydrogel to deliver NSPCs(Neural stem/progenitor cells) that allow 

OLG (oligodendrocyte) differentiation. Besides, respectively formulated HA nanocomposite hydrogels loaded 

with BDNF [182] and VEGF [183] in vitro SP embryo cell lines, showing a stable release of biological factors, 

allowing cell survival and growth and HA-laminin hydrogel charged with SDF-1α in vitro and in vivo C57BL/6 

mouse model enhance retention and migration of NPSC grafts post SDF-1α treatment in a signal-dependent 

manner through the SDF-1α-CXCR4 axis.  

      HA-poly(N-isopropylacrylamide) has shown to support cell survival and differentiation, have good 

biomimetic rheological properties, and stimulates ECM network production [184]. Iron oxide (Fe3O4)-HA 

nanogels intended for the treatment of Alzheimer, via a theranostic tool containing metal complex associated 

to HA nanogels, have shown a good biocompatibility to astrocyte cells and as a contrast agent of quality in 
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MRI imaging in vitro [161]. This theranostic system could be a promising choice for neurodegenerative disease 

theranostics in vitro and in vivo [161]. 

  Discussion of scaffolds: 

Other studies, developed scaffolds composed of biopolymers like collagen, alginate, and PCL have shown 

interesting bioperformance and biocompatibility. These scaffolds had mechanical properties mostly Young 

modulus ranging from 0.1-10kPa which is in concordance with the brain tissue young modulus interval 

[143,185,186]  

Moreover, it has been shown through in vitro and in vivo assays that NSCs embedded in HA collagen 

biomaterials can ameliorate the recovery of damaged facial nerves and artificial conduction of NSCs may 

bring potential for the treatment of peripheral nerve damage. Aligned nanofibers allow guiding the growth of 

neurites [143].  

Diverse developed collagen-HA-based scaffolds were tested in vitro. It has been shown that their system 

promoted the differentiation of neural stem cells (NSCs) into neurons in vitro [185]. 

       5.3   Systems for PNS application  

HA has been very successful in neural tissue engineering and supports the growth, differentiation and 

proliferation of neurites on a variety of substrates [153,187]. HA hydrogel amends the viability and 

proliferation of neural progenitor cells [153]. This indicates the potential therapeutic approaches for peripheral 

nerve regeneration and CNS therapies.  HA hydrogels’ mechanical properties have been adapted for the 

differentiation of neural progenitors, an up-and-coming strategy for neurodegenerative diseases treatment. 
HA can be blended with different biopolymers, especially collagen, since they both enter in the composition 

of the ECM and are biocompatible and biomimetic when formulated in scaffolds. For example, some used 

neural stem cells embedded in the HA / collagen conduit to regenerate a 5 mm facial nerve gap in a rabbit 

model [143]. In addition, a blend of HA with biodegradable synthetic polymers such as PLGA and poly-L-

lysine has shown great potential for controlled delivery of drugs, targeting axonal regeneration after spinal 

cord injury in vitro and in vivo [188]. 

The high biocompatibility of HA is crucial in reducing the inflammatory response produced by conductive 

polymers in nervous tissue engineering. For instance, PEDOT-doped HA nanoparticles are integrated into 

chitosan / gelatin scaffolds and exhibit excellent PC12 cell adhesion and growth, while pyrrole / HA conjugates 

mask conductive electrodes from adverse reactions of glial cells during implantation [189]. Nanofiber-aligned 

PCL / Gel / HA scaffolds have been shown to promote axon growth and elongation and help support 

intracellular communication [147]. Based on these results, the PCL / gel / HA composite scaffold is an excellent 

candidate for a biomimetic matrix for GBM and tumor testing. 

Discussion of conduits systems 

Many studies have developed composite HA-based conduits for nerve regeneration. Most of them performed 

experiments on preclinical models, such as SD rats, CD-1 mice, and NZ rabbits, that helped validate these 

systems [143,149,187,190]. Besides, some of the systems have not shown significant regeneration. HA / collagen 

conduits have been developed but showed limited results with unmyelinated nerve fibers remaining, 

according to the authors, the scaffold needed to be amended since  myelin degeneration and swelling can be 

observed [143].  For other authors, a similar system has shown good stability, cell growth and adhesion, and 

neurosphere development on the conduit scaffold, making possible the differentiation and nerve tissue 

regeneration [187].  
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Discussion of hydrogels 

Some hydrogels have shown good results in terms of biocompatibility, architectural properties, mechanical 

features, bioperformance in vitro and in vivo. The sustained release of NGF from these chitosan and HA-based 

hydrogels was well-controlled [153,191,192]. Porosity and viscoelastic properties of their systems are 

interesting for cell attachment. Moreover, these hydrogels enhance neural regeneration and tissue repair but 

also cell differentiation and migration [153,191,192]. 

PDLLA / βTCP nerve conduits containing CS-HA / NGF hydrogel have also been described in the literature 

[149]. These devices enhanced nerve regeneration and myelination in contrast to the void PDLLA / βTCP nerve 

channels and autologous transplant group [149]. This suggests that  injectable CS–HA / NGF hydrogels can 

successfully enhance nerve regeneration and are therefore a good candidate in the field of neural tissue 

engineering [149]. 

6. Conclusion 

HA is a promising material for GB, CNS and PNS injuries treatment due to its biomimetic, biomechanical, 

biocompatible, biodegradable, tunable with chemical modifications and associable to other polymers making 

it possible to create a simple scaffold for cell encapsulation, allowing glial, neural cells and nerve fibers 

regeneration. More complex systems such as thermosensitive, (nano) composite systems for targeted drug 

delivery and local administration are also developed. 

Indeed, treatments aimed to treat pathologies other than CNS and PNS ones, are available on the market, using 

other administration routes, such as Orthovisc® is a  topical preparation of highly modified HA, that has 

shown a successful osteoarthritis(OA) treatment [193–195]. Hyalone® treats osteoarthritis and targets lower 

back pain [196], Cartistem® for ligament and cartilage degeneration including Degenerative OA [197]. 

Hyalofast® for chondral and osteochondral lesion treatment [198]. Hence, these systems can be adapted for 

better targeting and biomimetic properties to target GB, CNS and PNS impairments (figure 9). 

 

Figure 9: Characteristics of polymer-based devices for central nervous system delivery 

In conclusion, HA-based devices present qualities like biocompatibility, low invasiveness, controlled drug 

release, reduction of tissue damage, and permit, in most cases, local administration of APIs.  The efficacy of 

such systems is conditioned on the drug quantity initially put in the scaffold, and the size of the scaffold. 

Supplementary Materials: The following supporting information can be downloaded at: www.mdpi.com/xxx/s1,; Table 

S1: title; Table S2: title; Table S3: title; 
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CS Chitosan 

CXCR4 C-X-C Motif Chemokine Receptor 4 
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ECM Extra Cellular Matrix 
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FU focused ultrasound  
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GEL Gelatin 

GRAS Generally Recognized As Safe 

HA Hyaluronic Acid 

LCGT lower critical gelation temperature  

MC Methylcellulose 

MRI Magnetic Resonance Imaging 

NGCs  Nerve guide channels 

NGF Nerve Growth Factor 

NSCs Neural Stem Cells 

OLG Oligodendrocyte 

P407 Poloxamer 407 

PCL Polycaprolactone 

PDLLA Poly-d,l-lactic acid  

PEG Polyethylene glycol 

PEOx  polyethylene oxide 
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PNS Peripheral Nervous System 

PPO Poly Propylene Oxide 

PXL Paclitaxel 

ROS Reactive Oxygen Species 
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TMZ Temozolomide 

UCGT Upper critical gelation temperature 

VEGF Vascular Endothelial Growth Factor 

Supplementary data : 

Table 2: Devices development for Glioblastoma application  

Table 3: Systems developed for CNS injuries application  

Table 4: Systems developed for PNS injuries applications  
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 4. ENCAPSULATION OF BMP-4 INTO POLYMER-BASED 

NANOPARTICLES  

 

  Article 

Development of BMP-4 loaded PLGA nanoparticles via a 

non-toxic phase separation process 

Amel Djoudi*¹, Rodolfo Molina-Peña¹, Natalia Ferreira¹, Sylvie Avril¹, Emmanuel Garcion¹, Frank 

Boury*¹ 

                             1 Université d'Angers, Inserm UMR 1307, CNRS UMR 6075, Nantes Université, CRCI2NA, F-49000 -Angers - France 
     
 

* Correspondence: djoudi-amel@hotmail.fr, frank.boury@univ-angers.fr     

Abstract:  The current project aims to develop PLGA NPs with non-toxic and 

biocompatible solvents via a phase separation process, to achieve a controlled release of 

BMP-4, a cytokine involved in early differentiation of the embryo establishment of the 

dorsoventral axis and differentiation processes (cartilage, bone, sympathetic neurons). In 

this work, BMP-4 and lysozyme as a model protein, were initially precipitated to favor 

their stability upon encapsulation. Blank PLGA-based nanoparticles (NPs) showed an 

average size of 250 ± 20 nm, the loaded ones a size of 480nm+/-10nm and a high 

encapsulation efficiency intended to for a GB application. The encapsulated BMP-4 kept 

its biological activity after the formulation process as assessed by its capacity to activate 

the SMAD pathway and to modify F98 and U87MG gliomasphere number. The 

nanoparticles allowed sustained release of BMP-4 α for 4 weeks. Using NIH3T3 and L929 

mouse fibroblasts, we showed that the nanoparticles had high cytocompatibility in vitro. 
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1. Introduction 

Glioblastoma (GB) and malignant gliomas are the most common primary malignant brain tumors [1–3].They 

are characterized by an annual incidence of 5.26 per 100,000 population or 17,000 new cases each year. These 

kinds of tumors are a poor quality of life and prognosis for the patients [1,2]. 

Glioblastoma is a IV grade glioma and is the most lethal and frequent malignant intrinsic and primary brain 

tumor. On the contrary to other solid tumor cell types GB widely invades the surrounding brain but rarely 

metastasizes to other organs [1,2]. The injunctive therapy is surgical resection of the majority of the tumor 

followed by radiotherapy and chemotherapy with temozolomide according to Stupp protocol [4–7]. In most 

of the cases patients experiment with relapse and only a few therapeutic possibilities are available including 

surgery and chemoradiotherapy. Despite this huge therapeutic arsenal, patient  median survival only reaches 

around 15 months [1,2]. The main issue in this type of cancers, is a specific population of cancer stem cells 

(CSCs) which are called tumor initiating stem cells; these cells have a tumorigenic potential and are able to 

proliferate in an asymmetric way [8–10].   In 90% of cases, GB is recurrent because of CSCs that remain close 

to the resection cavity after surgery []. A treatment already in the market called Gliadel® is a carmustine loaded 

wafer used for the treatment of GB post-resection [11–14]. This treatment has shown a few promising results 

for patients, does not fill the whole exeresis cavity and has various side effects [11–14]. In 90% of cases, GB is 

recurrent because of CSCs that remain close to the resection cavity after surgery [8,9]. A treatment already in 

the market called Gliadel® is a carmustine loaded wafer used for the treatment of GB post-resection [11–14]. 

This treatment has shown a few promising results for patients, does not fill the whole exeresis cavity and has 

various side effects [15–17]. 

               Therapeutic strategy and BMP-4 features 

Despite advances in various fields including immunotherapy [18,19], gene therapy [20–22] or improved 

methods of administering various anti-cancer agents including biological agents [23,24], chemical 

inhibitors[25,26] or radiopharmaceuticals[27,28], the prognosis remains bleak [1,2,29]. Also the differentiating 

strategy has been little investigated until now, while several biological compounds that include retinoic acid 

[30–32] or BMP-4 [33–35] demonstrated strong activities and interesting possibilities of application. Hence, our 

therapeutic strategy is based on the use of BMP-4 to allow locoregional CSCs to leave the CSCs compartment 

and give them increased radiosensitivity [33,36–38]. Bone morphogenic protein 4 (BMP4) is a cytokine that 

belongs to the TGF-β superfamily, it is a structural homology of Bone morphogenic protein 2 (BMP-2) protein 

[39–44].  

BMP-4 and BMP-2 cytokines are involved in early differentiation processes (cartilage, bone and sympathetic 

neurons) and dorso-ventral axis establishment [34,35,45,46]. Moreover, it has been found to be a key regulator 

of  embryogenesis and development, and also in maintaining adult tissue homeostasis [34,35].  

Indeed, BMP-4 has been shown to regulate the development of mesoderm, and more precisely in the 

specification of the vascular and hematopoietic systems. It is also an important regulator of the growth of 

hematopoietic stem cells (HSC), participating in the control of their proliferation, migration and differentiation 

[33–35,47,48]. It has been highlighted to participate in embryonic skeletal development too. According to other 

studies, BMP-4 sensitizes GB tumor-initiating cells and reverses multidrug resistance. Indeed,  it drives GCSCs 

to differentiate into cells with increased sensitivity to conventional therapy, which improves therapeutic 

efficacy, and hence patient prognosis [22–27]. 
 

BMP-4 also triggers antiproliferative and antisecretory action of pharmaceuticals with possible treatment of 

Cushing disease like retinoic acid and somatostatin analogs [49–51]. Besides, BMP-2 is also used in various 

research projects that involve bone tissue through sustained release of BMP-2 from biodegradable 

nanoparticles for bone regeneration [42,52]. Therefore, BMP-4 is the main cytokine investigated in this paper 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/embryogenesis
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/homeostasis
https://www.sciencedirect.com/topics/medicine-and-dentistry/cushing-disease
https://www.sciencedirect.com/topics/medicine-and-dentistry/cushing-disease
https://www.sciencedirect.com/topics/medicine-and-dentistry/tretinoin
https://www.sciencedirect.com/topics/medicine-and-dentistry/somatostatin-derivative
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with reference to previous works, but BMP-2 has also been tested as a comparison treatment in the in vitro 

gliomasphere assays to evaluate in vitro its effect on GB . 

Our therapeutic strategy consists on firstly, developing BMP-4 loaded NPs and secondly, include them in 

injectable hydrogels for a locoregional administration. A differentiation strategy through BMP-4, would lead 

these CSCs to become specialized hence less tumorigenic and proliferate less, making these cells radiosensitive 

and more likely to be eliminated by a concomitant treatment with external radiotherapy and chemotherapy 

with temozolomide. 

 

 

PLGA relevance in this system 

  

 

 

 

 

Figure 10: Chemical structure of PLGA-PEG (a) and capped PLGA-COOR (b) 

Lactic-co-glycolic acid (PLGA) acid is a copolymer of lactic acid and glycolic acid (Figure 10). It is a 

biodegradable, biocompatible polymer, and allows to formulate controlled drug release systems [53–56]. FDA-

approved, it is therefore extensively used in the research field for diagnosis and treatment administration 

applied to vectorize drugs [53]. Commercially, various grades of PLGA are reliant on their inherent viscosity, 

lactic acid to glycolic acid ratio and their molecular weight [53]. PLGA types with ester end groups are more 

resistant to hydrolytic degradation, hence, a delay in release profile is observable for some active 

pharmaceutical ingredients (APIs) [57].  

PLGA nanoparticles have become one of the most promising delivery modes of macromolecular drug delivery 

by parenteral, mucosal, and local routes [58–60].  

Implantable or injectable PLGA systems for sustained protein delivery have been extensively studied to 

overcome the need for repeated administration of therapeutic proteins [61–63]. It has been used to overcome 

limited pharmacokinetics profiles of conventional therapies. These devices can be either nanoparticles, 

microparticles, implants, or patches, depending on the condition and route of administration. In addition, the 

release rate can be adjusted from weeks to months by controlling the polymer composition, the shape of the 

device, or the introduction of additives while manufacturing the device [64,65].  

Polyethylene glycol PEG-PLGA systems and extensive research efforts have allowed the development of a 

variety of functional PLGA-based nanoparticle delivery systems. Typical examples are Pegylated micelles / 

nanoparticles , polyplexes, polymersomes, core-shell lipid-PLGA hybrids, cell-PLGA hybrids, receptor-

specific ligands-PLGA conjugates, theranostic agents (Figure 10) [61,62,64,66–68].  

In this article, PLGA nanoparticles are formulated through a phase separation process. Aqueous non-solvent 

is added to the dissolved polymer and separates the solvent from the polymer that reduces the solubility of 

the polymer. The phase separation of the polymer from its solution contributes to the formation of polymer-

 

  

    

(a) (b) 
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rich liquid phase (coacervate) surrounding the inner part aqueous phase containing the drug [67]. After the 

phase separation process, the coacervate solidifies to produce drug-loaded particles, The main disadvantage 

of this process is the need of  large volumes of organic solvent [67,69,70]. Recent work proposed the use of 

water-miscible organic solvents to dissolve the polymer such as Glycofurol (GF) and Dimethyl isosorbide 

(DMI). Therefore the need for organic solvents to induce phase separation is no longer necessary, hence,  water 

can be used to extract the polymer solvent [67]. 

2. Results and discussion 

2.1.1. Precipitation and Encapsulation efficiency assessment 

 

According to figures 11 the size and shape of protein nanoprecipitates BMP-4 are homogenous in TEM. Size 

is monodisperse with 92nm+/-5nm and shape is round with tiny white points that could correspond either to 

the protein and/or/Poloxamer 188 aggregates. These nanoprecipitates are directly encapsulated given that 

protein is stabilized in this state and its native conformation is kept. Moreover P188 helps to stabilize the 

protein by reducing repulsive interactions and facilitating salting-out processes. In addition, the whole process 

of precipitation is done in ice; lowering the temperature means lowering kinetic energy of the protein 

molecules, and thus faster aggregation and subsequent precipitation. A main study states that similar 

precipitation efficiency could be achieved at 4°C or room temperature ; a choice  to lower the temperature was 

made for possible protein protective effects [55,67,68] 

 

 

Figure 11 TEM images of the formulations. Nanoprecipitates of BMP-4 with a size distribution of 

92nm+/-5nm 

Precipitation efficiencies (PE) obtained for Lysozyme, used here as a model protein,  are close to previous 

published studies [55,67,68]. 0.15M concentration is NaCl salt is the most suitable for Lysozyme precipitation 

with 98% of PE followed by 0.30M, 0M and 0.45M NaCl concentration (Table 5). Indeed the highest 

concentration of NaCl leads to protein aggregates observable in TEM, leading to a poor precipitation whereas 

no salt presence can precipitate lysozyme though aggregation limits the salting out process. Consequently, the 

preparation is not cloudy with less and more heterogenous objects observable in TEM (Figure 11). The salting 

out process seems successful in presence of HEPES buffer that could be explained by its SO3-  group interacting 

with positively charged aminoacids via electrostatic interactions. 

The other protein studied is BMP-4, has never been precipitated to our best knowledge. However, proteins 

with close physico-chemical properties such as TGF-β1 [62,68], BSA [71] lysozyme, peroxidase, beta 

galactosidase, alpha chymotrypsin [55], c(CytC)[47] [72] and lastly BMP-2 [39,73] were successfully 

precipitated.   

Table 5: Precipitation efficiency (PE) of Lysozyme and BMP-4 with variation of the NaCl concentration 

NaCl concentration Lysozyme BMP-4 

0M 63+/-4 N/P 

0.15M 98+/-11 N/P 

0.30M 75+/-5 N/P 

0.45M 51+/-8 N/P 

0.15M and 2M HEPES N/P 103+/-9% 
1 N/P corresponds to no precipitation obtained nor observed in TEM 

 

https://pubmed.ncbi.nlm.nih.gov/16675211/4
https://pubmed.ncbi.nlm.nih.gov/16675211/4
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2.1.2 Dynamic Light Scattering and Protein quantification and activity: 

DLS and SEM, TEM results for blank and loaded NPs are in accordance with those obtained in previous studies 

[55,67,68]. Figure 12 represents BMP-4 loaded PLGA nanoparticles with an average size of 320+/- 50 nm and a 

round shape with a dark and dense core, suggesting the obtention of nanospheres [74], that consist on an 

entanglement of PEG-PLGA and PLGA-COOR polymers with protein nanoprecipitates, with an interesting 

asset: controlled drug release matrixes [67,70,75,76]. 

 

 

 

Figure 12: TEM (left) and SEM(right) images of the formulations. BMP4 -Loaded nanoparticles of PLGA with a size 

distribution of 320nm+/-50nm 

 

     The smallest size is obtained with the blank NPs followed by lysozyme-loaded ones and then BMP-4 loaded 

NPs. The ratio of PLGA-COOR/PLGA-PEG has an impact on size. Indeed, when the amount of PLGA-PEG is 

increased, NPs size rises. This has been described in previous studies [70,75,76]. When protein 

nanoprecipitates are encapsulated in PLGA NPs, we observe an increase of NPs size especially by a 1.5 fold 

rise for Lysozyme loaded ones and by a 2 fold rise for BMP-4 loaded NPs which can be explained by the size 

of the respective proteins 14kDa and 25kDa that might affect the entanglement of PLGA polymers chains. In 

comparison to previous studies where SDF1-alpha was encapsulated in similar conditions, size of NPs was 

not affected by protein due to the size of 8kDa of the protein. Polydisperse index (PDI) of all formulations is 

inferior to 0.4 so the nanosuspensions are quite monodisperse. In addition, the zeta potential is between -0mV 

and +10mV, suggesting that PLGA NPs are neutral (Table 6)  [67,68]. To achieve adequate colloidal stability, 

zeta potential levels  over +30 mV or less than +30 mV are typically considered optimal, since this guarantees 

strong electrostatic repulsive interactions between the nanoparticles [77]. The inclusion of the exterior PEG 

layer in our study obviously reduced the zeta potential magnitude of the PLGA/PEG-PLGA nanoparticles. 

Despite the loss of electrostatic stability, the nanoparticle suspension would benefit from the PEG chains steric 

stabilization  [67]. 

When the pH is adjusted around the protein isoelectric point, protein molecules have a reduced net electrical 

charge and hence lower aqueous solubility (pI).  The findings in Table 6 confirmed this idea since both 

lysozyme and BMP-4 were most efficiently encapsulated when the pH of the aqueous phase was adjusted 

closest to their respective pI. Lysozyme has a 11.35 pI, BMP-4 7.6 pI. This may reduce protein loss into the 

aqueous phase during the formulation process, therefore, increasing encapsulation efficiency. 

Besides lowering water solubility, the lower net charge is assumed to have reduced electrostatic repulsions 

between protein molecules, allowing the protein loaded to be compressed and entrapped inside the 

nanoparticles [78,79].For such reasons, the pH of the aqueous phase in subsequent encapsulations was always 

tuned to the protein pI. 

The EE% in table 6,of the formulations 4 and 6 are the highest because a lower amount of PLGA-COOR was 

used, increasing therefore the interactions with the protein. This has been studied in a previous work, and 

have shown that PLGA-COOR based NPs exhibit lower EE% than PLGA-COOH but in terms of release 

kinetics, this latter is slower and more sustained [67]. 
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Table 6: Encapsulation efficiency of Lysozyme (3 and 4) and BMP-4 (5 and 6) in different conditions: 70/30 %( 1, 3, 5) and 

50/50% (2, 4, 6) ratio of PLGA-COOR/PLGA-PEG. All experiments were done in triplicates 

 

Formulation Size(nm) 

PDI Zeta 

Potential 

(mV) 

 

EE (%) 

Blank 1 

70/30% 199+/-10 0,20+/-0,09 -2,5+/-0,4 

 

- 

Blank 2 

50/50% 264+/- 6 0,15+/- 0,06 -3,6+/- 0,4 

 

- 

Formulation 3 

70/30% 
289+/-3 

0.26  +/-0.11 

 

-3.4+/-0.2 76 ± 6 

Formulation 4 

50/50% 
368+/-5 

0.31+/-0.10 -4.1+/-0.1 90± 7 

Formulation 5 

70/30% 381 +/- 12 0,28 +/- 0,1 -3,4+/-0,6 

 

71+/-3 

Formulation 6 

50/50% 588+/- 10 0,20+/- 0,06 -2,5+/- 0,3 

86+/-5 

 

 

2.1.3. ATR-FTIR 

Figure 13 depicts the ATR-FTIR spectra of the polymers used in our formulations. The peaks located at 2995 

cm-1 and at 2883 cm-1 are O-H stretching ; those at 1747 cm-1 and 1749 cm-1correspond to C=O stretching of 

ester. The peak located at 2883 cm-1is O-H stretching and 1749 cm-1 peak corresponds to C=O stretching of 

ester. This spectrum is comparable to the literature [80]. 

                     

Figure 13: ATR-FTIR spectrum of capped PLGA-COOR (a) and PLGA-PEG (b), transmittance (%) representation in 

function of the wavenumber (cm-1) in the whole region (3600–650 cm−1) and the fingerprint region (1800–650 cm−1) 

 

 2.1.4. Stability study of nanoparticles with pH variation and post lyophilization with HβBCD  

 

Stability study described in the Material and Method section consisted in varying the pH of the measurement 

medium of blank NPs. Hence, depending on the pH, blank PLGA NPs are similarly stable at pH 4 and pH 7  

with zeta potential respectively equal to -3mV and -5mV for both formulations whereas, they are also stable 

at pH 10 with a ZP equal to -28mV and -32mV for the 2 formulations (Figure 14). As previously highlighted, 

to reach adequate colloidal stability, zeta potential levels  over +30 mV or less than +30 mV are typically 

considered optimal, since this permits strong electrostatic repulsive interactions between the nanoparticles.  
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Figure 14: Stability study of blank NPs in different pH conditions 

 

In order to evaluate the effect of lyophilization on the NPs behavior, the size and the PDI of blank NPs 

formulation with different ratios of PLGA-PEG and capped PLGA-COOR were measured in presence of 
HβCD used as cryoprotectant before (i) and after (f) freeze-drying (Table 8). A previous study has observed 

the effect of a cryoprotectant on NPs size and PDI but this time the polymer ratio is the parameter that has 

been changed[55,67,68]. According to the following result in Table 7, both NPs formulations do not exhibit a 

size variation prior (Si) and after (Sf) freeze-drying. It is observable through the Sf/Si and the PDIf/ PDIi slight 

difference between formulations and the increase in size after lyophilization is not significant. For the 

formulation without cryoprotectant, no data was obtained, because the sample collapsed due to a lower degree 

of porosity of the freeze-dried product, thus, reducing its surface area to volume ratio and hydration rate [81]. 

The volume contraction caused by the collapse of other cryoprotectants such as sucrose and trehalose 

matrices is believed to have minimized the distance between the nanoparticles, allowing the PEG layers of 

agglomerated particles to interact and create stable crystalline bridges, as described in the literature [67,82,83] 

 

Table 7 Stability study of blank NPs formulations pre and post-lyophilisation in presence of HβBCD 

 
Formulation  Si(nm) PDIi Sf(nm) PDIf Sf/Si PDIf/PDIi 

Formulation 1 

70/30 
167±3 0,07±0,02 168±1 0,08±0,02 

1,005 1.15 

Formulation 2 

50/50 
183±4 0,098±0,04 189±7 0,11±0,01 

1,04 1.12 

2.1.5. Release profiles 

Protein release was investigated by placing the nanoparticles in a buffer solution and centrifuging the 

supernatant at pre-determined time intervals for protein analysis (Figure 15 A and B). Originally, lysozyme 

release patterns in several buffer solutions were investigated. The fraction of PLGA-COOR in the nanoparticles 

was demonstrated to impact the amount of lysozyme release at the physiologically relevant pH 7.4 [67] 

Protein leakage from PLGA particles with uncapped carboxylic end groups has previously been described in 

these articles as too fast [62,67,84,85], that is why we have chosen to formulate the NPs only with capped 

PLGA-COOR and PLGA-PEG. 

Lysozyme release from Tris HCl at 7.4 pH and through 30 days for both formulations 3 and 4 is shown in 

figure 15A. In formulation 3 the presence of PLGA-COOR, with the COOH groups neutralized by 

esterification, may explain the higher released protein amount observed for lysozyme release during the first 

48 hours in comparison to formulations made only with uncapped PLGA. Uncapped PLGA has been shown 

to have an incomplete release due to partial neutralization of carboxylate groups by medium cations, 

preventing complete lysozyme release. Aside from pH, another element that may influence lysozyme-PLGA 
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electrostatic interactions is the concentration of cations in the release media, since these ions can also displace 

lysozyme molecules from the PLGA carboxylic acid groups. To minimize protein-polymer interactions we 

presented protein in the presence of poloxamer 188 [55,67,68] and encapsulated in PEG-PLGA co-polymer to 

enhance the quantity of released protein. 

 Previous research found that PLGA-COOH had a high encapsulation efficiency but a slow in vitro release 

profile, whereas PLGA-COOR had a lower encapsulation efficiency but a rapid release profile. Lysozyme 

release seems faster for the 70/30%ratio than the 50/50%, this can be explained by the higher PLGA-COOR 

amount that has been shown to accelerate protein release [67,86]. 

 BMP-4 release profile has been done in the PBS buffer at pH7.4 during 1 month. Both formulations 5 and 6 

correspond to 70%/30% ratio formulation and 50%/50% ratio formulation. Formulation 5 seems to have a faster 

release than formulation 6. This can be explained by the higher amount of PLGA-PEG in the formulation 6 

that can slow down the release of BMP-4 given that PLGA-PEG will interact more with BMP-4 through 

electrostatic interactions. Therefore, increasing the adsorbed BMP-4 at the surface and reducing the kinetic of 

release but also reducing the burst effect that tend to release the majority of the protein for various known 

systems  [67,68,87,88]. Not all the protein is released, 86 % for formulation 5 and 54% for the formulation 6. In 

regards of release rate, adding a PEO derivative to the PLGA matrix, like PEG, reduced the undesirable burst 

effect more efficiently than the more hydrophilic PLGA-poloxamer combination [59,67,89]. The incomplete 

release of BMP-4 and Lysozyme might be explained by the hydrolysis of ester bonds of capped PLGA-COOR 

resulting in a contact between protein positive charges and negatively charged carboxylate that might prevent 

the protein from being liberated. 
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Figure 15 (A) Release profiles from PLGA nanoparticles of lysozyme in Tris-HCl, Formulation 3 and 4 

correspond respectively to 70%/30% and 50%/50% ratios of PLGA-COOR/PLGA-PEG loaded with Lysozyme. 

(B) Release profiles from PLGA nanoparticles of BMP-4 in PBS. Formulation 5 and 6 correspond respectively to 

70%/30% and 50%/50% ratios of PLGA-COOR/PLGA-PEG loaded with BMP-4 Each data point with error bar 

represents mean ± SD, Triplicates have been done n = 3 for each formulation. 
 

 

                                                   

 2.1.6. Nanoparticles cytotoxicity assay 

 

According to cytotoxicity results and statistical analysis, blank nanoparticles with PLGA-COOR/PEG-

PLGA 50%/50% and 70%/30% polymer ratios do not seem to be toxic for the NIH3T3 an L929 cell lines after 

24h, 48h and 72h (Figures 41-46 in annexes). Besides, there is an increase in cell viability for cell lines incubated 

with low concentration suspension, this could be due to a higher amount of medium that stimulates the growth 



 

78 

 

mostly at 72h. These findings are consistent with results found previously in the literature related PLGA NPs 

[67,68,90–92]. Moreover, NPs are not toxic even at the highest concentration 1mg/mL. Many parameters may 

affect the cell proliferation like as the methodology of NPs formulation, remaining solvent and cell lines types. 

Varying the ration between PLGA-COOR and PLGA-PEG varies the size of the NPs, hence, this parameter 

does not seem to have an impact on cell viability. In the framework of other applications, these NPs could be 

useful like other CNS and PNS disease. 

2.2. In vitro assays: 

2.2.1. Western Blot of SMAD pathway activation  

 

Figure 16. (A) Western Blot graphic of PSmad1 and Smad1 in U87MG and F98 cell lines.  (B) Western 

Blot of U87MG and F98 cell lines with and without treatment with BMP-4 in ng/mL during 1 hour.  

Statistical analysis: n=2. * P<0, 05, ** P<0, 01 treated versus corresponding non- treated cells condition; # 

P<0, 05, ## P<0, 05 treated condition compared to the same treatment 

 

      

This assay helps to validate the cell models F98 and U87MG through the activation of SMAD pathway by 

BMP-4. Measuring Smad1 and p-Smad1 after treating the U87-MG and F98 adherent lines with BMP-4 for 48 

hours, we observe what seems to be a dose-dependent regression in the amount of intracellular Smad1 under 

the conditions treated with BMP-4 (Figure 16) for both cell lines, with a less pronounced effect noticed in U87-

MG line. These data seem to support the consumption of Smad1, by phosphorylation after activation of the 

BMP pathway by BMP-4. 

Besides, we observe an increase in the signal of p-Smad1 for the U87-MG line when the concentrations of BMP-

4 increase, due to the activation of the signaling pathway. In addition, the untreated condition appears to 

exhibit a strong presence of constitutively activated Smad1. This trend seems to be validated for the F98 line 

but to a lesser extent, where we observe a weak presence of p-Smad1 in the untreated condition, and less 

presence in the treated conditions. The results suggest that our cells express the receptor since the treatment 

with BMP-4 seems to unmodify the amount of Smad1 and increase the amount of p-Smad1. This suggests an 

activation of the BMP-4 pathway (Figure 16). 
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2.2.2 Proliferation assay 
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Figure 17. Cell viability at different concentrations of BMP-4 on U87-MG and NIH3T3. Values are 

presented as means ± standard deviation, n=4. * P<0, 05 versus corresponding non-treated (NT) 

condition (0 ng/mL), ## P<0, 01, ### P<0,001 versus treatment to same concentration of different BMPs. 
      

In both cell lines (figure 17), proliferation tends to decrease after treatments with 50 ng/mL of BMP-4 and 100 

ng/mL condition in a similar way. BMP-4 at 100 ng/mL significantly decreases cell proliferation on the U87-

MG cell line (80, 92% of non-treated proliferation). These results suggest that BMP-4 alone would be able to 

slow down the cell growth of tumor cells. Evaluation of the effects of BMP-4 released from PLGA NPs are in 

course and unfortunately cannot be shown at this stage. 

2.2.3. Assessment of BMP-4 and BMP2 bioactivity 

The results depicted in figure 18 suggested by the activity assay reveal some useful data. For the U87-MG 

line, treatment with BMP-2 or -4 does not seem to influence the development of spheres for concentrations 

under 70 ng/mL of BMPs. We notice an unexpected increase of gliomasphere formation with 70 ng/mL BMP-

4. Concerning the F98 line, it appears that BMP-4 does not significantly modify gliomasphere number; it 

considerably increases the number of spheres formed from 20 ng/mL, up to doubling the number of spheres 

at 70 ng/mL treatment (404 gliomasphere versus 209 gliomasphere for non-treated). However, BMP-2 at 100 

ng/mL reveals a rise in the number of spheres which is less important compared to the other conditions 

mentioned, or even a decrease in the number of spheres in the line U87-MG.

To avoid toxicity phenomena, this concentration will no longer constitute a dose of therapeutic interest in 

future trials. Moreover, 0, 4 and 4 ng/mL concentrations won’t be considered for later experiments because of 

their lack of effect on both cell lines for both of the two molecules tested. Here also, evaluation of the effects of 

BMP-4 released from PLGA NPs are in course and may give complementary information.  

 

Figure 18. (A) Activity of BMPs at different concentrations on U87-MG and (B) F98 gliomasphere formation after 

7 days of treatment. Values are presented as means ± standard deviation, n=4. * P<0, 05 versus corresponding 
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non-treated (NT) condition (0 ng/mL), ## P<0, 01, ### P<0,001 versus treatment to same concentration of 

different BMPs

 

 

2.2.4 Limiting dilution assay of gliomaspheres with BMP-4 and BMP-2 
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Figure 19. (A) Activity of BMPs on U87-MG and (B)  F98 gliomasphere formation at 10 ng/mL and 40 ng/mL 

concentrations after 7 days of treatment. Values are presented as means ± standard deviation, n=4.                        

* P<0, 05, *** P<0,001 versus corresponding non-treated (NT) condition. 

 
 

Limiting dilution assays (figure 19) were carried out to observe and quantify the formation of spheres in 

function of the number of seeded cells and the BMP concentration with which the wells were treated (10 ng/mL 

and 40 ng/mL). The curve profiles observed for the different treatment conditions in the U87-MG line are rather 

similar. 

Most notable in the F98 cell line is the almost three-fold increase in the number of spheres with the condition 

treated with BMP-2 at 40 ng/mL (110 gliomaspheres versus 42 for non-treated). This also confirms the 

preliminary results obtained in the activity assay. Excluding this condition, there is no difference between the 

other conditions. 

The results obtained for non-treated (NT) condition for both cell lines confirm our observation that F98 cells 

proliferate to a greater extent and form more spheres than U87-MG cells (42 F98 spheres and 16 U87-MG 

spheres at 1000 seeded cells). In addition, the F98 cells are able to form spheres with a minimum of 16 cells 

seeded per well, compared to 63 for the U87-MG line. 

2.2.5. Radiosenzitising effect of BMP-4 and BMP-2 on gliomasphere model 

We coupled the usual previous treatment to X-ray irradiation. U87-MG and F98 cells were treated at 10 ng/mL 

or 40 ng/mL of BMP-2 or BMP-4, and were then irradiated at 4 or 16 Gy. The control condition corresponds to 

untreated cells non-irradiated at the same doses. These results do not demonstrate an increase in sensitivity to 

radiotherapy. On the contrary, the tendency is to show that the cells seem to have proliferated more, if not the 

same, than in the untreated condition( Figure 20). 

Concerning U87-MG cell line (Figure 20A), we find again this tendency of BMP-2 to increase cell proliferation, 

mainly at low X-ray dose irradiation (4 Gy), which could explain a non-decrease in cell proliferation even after 

irradiation at 16 Gy.   However, BMP-4 increases cell proliferation under higher irradiation at 16 Gy (120% of 

non- treated proliferation at 10 ng/mL and 121% at 40 ng/mL). 

Our results do not provide any difference in cell proliferation for the F98 cell line (Fig 20B), except from the 

condition treated with BMP-2 at 40 ng/mL and irradiated at 16 Gy which shows a proliferation increase (120% 
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of non-treated proliferation). These results tend to suggest a possible radioresistance induced by treatment 

with BMPs [51, 52], which is in contradiction with literature studies that has shown a pro-differenciating and 

sensitizing effect of BMP-4 on CSC and GB cell lines [17, 20, 23, 25]. Hence, an observational analysis of the 

phenotype of the gliomaspheres has been  done 24 hours after treatment with BMPs highlights the fact that 

the irradiated U87-MG and F98 spheres dissociate and return to their state of individualized adherent cells 

(Figure 39 and 40 in annexes). In these pictures, U87MG are less in gliomasphere phenotype post treatment 

and radiotherapy: U87MG cells adhere to the plates, but the F98 cell line has dissociated gliomasphere shown 

through floating cells (Figure 39 and 40 in annexes). 
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Figure 20 U87-MG (A) and F98 (B) cell proliferation assay 24 hours after X-ray irradiation at 4 Gy or 16 Gy and 

treatment with BMP-2 and -4. Values are presented as means ± standard deviation, n=4. * P<0, 05, ** P<0, 01 

versus corresponding non- treated and non-irradiated (NT NI) condition; # P<0, 05, ## P<0, 05 versus treated 

condition compared to the same treatment 

3. Conclusion       

This study allows us to obtain high precipitation efficiencies of BMP-4 comparable to other studies and to 

protect the protein from degradation [42,44]. The encapsulation process has also been optimized and EE% are 

promising for future studies.  

In terms of release profile, the study has shown a controlled release profile with a faster release for 

formulations 5 and 3. This has been shown in other studies but similarly, the released amount is not entire, in 

general between 50 and 85% of the drug is released in less than 10 day, which could be optimized with a more 

optimised PLGA polymer composition, by modifying the release medium, changing the physico-chemistry of 

NPs by chemically pegylating their surface to enhance the drug release and tuning the pH of the release 

compartment. The particle composition improved protein encapsulation efficiency while reducing protein 

release rate significantly. Furthermore, the model proteins were optimally incorporated at pH levels near to 

their isoelectric point. In terms of release kinetics, adding a PEO derivative like PEG to the PLGA matrix 

decreased the unwanted early burst effect more effectively than the more hydrophilic PLGA-poloxamer 

combination [59,89]. 

 

Besides, the blank NPs seem to be non cytotoxic after 24, 48 and 72 hours of incubation with direct contact 

with fibroblast cells, a result that is in accordance with the literature. Stability study of blank NPs also has 

shown a good stability post-lyophilisation with the presence of a cryoprotectant; and the stability study done 

with pH variation kept a constant zeta potential for pH4 and pH7 media, which is promising for their stability 

in vivo at a 7.4 pH. These precipitation and encapsulation results are interesting for scaling up to BMP-2 protein 

for a bone regeneration application.  
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In vitro results have shown an efficacy of BMP-4 and BMP-2 on gliomasphere models, and permit to compare 

two structurally close BMPs and see their result on 3D cell models and therefore their effect on tumorigenicity. 

Some results obtained in radiotherapy experimentations are counterintuitive with the literature, but a 

modification in the cell phenotype after treatment and irradiation compared to the control. This has been 

completed through differentiation markers study in flow cytometry on gliomasphere after treatment with 

BMP-4. Short term and long-term in vivo studies on rat models are in progress too in order to have a proof of 

concept concerning the biocompatibility and efficacy through histological and immunofluorescence assays. 

Experiments with BMP-4 loading PLGA NPs are in course and will complete soon this set of results. 

 

Finally, this study will be continued with a second article consisting on a nanocomposite hydrogel loaded with 

the same developed PLGA NPs containing BMP-4 and its detailed characterization with in vitro studies 

(release, erosion test, cytotoxicity) and physico-chemical ones (DSC, Rheology, SAXS, SEM, ATR-FTIR, 

injectability) for a potential GB application. 
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4. Materials and Methods 

4.1 Reagents  

Ester-capped PLGA (Mn = 5.5 kDa) and PEG-PLGA copolymer (MnPEG = 5 kDa, MnPLGA = 25.7 kDa) were 

synthesized by a ring- opening polymerization method according to protocol described by (Haji Mansor et al., 

2018). Glycofurol (Tetraglycol BioXtra®), isosorbide dimethyl ether. Lysozyme of chicken egg white, 

Micrococcus lysodeikticus, dimethyl sulfoxide (DMSO), sodium chloride, poloxamer 188 (Lutrol® 

F68),poloxamer 407,(Pluronic  F-127) glycine, sucrose,  37% hydrochloric acid, 10 M sodium hydroxide, 

tris(hydroxymethyl)aminomethane (Tris) base (Trizma®), HEPES salt were obtained from Sigma-Aldrich 

(Saint Quentin Fallavier, France). Bovine serum albumin fraction V was obtained from Roche Diagnostics 

(Mannheim, Germany), human BMP-4 from Miltenyi Biotech (Paris, France), hydroxypropyl-β-cyclodextrin 

(Kleptose® HPBCD) from Roquette (Lestrem, France), Dulbecco’s phosphate-buffered saline (Biowhittaker®) 

from Lonza (Verviers, Belgium), and Dulbecco’s Modified Eagle’s Medium (Gibco® DMEM) from Thermo 

Fisher Scientific (Villebon sur Yvette, France). Ultrapure water dispensed from a Milli-Q® Advantage A10 

system (Millipore, Paris, France) was used in all experiments. 

Dulbecco’s modified Eagle’s medium (DMEM) with 4.5 g/L Glucose, L-Glutamine and sodium pyruvate, 

Ham’s F12 with L-Glutamine, Phosphate Buffered Saline (PBS), Hanks' Balanced Salt Solution (HBSS) were 

acquired from Lonza (Verviers, Belgium). Trypsin-EDTA (0,5 g porcine trypsin and 0,2 g EDTA), trypan blue, 

antibiotic solution (A5955, 10000 units penicillin, 10 mg streptomycin and 25 μg amphotericin B per mL) and 

heparin (H1027, ≥180 USP units/mg) were purchased from Sigma Aldrich (Saint-Louis, USA). Anti-

phosphorylated Smad1/5/8 (AB3848-I, Ser463/465) antibody was acquired from Merck Millipore (Burlington, 

USA), anti-Smad1 (A1101) from ABclonal (Woburn, United States) and anti-rabbit HRP conjugate (111-035-

003) was obtained from Jackson ImmunoResearch (Cambridgeshire, United Kingdom). B27 (17504-044) was 

purchased from Invitrogen (Gibco, Invitrogen, Carlsbad, New Mexico, USA), fetal bovine serum (FBS) from 

Eurobio (AbCys, Les Ulis, France), and human recombinant EGF and FGF-2 from Miltenyi Biotech (Bergisch 

Gladbach, Germany).Human U87MG and rat F98 GB cell lines , NIH3T3T and L929 fibroblast cell lines 

purchased from the American type Culture Collection (ATCC, LGC Standards, Molsheim, France) 

4.2 Nanoprecipitation and encapsulation processes: 

Let GF at 4°C for 30 min, to maintain the protein in its functional and native conformation and to limit its 

mobility in solution. Dissolve P188 in a suitable buffer and mix with the protein. Add the mixture of BMP-4-

P188 in the cold GF then let it for 20 min at 4° C. After that, vortex gently o and put for 10 min more at 4°C. 

After nanoprecipitation follows an encapsulation process based on coacervation also called phase separation 

process (figure 21). Precipitation efficiency is determined dosing the pellet protein content and encapsulation 

efficiency has been determined using the following formula: 

Precipitation efficiency method  

 

 
 

 

Encapsulation efficiency via the direct method 
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Figure 21: BMP-4 protein nanoprecipitation (left) and PLGA nanoparticles obtained by phase inversion method (right) 

4.2.1 Protein quantification and activity: 

Lysozyme was quantified using Micrococcus Leidococcus cell suspension as a substrate as described in the 

literature [67,84]. Micro BCA assay was used to quantify total protein amount. For encapsulation efficiency 

and release studies BMP-4 activity and quantification were assessed using ELISA (enzyme-linked 

immunosorbent assay) DuoSet Kit for BMP-4 from R&D Systems. Lysozyme has a 11.35 pI and Mw of 14kDa 

according to Sigma Aldrich provider; BMP-4 7.6 pI and 26.2kDa according to the protein data bank and the 

provider Miltenyi Biotech 

Regarding the supplier’s instructions (R&D Systems, Lille, France). In summary, BMP-4 capture antibody 

solution was added to a Nunc Maxisorp® 96-well microplate (Thermo Fisher Scientific) and incubated 

overnight for wells’ coating. The microplate was then washed with 0.05% (w/v) Tween® 20 in phosphate-

buffered saline (PBS) solution (pH 7.4), followed by a 1-hour incubation with PBS solution (pH 7.4) containing 

1% (w/v) BSA to block non-specific sites. After washing, the kit standard and samples diluted in PBS (pH 7.4) 

containing 1% (w/ v) BSA were added to the microplate for a 2-h incubation. Then, the microplate was washed 

before addition of a detection antibody solution for another 2-h incubation. The washing step was afterwards 

repeated before incubation with a streptavidin-horseradish peroxidase solution for 20 min. After the final 

wash, substrate solution was added for another 20-min incubation. Finally, 2N sulphuric acid was added to 

terminate the enzymatic reaction followed by immediate measurement of absorbance at 450 nm. All 

incubations were done at room temperature. 

4.3 Physicochemical characterization of nanoparticles and nanoprecipitates: 

4.3.1 Dynamic Light Scattering: 

The DLS measurements were performed using a Malvern Zetasizer and its software. Measurements were 

performed at 25°C. The results were presented in the table. Zeta potentials were derived from electrophoretic 

mobility values using Smoluchowski's approximation. Nanoparticle samples were prepared by dilution in 

water or 0.01 M NaCl solution for size and zeta-potential measurements respectively, to obtain concentrations 

suitable for analyses in a Nanosizer® ZS (Malvern) such that the attenuator value was in the range of 5–7. 

Each sample was measured in triplicate, with each measurement representing an average value of at least 10 

runs. All measurements were made at 25 °C under automatic mode. Besides average particle size, the DLS 

protocol of Nanosizer® ZS produced a PDI value ranging between 0 and 1 that estimates the width of the size 

distribution. Datas were processed with GraphPad Prism 9. 

4.3.2 TEM and SEM: 

The nanoparticle and nanoprecipitates’ morphology was visualized under TEM (JEM 1400, JEOL Paris, 

France). A 5 µL drop of purified nanoparticle suspension at a concentration of 200 µg/mL was added onto the 
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center of a mica slide (for SEM) or carbon-coated nickel grid (for TEM), and left to dry overnight at room 

temperature.  Images have been analyzed using ImageJ software. The observation has been done using the 

SEM (ZEISS EVO/LS10). For SEM, the sample was coated with a gold layer of 5 nm thickness before 

observation whereas no coating was applied to TEM. Images have been analyzed using ImageJ software. 

4.3.3 ATR-FTIR 

Studies of the polymers structure have been done on a range of 400-4000cm-1 at room temperature on semi-

solid samples, solid and liquid samples on a BRUKER Vertex 70 spectrometer. Data has been processed and 

baseline corrections done with the software KnowItAll Informatics System 2021 from Wiley Science Solutions. 

4.3.4 Nanoparticles stability study 

Lyophilisation has been performed using a Lyovac STERIS GT2 cryodessicator, coupled to an Alcatel vacuum 

pump and a cryothermostat HUBER CC-505. Size, Zeta Potential and PDI of the nanoparticles has been 

investigated before and after lyophilisation with sucrose and HPBCD. 

 

4.4 In vitro assays: 

 

4.4.1 Adherent Cell culture: 

 U87-MG cells are routinely cultured at 104 cells/cm² in Dulbecco’s modified Eagle’s medium (DMEM) 

containing 4.5 g/L glucose and L-glutamine supplemented with 10 % (v/v) fetal bovine serum (FBS) and 1% 

antibiotic solution. F98 cells are routinely cultured at 8.103 cells/cm² in Dulbecco’s modified Eagle’s medium 

(DMEM) containing 4.5 g/L glucose and L-glutamine supplemented with 10 % (v/v) fetal bovine serum (FBS) 

and 1% antibiotic solution. NIH/3T3 cells are routinely cultured at 104 cells/cm² in Dulbecco’s modified Eagle’s 

medium (DMEM) containing 4.5 g/L glucose and L-glutamine supplemented with 10 % (v/v) fetal bovine 

serum (FBS) and 1% antibiotic solution. All Cells were maintained at 37 °C in a humidified 5 % CO2 

atmosphere. 

  

4.4.2 Neurosphere culture 

F98 (8.103 cells/cm2) and U87-MG (104 cells/cm2) were cultured in spheres using neurosphere medium, 

composed of a basis of DMEM: F12 (1:1), supplemented with 1‰ heparin, 2‰ EGF and FGF-2 and 2% B27. 

On the third day of culture, one half of the medium is replaced by a new medium. Spheres are dissociated the 

seventh day using HBSS. Proliferation assays have been done using the CyQUANT® proliferation assay 

 

4.4.4 Limiting dilution 

F98 and U87-MG spheres were cultured for 7 days, and then dissociated into single cells to be seeded again 

for 7 days in 96-well plates at various cell concentration : 1000, 500, 250, 125, 63, 32, 16, 8, 4, 2 and 1 cell in 200 

µL of neurosphere medium. Cells were either treated with BMP-2 or BMP-4, both at 10 and 40 ng/mL, or non-

treated. Each condition has been done in quadruplicate, and the number of spheres formed is counted with 

ImageJ from fields of a surface of 8.25 mm2 (a quarter of a well). Are only counted the spheres which contain 

at least 6 cells. The spheres that have merged or are in the process of merging are counted individually as far 

as possible (2 merged spheres count for 2 spheres) 

4.4.5 Assessment of BMP-4 bioactivity: 

F98 and U87-MG spheres were cultured for 7 days, and then dissociated into single cells to be seeded again 

for 7 days in 96-well plates (both cell lines at 1,0x103 cells/well) and treated with various cell concentrations of 

BMP-2 or BMP-4 : 0 (non-treated), 0.4, 4, 10, 20, 40, 70 and 100 ng/mL in 200 µL of gliomasphere medium. Each 

condition has been done in quadruplicate, and the number of spheres formed is precisely counted with ImageJ 
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after whole photo reconstitution of each well. Are only counted the spheres which contain at least 6 cells. The 

spheres that have merged or are in the process of merging are counted individually as far as possible (2 merged 

spheres count for 2 spheres). 

4.4.6 Western blotting 

F98 (2.0x105 cells/flask) and U87-MG (2.5x105 cells/flask) were cultured in flasks for 48 hours, starved at 24h. 

Lysate supernatants (20 µg of protein) were separated electrophoretically and transferred to PVDF membranes 

(Cytiva, Thermofisher Scientific, USA). After blocking, membranes were incubated overnight using anti-

Smad1 (A1101, 1:1000) or anti-phosphorylated Smad1/5/8 (AB3848-I, 1:1000) antibodies. Membranes were then 

incubated with the secondary anti-rabbit antibody (111-035-003, 1:10000) for 1 hour. 

4.4.7 X-Ray radiation 

F98 (8.103 cell/cm2) and U87-MG (104 cell/cm2) cells were cultured for 72 hours. Cells were treated at 24 hours 

with 100 µL of BMP-2 or BMP-4 diluted in serum free DMEM, both at 10 and 40 ng/mL. The untreated control 

condition corresponds to the addition of 100 µL of medium alone and no irradiation. Each condition has been 

done in quadruplicate. Cells were irradiated at 72 hours using Edimex FAXITRON (160 kV, 6,3 mA) at a dose 

of 4 Gray or 16 Gray. Cell proliferation was then evaluated 48 hours after irradiation using MTS proliferation 

assay. 

4.4.8 In vitro cytotoxicity of blank nanoparticles: 

The proliferation ability of cells was assessed using (3-(4, 5-dimethylthiazol-2-yl)-5-(3-carboxymethyl phenyl)-

2-(4-sulfophenyl)-2H-tetrazolium) (MTS reagent) (Promega, Madison, USA). For each condition to be tested, 

medium was removed and replaced with a mixture of 100 μL MTS reagent and 500 μl DMEM containing 10% 

FBS. After 3 hours of incubation, 100 μl of the supernatant was transferred in 96-well plate following the 

manufacturer’s instructions. The absorbance of each well was detected at 490 nm with the Multiskan 

(Thermofisher Scientific, USA) microplate reader. Each condition has been done in quadruplicate. 

 

Statistical analysis 

Three independent experiments were performed to confirm the reproducibility of the results. Graph Pad 

Software Inc. (San Diego, CA, USA) was used for statistical evaluation. Results were compared through two-

way analysis of variance (ANOVA) and t-test. Differences between datasets with p<0.05 were considered 

statistically significant. Statistical analyses were performed comparing all treatments to the control. 

 

Concluding remark of Chapter 4: 
This paper describes the development of novel BMP-4 nanocarriers made of PLGA-COOR and a PEG-PLGA 

co-polymer. BMP-4 was efficiently precipitated and loaded into these nanoparticles under mild formulation 

conditions after optimization with lysozyme as a model protein. BMP-4 was also gradually released in its 

bioactive form. Moreover, by changing the ratio of PLGA-COOR / PLGA-PEG capped carboxylic acid groups 

in the PLGA core, the unique formulation approach permits the generation of nanoparticles with variable 

physicochemical characteristics that impact encapsulation efficiency and the degree of protein release. 

Furthermore, the use of non-toxic polymers and solvents guaranteed that the synthesized nanoparticles were 

highly biocompatible. Hence, the innovative BMP-4 nanocarriers show promise for future cancer cell trapping 

applications and will be put into a suitable hydrogel for researching glioblastoma cell development. 
 

 

A unique formulation approach generating homogenous nanoparticles with high BMP-4 encapsulation 

efficiency and strong cytocompatibility was established in this section of the investigation. Because of its 

versatility, PLGA was employed as the principal material polymer in the production of the nanoparticles. It is 

a lactic acid and glycolic acid co-polymer, which means that its molecular chain always terminates with a 

carboxyl group, which offers a site for chemical conjugation or physical contact with other polymers or protein 
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molecules (figure 22). For example, PLGA may be conjugated with a hydrophilic polymer like PEG to generate 

an amphiphilic di-block (as developed in this work) or tri-block co-polymer [87] that can be utilized to replace 

surfactant molecules, which are frequently required in the manufacture of micro/nanoparticles. 
 

 

Once the carboxyl groups are uncapped, they can engage electrostatically with basic protein molecules, 

contributing to high encapsulation efficiencies. Because it is a hydrophobic polymer, PLGA degrades slowly 

in water [93]. This feature is anticipated to be useful in the creation of polymer-based carriers designed to 

facilitate prolonged protein release. Because the lactide component of PLGA has a methyl side group, it is 

more hydrophobic than the glycolide residue. A high lactide-to-glycolide ratio is thus beneficial in reducing 

the hydrolytic breakdown of PLGA [94]. 

 

 

 

 

Figure 22 Model structure of the BMP-4-loaded PLGA-COOR/PEG-PLGA nanoparticles developed in this study. 

 

The lactide-to-glycolide ratio of the PLGA-COOR and PEG-PLGA used in this study was 75:25. The formulated 

nanoparticles were projected to degrade slowly as a result of this. Actually, the degradation period of PLGA 

75:25 has been observed to be many months [95,96]. Despite this, when maintained in proper release medium, 

the produced nanoparticles were demonstrated to release the majority of their protein content rather quickly 

(about 48 hours). While the rate of particle disintegration appears to be a key predictor of release kinetics, it is 

not the only factor that influences the rate of diffusion of water molecules into the polymer matrix and the 

consequent dissolution of the protein load [97]. 

 

 

Remaining organic solvents like GF and DMI may diffuse out of the matrix material during the extraction step 

has frequently resulted in the creation of porous nanoparticles [98]. These holes might enhance the overall 

surface area accessible to the release media and hasten the dissolution of surface-adsorbed or partly embedded 

protein molecules in the polymer matrix. This explains why the created nanoparticle technology produced 

such a large burst discharge. Furthermore, the porous interior structure may minimize the distance of diffusion 

necessary for the embedded protein molecules to escape from the polymer matrix, reducing the overall latency 

of protein release [62,67,68]. 

 

Because of the fast protein release from the nanoparticles, the bioperformance on GBM cells in the brain is 

anticipated to be limited. GBMs are known to be very invasive and can spread across the brain parenchyma. 

An autopsy research identified infiltrating GBM cells up to 14 mm distant from the tumor boundary as defined 

by magnetic resonance imaging (MRI) [99,100]. Because surgical excision of GBM is often identified by 

contrast-enhanced regions in MRI, these infiltrating GBM cells were frequently left in the brain and might 

grow to re-form the tumor [101]. In fact, 96% of GBM recurrences occurred within 20 mm of the tumor 

boundary as determined by MRI [67,102]. 
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The current project aims to formulate protein loaded polymeric nanoparticles (NPs). PLGA NPs are 

prepared via non-toxic and biocompatible solvents and are incorporated into nanocomposite hydrogels to 

achieve a controlled release of BMP-4, a cytokine involved in early differentiation of the embryo 

establishment of the dorsoventral axis and differentiation processes (cartilage, bone, and sympathetic 

neurons). Herein, a differentiation strategy is applied to lead GB cancer cells and more precisely cancer 

stem cells to acquire a less aggressive phenotype that may increase their radiotherapy sensitivity. Since 

the brain microenvironment is composed of a Hyaluronic acid (HA) enriched extracellular matrix (ECM), 

we have developed an injectable, biocompatible, bioadhesive and biodegradable HA scaffold. HA is thus 

a good candidate since it possesses all those functionalities. Moreover these nanoparticles have been 

suspended in a hydrogel composed of a synthetic polymer called poloxamer 407 and a biopolymer, high 

molecular weight hyaluronic acid. A proof of concept regarding cytotoxicity has been obtained on NIH3T3 

cell line. This developed system is biocompatible and has been characterized via an erosion assay, 

rheology, IR spectroscopy, DSC, SEM, injectability texturometer and SAXS methods. Bioperformance and 

biocompatibility in vivo evaluation of our device on preclinical models are ongoing. 

 

Keywords: hyaluronic acid; sustained release nanocomposite hydrogels, thermosensitive hydrogel 
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Graphical abstract on the specifications of the nanocomposite hydrogel 

 

 

1. Introduction 

 

Hydrogels as biomimetic scaffolds  

Hydrogels are three-dimensional lattice structures capable of absorbing large amounts of water [1,2]. They are 

generally insoluble due to chemical or physical crosslinking and/or chain entanglement. They exist naturally 

as a network of polymers such as hyaluronic acid, collagen, agarose or can be synthetic [1,2]. Environmentally 

sensitive hydrogels can serve a variety of applications due to their ability to respond to environmental 

changes, likewise, they  show volume changes [1–3]. The traditional stimuli that induce hydrogel reactions are 

temperature, ionic strength and pH [4–7]. Because of their tunable properties and flexible manufacturing 

methods, hydrogel materials have found applications in a wide range of biomedical and engineering 

applications, such as tissue engineering and regenerative medicine [1–3]. Since then, hydrogels have been used 

as controlled drug delivery systems, to facilitate local, sustained, and prolonged drug release, thereby 

reducing frequency of administration, avoiding side effects [1–3,8] 

Various biopolymer based hydrogels have been developed [1–3,8], and include hyaluronic acid the main 

polymer used in this study along with poloxamer 407 triblock polymer (POL407) (Figure 24) [7,9–12]. These 

two polymers offer many interesting properties. For instance, HA has been chosen because of its 

biocompatibility, biodegradability, biomimetism, bioadhesive properties [3,13–15], and poloxamer 407 is 

biocompatible, biodegradable, shows good drug controlled release, with thermosensitive features, and self-

assembly behavior [7,9–12,16–18]. 

 

 
 

Figure 23: Hyaluronic acid (right) and poloxamer 407 (left) polymers chemical structure 

 

 This research project aims to associate BMP-4 loaded nanoparticles to a hydrogel and therefore obtain a 

nanocomposite hydrogel. This system has various characteristics like biocompatibility, biomimetic stiffness, 

high water content, porosity and controlled release properties. This protein has been encapsulated in 

nanoparticles, in suspension in a hydrogel that is more suitable as a scaffold, being injectable in the resection 

cavity. 
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2. Results and Discussion 

 

2.1. Hydrogel development 

 

2.1.1. Tube inversion test 

 

 

 
Figure 24 : Thermogelation by tube inversion method: at 4°C (left) and 37°C(right) The hydrogel  4°C still 

flows and the gel is liquid and mobile. At 37°C it completely gelifies. Gelation time is 30s for HA+Poloxamer 

hydrogel and 1 min for Poloxamer alone. 

 

This preliminary test helps us get an idea of the gelling temperature at 4°C which is the formulation 

temperature and 37°C as the physiological conditions (Figure 24).  

The tube is inclined to see if the hydrogel flows or not and the time of gelation of each hydrogel tested is 

measured using a chronometer. The gelation time of POL alone took around 1 min whereas HA+POL took 30 

seconds, this could be explained by the fact that HA could decrease the gelling temperature therefore the 

hydrogel containing HA gelifies faster, at a lower temperature  [5–7]. Gelation process is divided in 3 steps, 

block copolymer unimers, the micellization step and the gel network obtention. 

 

2.1.2 ATR-FTIR 

 

 
Figure 25: ATR-FTIR spectrum of Hyaluronic acid (left) and Poloxamer 407 (right), transmittance (%) 

representation in function of the wavenumber (cm-1) in the whole region (3600–650 cm−1) and the fingerprint 

region (1800–650 cm−1). 

 

From figure 25, ATR-FTIR provides information on the molecular composition of the both polymers. 

Hyaluronic acid raw material spectrum shows characteristic transmittance peaks at  3282 cm-1 O-H stretching 

of the carboxylic group, 2891 cm-1 C-H stretch , 1607 cm-1 corresponds to the C-H anti asymmetric stretch 

vibration, 1404 cm-1 is attributed to the symmetric vibration stretch COO-. This spectrum is comparable to the 

literature [19,20]. Poloxamer 407 raw material spectrum shows characteristic transmittance peaks at 2881cm-1 

medium intensity is v(-CH3) stretching and 1099 high intensity peak is C-O stretching and 960 cm-1  v(C-O-

C) linkage. These peaks are similar to those found in the literature [21,22]. 
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2.1.3 Small Angle X-Ray Scattering 

 

 
 

Figure 26: : Small-Angle X-Ray Scattering (SAXS) diffraction patterns obtained from the four cubic phase 

samples of Hydrogel formulations containing 20%w/v Poloxamer 0, 0.5, 1, 2%w/v HA.  

 

 

The scattering patterns are shown in figure 27 At 25 °C. All systems presented lamellar structure with spacing 

D = 2π/q* ~17.5 nm, for PL 407 20%. However, considering the temperature at 40 °C, they exhibited a phase 

organization in cubic structure, as can be seen from the peak positions at q*, rac(2)q*, 2q* and 71/2q*, with q* 

~0.34 nm for PL 407 20% and q* ~0.36 nm−1 for PL 407 20% HA0.5%  q* ~0.4 nm−1 for PL 407 20% HA1%  q* 

~0.46 nm−1 for PL 407 20% HA2%, corresponding to a distance of respectively  18.48 nm, 17.45nm, 15.71 

nm,  13.65 nm between micellar centers in both systems (Figure 27). The resolution decreases with the increase 

of the HA concentration but the Bragg peaks are still observable and indexable. The first peak is characteristic 

of the micelle shape form and the thin and long peaks are Bragg peaks typical of the cubic phase. A few studies 

have studied the supramolecular organization of poloxamer hydrogels using SAXS, such as ones using P85 

and F88 that are similar in terms of structure and physical-chemical properties, that have been shown to be a 

packing of micelles under a hexagonal compact structure for P85 and a cubic  phase for F88 [11]. Nascimento 

et al. has shown [23] that the presence of HA seems to increase the size of POL407 micelles. Pluronic F-127 and 

Pluronic F-108 has shown a cubic and hexagonal phases for these polymers. Park[24] has shown a cubic 

packing of the Pluronic F108, which suggests a similar organization as our system. Another study 

characterized their hydrogel composed of glycerol monooleate (MO), propylene glycol (1,2-propanediol, PG), 

and water; consisted on a cubic phase too [25]. A main point between all the cubic packing systems, when a 

drug was encapsulated, knowing that POL407 [9,17,26] and other polymers such as propylene glycol [27]  

allowed sustained release properties, which is interesting in terms of drug delivery. The reduction in micellar 

centers distance when increasing the HA amount, suggests a more packed structure which could help to obtain 

a slower release rate. HA seems to interact more closely with POL407 at highest concentration.  
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2.1.4 Differential Scanning Calorimetry 

 

The critical micellization temperature (CMT) onset and endset temperatures (Tonset and Tend) and area under 

the curve (AUC) have been determined. A temperature ramp from -5°C to 50 °C has been done and the 

endothermic event can be seen in the area between 10°C and 30°C.  For formulations POL40720% 1% to 2%w/v 

of HA without nanoparticles (SN) have shown a variation of the Tonset, Tendset, AUC, and CMT when 

increasing the concentration of HA. For formulations POL20% 0% 0.5 and 1%w/v of HA, temperature don’t 

vary in a significative way (Figure 28 and Table 9) . There is a shift of these temperatures for POL407-20% 

HA2%w/v. Therefore, the most concentrated HA hydrogel seems to have an effect on the thermal events of 

the hydrogel. Again, the gelation seems to occur at a lower temperature, hence, earlier for the highest 

concentrations of HA. This is in accordance with the tube inversion assay aforementioned.  This behavior can 

be explained by a higher interactions between POL407 and HA molecules when in present in a higher 

concentration. 

The addition of nanoparticles to POL20% 0% to 2%w/v of HA varies in a significant way the Tonset, Tendset, 

AUC, and CMT in comparison to the SN condition. The events happen at lower temperatures for the highly 

concentrated hydrogels, whereas for the least concentrated they take place higher concentrations. Moreover, 

all the CMT temperature, Tonset and Toffset are increased when combined with NPs. This could be due to the 

presence of from its repeating methylene units contained in PEG-PLGA. NPs might delay the thermal events 

by interacting with PPO polymer chains and/or hyaluronic acid through multivalent hydrophobic interaction 

[28]. 

The reduction in CMT in the POL407 gels might explain the rapidity of gel degradation. Incorporating HA to 

pure POL407 gels resulted in a decrease in CMT [29] . Researchers demonstrated that the amount of HA added 

has no linear relationship with the enhancement of the viscoelastic characteristics of poloxamers gel [29]. The 

reduction of CMT and other parameters reported in this investigation can be explained by the fact that at 1% 

to 2% w/w, high molecular weight HA solution functions as an entangled network with topological 

interactions among the molecules [30,31]. Micelle mobility and packing are hindered in these conditions, 

competing with the poloxamer gelation process alone. A similar observation was made with the fibrillogenesis 

of collagen gels [32]. 
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Figure 27: Differential Scanning Calorimetry of POL20%w/v +/- HA 0.5/1/2% w/v without (A) and with blank 

PEG-PLGA NPs (B) with a concentration 1mg/mL with a mean size of 250nm with a zeta potential of -3.2 mV. 

 

 

 

 

 

 

 

 

 

 

 

A 
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Table 8: Transition Temperatures for the Different Poloxamer hydrogel with and without blank PLGA 

nanoparticles. Gelation temperatures from SAXS experiments and gelation temperatures from rheology 

experiments. N/D no data were obtained 

 

 

Formulation 

POL407/HA 

Ratio of POL/HA 

w/w% 

Tonset(+/-

0.5°C) 

Tend(+/-1°C) CMT (+/-

1°C) 

AUC(J/g) Rheology 

Tsol-gel 

 

 

 

P407/HA 

20%/0% 12.0 21.8 15.9 1.796 20 

20%/0.5 % 11.9 22.0 15.9 2.407 23 

20%/1% 11.5 21.5 15.3 2.6 24 

20%/2% 10.6 20.6 13.8 2.158 36 

20%/0% + NPs 13.3 22.9 17.4 1.296 19 

20%/0.5 % + NPs 13.6 23.0 17.5 1.851 N/D 

20%/1%+ NPs 13.5 23.1 17.5 1.686 N/D 

20%/2%+ NPs 12.5 22.3 16.4 2.296 20 & 32 

 

 

2.1.5 Scanning Electron Microscopy  

 
Figure 28: SEM Images of 0 % (A) 0.5%(B)  1%(C)  and 2%(D)  POL/HA lyophilized hydrogels in 500X Pore 

size varies from  10μm to  200μm 

 

These images were obtained after lyophilization of hydrogels (Figure 28). This process lead to a porogen effect 

of crystalline structures are visible in hydrogels at 500x and porosity is present in all freeze-dried hydrogels. 

The pore size is similar from a gel to another according to ImageJ treatment of images. But the hydrogel that 

shows more than 80% of porosity and a homogenous porosity is POL407-20% HA 2%w/v, with also good 

connectivity, and a sponge-like microarchitecture that is similar to some studies with HA [33]. Moreover, the 

pore size similar from 0, 0.5, 1 and 2%HA w/v concentrations. POL20%HA0%, POL20%HA0.5%, 

POL20%HA1% and POL20%HA2% have mean pore sizes 10-200 μm. Pore diameter is more visible in this 

study compared in the literature where the pores are more elongated, smaller and less monodisperse [9]. The 

microstructure of pure P407 gels were shown to be porous and sponge-like in SEM pictures. The inclusion of 

HA, on the other hand, did not change the pore size but resulted in a more compact porous structure, 

indicating that HA may have a protective role in this hydrogel system [9]. Hyaluronic Mw and poloxamer 

types used can have an impact on the porosity of the hydrogel and on the frequency and connectivity of the 

pores [9,34]. This porosity feature gained by lyophilisation may have an asset for cell incorporation or cell-HA 

interactions in vivo [35].  
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2.1.6 Rheology study: 

 

Viscosity study 

 
Figure 29: Viscosity studies of Hydrogels POL407 20%w/v +/- HA 2%w/v at 37°C 

 

Viscosity studies in figure 29 have consisted of doing a downward and a forward curve by doing two cycles 

of shear rates from 0.01-800s-1 and 800-0.01s-1 at 37°C. The downward curve exhibits a shear-thinning 

behavior, suggesting that the polymer chains of POL407 and HA at rest or low shear rate are entangled and 

highly interacting, whereas when a high shear rate is applied, they disentangle and stretch (Figure 31). When 

applying a decreasing shear rate, the material recovers its initial viscosity; this can be seen by the overlapping 

of both curves in hydrogel POL407 with and without NPs. This hydrogel is therefore not a thixotropic material. 

The other hydrogel POL407 20% and HA2% with and without NPs has shown the same behavior, because the 

curves are overlayed between 800s-1 and 1s-1. There is a gap between the downward and upward curves from 

0.01s-1 and 1s-1 suggesting that this formulation is thixotropic. These results are comparable to other ones El 

Kechai et al has also shown a thixotropic behavior of nanocomposite hydrogels composed of POL407 and HA 

containing liposomes [36,37]. 

 

Figure 30: Shear-thining of polymer-based hydrogel 
 

HA addition in the formulation seem to prevent overlapping of both curves, therefore, HA+POL hydrogel 

seem to be thixotropic whereas the hydrogel with POL alone is not.  

 

Thermogelation Sol-Gel transition 

 

Cross-over point or sol-gel transition has been determined with rheology software for each formulation (figure 

32). The hydrogel POL20% and HA0% has a Tsol-gel at 20°C,  POL20% and HA0.5% has a Tsol-gel at 23°C, 

POL20% and HA1% has a Tsol-gel at 24°C, POL20% and HA2% has a Tsol-gel at 36°C (with no observed cross-

over). Several sol-gel transitions have been assessed in the literature; Li et al developed  hydrogels intended 

for skin wound healing applications where POL407 was used with high molecular weight hyaluronic acid 

where the sol-gel transition went from 37°C with POL407 to 30°C with POL407+HA. The transition observed 

here is less significant than the one observed in this study [16]. 32 and 37°C were sol-gel temperatures obtained 

in another study by Mayol et al, F68  and F127 (POL407) in different proportions  and low HA concentrations 

[17]. In our work we wanted a more HA concentrated hydrogel in order to have biomechanical properties 
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similar to the brain ones [36,38].  For all the hydrogels formulated the Young modulus is 10-20kDa that is in 

the range of brain Young modulus.  

 

 

 
Figure 31: Temperature ramp studies of Hydrogels POL407 20%w/v +/- HA 2%w/v and +/- blank NPs at 

1mg/mL with 250nm size at 37°C 

 

In figure 31, the hydrogels with POL20% and HA0% without NPs has a Tsol-gel at 20°C, POL20% and HA0% 

with NPs has a Tsol-gel at 19°C. The temperature effect can be explained by interactions between NPs and 

polymer chains, lowering the gelation temperature. 

Hydrogel with POL20% and HA2% without NPs has a Tsol-gel at 23°C, POL20% and HA2% with NPs has a 

Tsol-gel at 20°C (effect of NPs) at 32°C with the presence of double plateau related to the effect on 

micellization, and viscosity and structural organization of the polymer network involving ionic interactions. 

This phenomenon suggests that the sol-gel transition takes place in two steps due to the presence of the PEG-

PLGA NPs. 

P407 is distinguished by its thermosensitive self-assembling and thermo-gelling properties. As the 

temperature rises, the aqueous P407 solution switches to an intermediate gel state due to a decrease in the 

solubility of PPO blocks, which causes aggregation to occur to reduce their contact with water molecules  at 

20°C [18,23,39]. The collected hydrophobic blocks create the micelle center, while the PEO blocks form the 

outside layer of hydrophilic shell that is covalently bonded to the water molecules. The temperature of the 

solution-to-gel change varies with concentration and the NPs composed of an outershell of PEG, may interact 

with the PPO through hydrophobic interactions leading to a more packed structure, hence to a gelation at 

32°C and also through H bonds between HA and Poloxamer PEO moieties [9,40,41]. 

 

Amplitude sweep study 

 
Figure 32: Amplitude sweep studies of Hydrogels POL407 20%w/v +/- HA 2%w/v with blank NPs at 1mg/mL 

with 250nm size at 37°C 
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The linear regimen is the zone where the hydrogel does not undergo irreversible structural modifications 

(figure 32). Amplitude sweep studies at 37°C in figure 33, have shown a linear regime between 0.0001 and 

0.1% for the POL20% and HA0% with NPs and between 0.0001 and 1% for POL20% and HA2% with NPs; in 

this domain, the sample does not show irreversible structural modifications and the interval 0.05-10Hz was 

chosen for frequency sweep at a 10Pa strain stress for the frequency sweep.  This study has also been done by 

El Kechai on the same strain interval, and have shown a similar linear regimen [36]. 

 

Frequency sweep study 

 

 
Figure 33: Frequency sweep studies of Hydrogels POL407 20%w/v +/- HA 2%w/v with blank NPs at 1mg/mL 

with 250nm size at 37°C 

 

 The frequency sweep obtained in figure 33, from 0.05 to 10Hz has shown a gel behavior from 0.05 to 10Hz 

that can be seen through the parallel curves of G’ and G’’, the material is equally a solid elastic and a viscous 

liquid, in other words a hydrogel. Mayol et al have investigated the frequency sweep showing that at a 

frequency range between 0.001 and 10Hz the G’ is higher to G’’, suggesting an elastic dominant behavior in 

both hydrogels POL407 only and POL407+HA2% [17].  

 

 

 

 

 

 

2.1.7 Injectability studies 

 
Figure 34: Injectability study of POL/HA and POL hydrogels with and without NPs 

 

Injectability has been done following the following protocol [36] (See Material and Methods). Results in figure 

34, show a variation in injection force in the different formulations. 30G needles tend to significantly increase 

the force of injection because of the smaller inner diameter of the needle. It is also due to the needle length. 

The presence of NPs is also another parameter involved in a higher injection force. The increase of the injection 
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force is due to the higher viscosity of the NP loaded hydrogel and also due to the potential of NPs to aggregate 

and form a phase that could increase pressure in the syringe and therefore make a bulk. The hydrogel has 

been characterized as a shear thinning material and therefore this property can help the injectability process. 

The injection rate can also influence the syringeability but in this study it was kept constant, following previous 

works [26,36].  The adapted 26G gauge was selected for the injection of the formulation POL20%+HA2%w/v 

containing NPs. 

 

2.2. Hydrogel in vitro assays 

                                                                                                                       

2.2.1 Erosion assay in vitro                 
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Figure 35: The mass erosion behaviors of POL/HA hydrogel system. Data are represent as the mean ± standard 

deviation (n = 3). 

 

Erosion assay has shown a degradation of the hydrogel in contact with PBS starting day 1 and after 15 hours 

more than 40% of the hydrogel has been degraded (figure 35). Then, at day 1, 80% of it have been dissolved in 

PBS, and at day 7 all the hydrogel is eroded (Figure 36). This assay has been inspired from the literature and 

done during a week [9]. This property of hydrolysis in physiological conditions might facilitate release profile 

of BMP-4 especially for hydrophilic drugs like proteins. In contrast to another study that found a considerable 

swelling, the addition of HA did not appreciably delay the occurrence of gel erosion in the 20% POL407 gels. 

They described an increase in hydrogel swelling as a result of the COO- groups inside the HA/POL407 

hydrogels, which generated the repulsive force, increasing water penetration and prolonged the gel erosion 

process [9]. Even though, in vitro gel dissolution tests revealed no substantial delay in gel erosion when HA 

was added to 25% P407. Swelling may not be the primary deciding element of the gel erosion process [42,43]. 
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2.2.2 Release study of Lysozyme and BMP-4                                                                                                                    
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    Figure 36: Release profile of Lysozyme in TrisHCl buffer at pH 7.4 (A) and BMP4 in PBS at pH 7.4.(B) 

Formulation 3 is the POL40720%w/w% + HA2%w/v hydrogel with lysozyme loaded NPs with a ratio 70/30% 

of PLGA-COOR/PLGA-PEG. Formulation 3’ is the the POL40720%w/w% + HA2%w/v hydrogel with free 

Lysozyme; Formulation 5 is the POL40720%w/w% + HA2%w/v hydrogel with BMP-4 loaded NPs with a ratio 

70/30% of PLGA-COOR/PLGA-PEG; Formulation 5’ is the the POL40720%w/w% + HA2%w/v hydrogel with 

free BMP-4. All release experiments have been done in triplicates and SD is represented for each formulation. 

 

     According to figure 36, formulation 3 with Lysozyme loaded NPs shows an incomplete release with only 

less than 25% of the protein quantified in the recipient compartment. Indeed, the release does not show a 

marked burst effect that could be due to the hydrogel structures that have been described in the previous 

studies of SAXS and DSC; POL407 possess nanostructuration that could delay the protein release, initially 

imbedded in the NPs. The amount of not released protein might have interacted with the Tris HCl salts 

through ionic interactions and also the protein could also interact and be depleted by PLGA polymer trough 

electrostatic interactions. Moreover, through this method of release, the NPs tended to sediment at the bottom 

of the inserts which might have affected the release kinetics. In the case of hydrophilic hydrogels, gel erosion 

and drug diffusion run in parallel, therefore, slower gel erosion frequently induce slower drug release [44,45]. 

Another hypothesis is the interaction of NPs with the POL407 and HA may delay the erosion phenomenon 

and in consequently protein release. 

 

 In the case of formulation 3’, where Lysozyme is freely present in the hydrogel , the release is marked by a 

burst effect after 15 hours that correspond to the erosion of 60% of the hydrogel and making the diffusion of 

Lysozyme more straightforward, the Lysozyme might not have strong interactions with HA due to the  basic 

amino acids that compose it. 

 

For BMP-4 release after 10 hours, similar proteins amount released were detected by ELISA in the formulation 

5 and 5’ respectively of 80% and 85%. Besides, there is a delay of liberation of BMP-4 for formulation 5 from 

0h to day 4 that could be due to the presence of the PLGA NPs having interactions with the POL407-HA 

A 

B 
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network and affecting its erosion. A burst effect is observed on day 5 where more than 40% of the protein is 

liberated followed by a plateau reached at day 8. Opposed to Lysozyme that has more basic amino acids, BMP-

4 is mainly composed of an equal amount of acid and basic amino acid making it a neutral protein at 

physiological conditions with less interactions with PLGA that could also explain the gap in the release 

kinetics. 

For the free BMP-4 in formulation 5’, the release is linear in the first part of the curve then reaches a plateau at 

day 8. This more progressive release might be due to the erosion process that starts at 15 hours and keeps on 

going until the 7th day where the plateau is reached. 

A recent research found that adding high molecular weight HA to a poloxamer mix reduced the final gel 

strength, resulting in quicker drug release from the gel, which could also explain the fast release from HA-

POL407 formulations 3’ and 5’ [29]. 

Barichello et al have developed insulin loaded POL407 hydrogels for a subcutaneous administration , and 

have shown that one of the major limitations that restricts the use of poloxamer gels as drug delivery platforms 

is their fast dilution when exposed to high quantities of aqueous solutions [39,46]. This results in inadequate 

control over the drug release rate, which is often excessively rapid [39,46]. Release of drug from these 

thermosensitive gels occurs via a mixed diffusion/dissolution process, and the capacity of high molecular 

weight HA to strengthen the poloxamer gel structure is mirrored in the gel's ability to better regulate and 

prolong protein release. 

 

2.2.3 Cytotoxicity hydrogel assay: 
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Figure 37: NIH3T3 Cell line cytotoxicity assay at 24h, 48h and 72h. All experiments has been done in triplicates 

and statistical analysis with ANOVA was made. 

 

    Hydrogels from 0 to 2% does not seem to be toxic to the NIH3T3 cell line compared to the control at 24h and 

48h (figure 37). From 72h the cell viability seems to decrease but not in a significant way. Hence, the hydrogel 

with 2% of HA and POL40720% is cytocompatibility on fibroblast cells and meets the main specifications of 

the literature for drug delivery [1,2,9]. 

 

3. Conclusion 

 

This research part complete our understanding of the impact of polymeric nanoparticles on the behavior of 

HA gels. It also emphasizes the importance of combining rheological, thermal, and syringeability tests to 

thoroughly analyze the in-use characteristics of such formulations during and after injection. The shear-

thinning characteristic of HA nanocomposite gels enabled appropriate injectability regardless of the needles 

used. Furthermore, the viscoelasticity and self-healing properties of these gels should encourage rapid 

immobilization and an extended residence duration following injection. We established that the composition 

and microstructure of hydrogels are important criteria regulating their thermosensitivity and microstructure. 

They seemed to be biocompatible for 72 hours study on NIH3T3 fibroblast cell line. Their erosion in a week 

shows that the release takes place in parallel. The controlled drug kinetics are different for Lysozyme and 

BMP-4, and might be explained by interactions between proteins and POL407 and HA and/or between 

proteins and PLGA polymer that could delay the release. PLGA NPs in HA gels should promote the 

continuous release of encapsulated proteins and the interactions between NPs and HA play a significant role 

in the strengthening of the formulations 3D structure. 
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Additional physicochemical studies are needed to properly understand the structure of PLGA NPs-HA-

POL407 hydrogels. Finally, our study demonstrates that nanocomposite gels may be used as a safe and 

versatile formulation platform for a variety of applications in the field of local drug administration. Other 

studies are being conducted to assess the in vitro and in vivo efficacy of HA-POL407 hydrogels containing PEG-

PLGA NPs encapsulating BMP-4 for locoregional injection. 

 

 

4. Materials and Methods 

4.1 Hydrogels preparation and characterizations: 

 

Hydrogels were formulated with Poly(ethylene glycol)-block-poly(propylene glycol)-block-poly(ethylene 

glycol)) triblock polymer: Kolliphor® P407 (Poloxamer 407, (Sigma Aldrich, Saint-Louis, USA) and high 

molecular weight (990 kDa average) hyaluronic acid (Contipro, Dolní Dobrouč, Czech Republic) at 

concentration between 0 and 2% w/v by cold thermogelation, according to the literature [36]. 

Poloxamer 407 solution is prepared by gradually dissolving  the poloxamer 407 powder (20% w / v) in HEPES 

/ NaCl buffer, pH 7.4  with magnetic stirring in an ice bath until a clear solution is obtained [9,10]. Besides, HA 

/ poloxamer gels were formulated by adding HA (0, 0.5, 1 and 2% w / v) to the poloxamer 407 

solution. Stirring was maintained for 2 hours in an ice bath and cold room [36]. Prepared different gel lots. All 

gels were stored at 4 ° C for at least 12 hours prior to analysis to obtain complete hydration of the polymer. 

Formulation 3 is the POL40720%w/w% + HA2%w/v hydrogel with lysozyme loaded NPs with a ratio 70/30% 

of PLGA-COOR/PLGA-PEG. Formulation 3’ is the the POL40720%w/w% + HA2%w/v hydrogel with free 

Lysozyme; Formulation 5 is the POL40720%w/w% + HA2%w/v hydrogel with BMP-4 loaded NPs with a ratio 

70/30% of PLGA-COOR/PLGA-PEG; Formulation 5’ is the the POL40720%w/w% + HA2%w/v hydrogel with 

free BMP-4. 

 NIH/3T3 cells were cultured in 24-well plates for 24 hours and then treated for 48 hours with each gel using 

24-well transwell insert (Cellqart, Northeim, Germany). Each condition has been done in triplicate. 

Cytotoxicity was assessed using MTS assay. The gelation process has been investigated with the tube inversion 

method, SAXS, DSC, rheology, texturometer-injectability system, erosion assay. Release study has been done 

using ELISA assay and Micrococcus Leidococcus assays for respectively BMP-4 and Lysozyme. Porosity was 

evaluated with SEM. Chemical structure was studied using ATR-FTIR. The nanoparticles preparation protocol 

is similar to the one described in Chapter 4. 

 

4.2 ATR-FTIR 

Studies of the structure of hydrogels have been done on a range of 400-4000cm-1 at room temperature on semi-

solid samples and solid samples on a BRUKER Vertex 70 spectrometer. Data has been processed with the 

software KnowItAll Informatics System 2021 from Wiley Science Solutions. 

 

4.3 Small Angle X-Ray Scattering 

Structure of the samples was evaluated by X-ray scattering with a homemade setup. X-ray scattering results 

were collected with a Pilatus 300 K (Dectris, Switzerland), mounted on a microsource X-ray generator GeniX 

3D (Xenocs, France) operating at 30 W. The monochromatic CuKa radiation was of l = 1.541 Å. The results 

were recorded in a reciprocal space q = (4p.sin u)/l in a range of repetitive distances from 0.01 to 1.72 Å1. The 

4 samples were introduced into 1.5 mm quartz capillaries, then centrifuged and sealed with candle wax[47]. 

For analysis, samples were placed in a capillary holder with 7 capillaries. Measurement of 15 samples during 

15 minutes each at room temperature and at 40°C , 1 point per sampleat 1mm, vertical position, exposition 

time of 600s. Each capillary was probed at two Y positions to confirm sample uniformity and the analysis 

performed 7 points per capillary. The purpose of this analysis was to determine the temperature at which the 

micelles of the heat-sensitive hydrogel were observed. This study focused on the type of structure with small-

angle X-ray scattering (SAXS) (long-range order) and the type of packing with wide-angle X-ray scattering 

(WAXS) (short-range order). The results were collected by a homemade program and analyzed by  Igor Pro 

7.0 software (Wavemetrics, USA) [47]. 

 

4.4 Scanning Electron Microscopy: 

Porosity of the hydrogels has been studied using SEM. Samples have been frozen at -20°C and lyophilized 

with a cryodessicator Steris_02 Lyovac GT2, in order to preserve the cross-section of samples, and metalized 

with gold on SEM specimen holders. The observation has been done using the SEM (ZEISS EVO/LS10). For 
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SEM, the sample was coated with a gold layer of 5 nm thickness before observation whereas no coating was 

applied to TEM. Images have been analyzed using ImageJ software. 

 

4.5 Differential Scanning Calorimetry: 

Analysis has been done using Netzsch DSC 3500 Sirius. The following cycle has been applied to samples: 0°C 

to 50°C then 50°C to 0°C, afterwards DSC recording was done from 0°C to 50°C the onset, peak, AUC and 

onset temperatures has been investigated to show the entropy event which is micellization for 0, 0.5, 1 and 2% 

Pol/HA hydrogels in presence and absence of nanoparticles. Datas have been processed using NETZSCH-

Proteus-80 software.  

 

4.6 Rheology study: 

Hydrogels were analyzed by rheometer, Flow and oscillatory measurements have been performed. Viscosity 

of hydrogels has been measured at 37° C in inward and backward curves with increasing shear rates from 0.01 

to 1000 Pa. The most common type of non-Newtonian behavior is shear thinning or pseudoplastic flow, in 

which the fluid viscosity decreases with increasing shear. The thixotropy of the hydrogel was evaluated in the 

backward-inward curves. For most liquids shear thinning is reversible and the liquids will eventually recover 

their original viscosity when the shearing force is removed. When this recovery process is sufficiently time 

dependent the fluid is considered to be thixotropic. 

Oscillatory regimen was used for visco-elasticity study and determination of sol-gel transition at 1Hz 

frequency in an ascending ramp from 10°C to 50°C. All measurements have been performed in triplicates. 

 

 

 

4.7 Injectability studies 

Injectability or syringeability is the force required to inject a pharmaceutical product at a given infusion rate 

through a given gauge and length of needle. The injectability of the gel was determined using the method 

previously described  in the literature [48]. 

The device was coupled to a Texture Analyzer in compression mode and equipped with a force transducer 

calibrated with a 5kg sensor. The principle is to apply a specific displacement rate to a gel-filled syringe 

plunger and measure the resulting injection input. Samples were placed in 1mL  luer-lock syringe syringes 

and let at  RT for at least 20 min. Needles of 26G and 30G has been placed at the edge of each syringe. 

The displacement rate of the plunger was 0.5 mm/s corresponding to a flow rate of 0.4 mL/min, in a 1mL luer-

lock syringe which is close to a manual injection rate [48] All measurements were made in triplicates at room 

temperature (23°C) for each lot of gel. The feasibility of manual injection of all formulations using different 

needles was also systematically checked. 

 

4.8 Degradation study of hydrogels:  

Hydrogels were placed in microtubes and directly covered with a PBS buffer to mimic physiological 

conditions at 37°C under stirring. They were weighed for a week after each incubation time and fresh PBS was 

renewed. Weight loss of the samples is represented in the function of time in hours. All experiments were 

made in triplicates.(POL + 0% and 2% HA hydrogels) 

 

4.9. Release study of Lysozyme and BMP-4 from HA-POL407 hydrogel 

Release study has been assessed using a transwell method where the hydrogel in an indirect contact with the 

recipient release medium. The transwell porosity is 8um and permits to the proteins to migrate through the 

pores, given that their respective molecular weights are 14 kDa and 25 kDa. The quantification of Lysozyme 

have been done using Micrococcus Leidococcus kit by Sigma Aldrich, and the following protocols [49–51]  and 

BMP-4 have been detected via the ELISA DuoSet Kit from R&D Systems.  

 

4.10 Cytotoxicity hydrogel assay: 

The assessment of hydrogel toxicity has been done, using an indirect method where cells are grown on a 24 

well plate and inserts of 8um of porosity have been placed upon each well and hydrogel injected in the insert. 

Incubation was performed during 24, 48 and 72hrs in 37% 5%CO2 on fibroblast NIH3T3 cell lines, in an 

incubator.  MTS assay was used to quantify cell viability, plates were read on a multiplate reader at 590 nm 

wavelength. 

 

Conclusion of Chapter 5:  
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This paper describes the creation of Hyaluronic acid-Poloxamer 407-based nanocomposite gels incorporating 

BMP-4-loaded PLGA-based nanoparticles in order to achieve prolonged BMP-4 release. To the state of the art, 

this is the first case of a composite polymer-based vehicle being used for intracerebral delivery of 

protein biomolecules. As a result, the feasibility of using these scaffolds to transport proteins with similar 

physicochemical properties to BMP-4 should be investigated. Besides, because the scaffold displayed great in 

vitro cytocompatibility as well as acceptable rheological and injectability features, the in vivo assessment of 

their safety profile is justified. Finally, when the bulk tumor has been removed from the brain, the implantation 

of the scaffolds into the tumor resection cavity might offer tremendous potential as an efficient treatment 

method (figure 39). 

The goal of this chapter, was to develop thermosensitive and injectable polymeric technology composed of 

poloxamer, HA blends and high molecular weight HA with acceptable Tgel, biocompatible system, 

viscoelastic qualities, and controlled release functionality. One prospective application of these systems in 

drug delivery systems is to improve drug residence duration and bioavailability, hence overcoming the 

disadvantages associated with the use of traditional dosage forms. The practicality of these platforms for 

intracerebral administration was investigated in particular by loading Lysozyme as a reference protein and 

BMP-4 as the therapeutic medication and evaluating its in vitro release under healthy settings. Furthermore, 

physical characteristics such as SAXS, DSC, ATR-FTIR, Rheology, injectability, erosion assay, and in vitro like 

cytotoxicity assay have been developed.  

 

 
Figure 38: Nanocomposite hydrogel model for locoregional treatment of GB (Adapted from Haji Mansor et al. 

2019) 

 

Other experimentations are in course such as biocompatibility study in vivo and bio performance assays in 

order to confirm a potential therapeutic effect of BMP-4 in a suitable and validated animal model. 
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6.General discussion and perspectives 

6.1 General discussion 

 

 

Glioblastoma tumors, now known as glioblastoma (GB), continue to be a source of concern for both physicians 

and researchers with a very poor prognosis for patients. Since 2021, Louis et al have actualized the 

classification of CNS tumors. Hence, Glioblastoma is now GB and no longer called Glioblastoma Multiforme 

[1,2]. Among adult-type diffuse gliomas, the most frequency primary brain tumors in neuro-oncology practice 

is GB- IDH wild type and still holds the grade 4 [1]. Due to the fact that GB can advance extremely quickly, 

surgical technique has been established as the first-line treatment for this illness due to its effectiveness in 

instantly lowering the bulk tumor volume and minimizing its aggressiveness. In reality, this method has been 

the standard method for a while [3–6]. Having said that, it's worth mentioning that surgical removal of brain 

tumors has been studied and improved since 1879 [4,7]. However, true excitement about the procedure's 

curative potential would not arise until almost a century later. The growing anticipation was fueled by 

significant advances in in vivo imaging, such as computed tomography (CT) scanning and magnetic resonance 

imaging (MRI) [8,9]. 

 

Adjuvant therapies such as radiation and chemotherapy are used after surgery to eliminate the remaining 

tumor cells. When these therapies are combined, the median survival time for GB patients after diagnosis is 

only about 15 months [4,7]. The bad prognosis is caused by a small fraction of remaining tumor cells that 

survive despite the damaging impact of post-surgical therapy and grow to produce a tumor with even more 

aggressive characteristics. Incomplete death of remaining tumor cells might be attributed to chemoresistance 

or evasion owing to anatomical limits [10–12]. 

To complicate things, the poorly targeted modes of action of chemoradiation therapy can frequently result in 

significant harm to the healthy brain tissues with which they come into contact [4,13]. Patient' conditions are 

deteriorating not just as a result of tumor recurrence, but also as a result of the adverse effects of the therapies 

they got [14,15]. As a result, we were encouraged to investigate the method of differentiating remaining tumor 

cells into a less tumorigenic and resistant phenotype to permit more selective and thorough elimination of this 

cell population [16,17]. 

 

GB is a severe cancer to treat due to its aggressiveness, high chance of recurrence, and resistance caused by 

CSC. CSCs include a plethora of markers for this cell type (CD24, CD34, Nestin, Sox2). Because of gene 

mutations, CSCs can survive apoptosis, retain the parental phenotype, and reduce sensitivity to differentiation 

cues [11,15,18].  Several signaling pathways are being studied in order to develop drugs that can destroy CSCs 

and prevent disease recurrence [12]. 

 

Despite the fact known that GB stem cells can differentiate, it is less clear if they can commit to persistent 

differentiation and achieve the terminal cell cycle. Clinical transfer of BMP-based differentiation treatment 

may thus be difficult [10,17]. Firstly, there are considerable variances in responses between cell lines, which is 

to be expected in patients [17]. Secondly, although induction is rapid, methylation changes are slow and need 

continuous exposure to treatment [19]. Finally, acquired mutations are not persistent, and reversal, de-

differentiation, or selection of differentiation-resistant clones are still possible [12,14]. 

 

Therefore, overcoming these obstacles at the beginning will be a big effort in the design of differentiation 

therapies. Implementing differentiation therapy for GB demands a deeper understanding of the methods by 

which tumor cells resist differentiation commitment [12,14]. These CSCs can persist more than one centimeter 

out from the resection cavity boundary [18]. As a result, extended BMP-4 release will be essential for extending 

the treatment duration. In light of this consideration, the goal of this thesis was to create scaffolds that 

may offer continuous delivery of bioactive BMP-4, and the experimental approach was focused on two goals: 
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• Encapsulating BMP-4 in polymer-based nanoparticles to produce main carriers of this cytokine  

 

• Incorporating BMP-4-loaded nanoparticles into an injectable hydrogel to offer a secondary barrier to BMP-

4 release 

 

Objective 1: To prepare BMP-4 loaded polymer nanoparticles 

 

Protein delivery using PLGA nanoparticles is of relevance for a variety of applications, including the 

production of innovative, more effective, and safer tissue engineering procedures. Moreover, the fragility, lack 

of cell selectivity, toxicity, and oncogenic potential of growth factors need the creation of such delivery 

methods that allow for the targeted and sustained release of these macromolecules [20,21]. Nevertheless, the 

destabilizing conditions applied to the proteins during the formation of these systems, as well as the 

breakdown of the polymers during storage, incubation, limit their development [22,23]. 

Nanoparticles made of polymers have been utilized to transport a variety of protein molecules. Various 

formulation procedures, such as phase separation, may be used to easily create nanoparticles from a broad 

variety of polymers [24–27]. Although their extensive use, neither of these nanoparticle formulation methods 

can easily encapsulate all forms of proteins. The encapsulation procedure must frequently be carefully selected 

based on the physicochemical parameters of the protein to be encapsulated [28]. Aside from determining the 

best formulation technique, selecting the proper type of polymer is critical. After this, different process and 

polymeric parameters should be verified to obtain appropriate encapsulating efficiencies and release kinetics. 

In this work, we adapted an existing process for encapsulating proteins in particulate polymeric systems 

utilizing non-toxic solvents for use in  GB application [24–26,29]. 

Because therapeutic proteins are expensive, we decided to start by proving the notion of the proposed methods 

by assessing the encapsulation ability of a model protein. Due to the sensitivity of detecting its enzymatic 

activity, lysozyme was chosen as a model protein to readily measure the quantity of protein encapsulated and 

released in active form from protein loaded particles [24,25,29]. Nanoprecipitation process was used for both 

Lysozyme and BMP-4 to protect them during encapsulating step. Indeed, This reduces the requirement of  

protein solution emulsification  in the polymer phase, which can frequently result in protein molecule 

unfolding at the water-oil interface [24,30]. Protein molecules fold in vivo to shield their hydrophobic residues 

from watery conditions [24,30]. If confronted to an oil-water interface, they can undertake structure and 

conformation rearrangements in order to obtain the state of lowest free energy. The non-polar residues might 

be accessible and engage interactions with the oil phase, causing a protein's three-dimensional structure to 

change and possibly affect its bioactivity [24,30].  Protein molecules possess restricted conformational mobility 

once precipitated, reducing their ability to unfold when in contact with organic solvents [24,30]. 

 

A mixture of PLGA-COOR and PEG-PLGA was employed in this study to create nanoparticles through a 

phase separation approach. The creation of a polymer-rich liquid phase (coacervate) all around inner protein-

containing aqueous phase is aided by the polymer's phase separation from its solution. Because more non-

solvent is introduced, the coacervate hardens to form protein-loaded nanoparticles [31–33]. The need for a 

substantial amount of organic solvent to produce phase separation is an evident disadvantage of this approach 

[25,34,35]. To overcome this, isosorbide dimethyl ether (DMI) was employed to dissolve PLGA and PEG-

PLGA. DMI is a non-halogenated, non-volatile solvent with a great in vivo safety profile [36]. Furthermore, it 

is a water-miscible solvent, which means that the phase separation stage may be activated by aqueous solvents 

like water. 

 

Utilization of such a harmless solvent, as well as the large reduction in the overall amount of organic solvents 

used, serves to eliminate the need for any specific devices or facilities to safeguard the operators [36]. Thus, 

the formulation process was purposefully created to be straightforward so that it could be executed by anyone 

else. 

We demonstrated that encapsulating BMP-4 precipitates in PLGA solutions before the phase separation 

showed no observable loss of biological activity. We also demonstrated that factors like protein content and 
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ionic strength can influence the effectiveness of the precipitation process in regards to the quantity and 

bioactivity of the precipitates obtained. As a result, if the established formulation technique is utilized to 

encapsulate additional forms of protein in the future, the precipitation parameters will need to be re-

optimized. 

 

Regardless of the apparent ease of the formulation process, there are several aspects that might affect the final 

protein encapsulation efficiency. Due to their high water solubility, protein molecules prone to segregate into 

the aqueous phase during phase separation process, causing a low encapsulation efficiency. The pH of the 

aqueous phase was buffered near to the isoelectric point (pI) of the protein being loaded, which alleviated the 

issue. The net charge of the protein molecules that came into touch with the buffer solution will be near to zero 

as a result, making the protein less water-soluble. 

A neutral Tris-HCl buffer solution was utilized throughout the phase separation process since BMP-4 has a pI 

of 7.6. Aside from modifying the pH, adding salts or other agents can reduce the aqueous phase protein 

solvation capability. When salts like ammonium sulfate and hydrophilic polymers like PEG are introduced to 

an aqueous solvent, they can interact with water molecules that would otherwise be accessible for protein 

solvation [37,38]. As a result, they may be effective in reducing protein loss from the organic phase throughout 

the phase separation process. 

 

Encapsulation efficiency can be influenced by polymer characteristics in addition to process factors. It has been 

demonstrated that employing PLGA with uncapped, so ionizable, carboxylic terminals resulted in improved 

encapsulation [24].  It has been shown previously, that the high amount of carboxyl groups in uncapped PLGA 

nanoparticles may bind significantly with protein molecules, increasing its encapsulation efficiency and 

inhibiting their release [24]. As a result, according to previous studies, we chose PLGA with capped terminals 

encapsulation efficiency in exchange for more complete protein release. The encapsulation efficiency for 

Formulation 6 (86%) was higher than the Formulation 5 (71%). 

Encapsulation efficiency for BMP-4 was 71% using Formulation 5 and less than 80% was released and 86% of 

protein was encapsulated in the Formulation 6 but less than 60% of BMP-4 was released at the end of the 30-

day release study period. The degradation of the PLGA ester bonds, which produced ionizable carboxyl 

groups that may then interact forcefully, may account for the lack of completely complete BMP-4 release. 

 

Because PLGA is prone to hydrolysis, it is critical to keep PLGA-based nanoparticles dry. Lyophilization, also 

known as freeze-drying, is a typical procedure for eliminating water from PLGA-based nanoparticle aqueous 

dispersions. Because this approach can cause large physical stresses on the nanoparticles, di/oligosaccharides 

are frequently incorporated to the nanoparticle dispersion to generate a spacing matrix to avoid nanoparticle 

aggregation [24,39]. However, it should be mentioned that the performance of these so-called "protectants" 

varies between publications [24,39,40]. 

 

Many of these papers either omitted to specify the specific parameters (temperature and pressure) of the 

freeze-drying settings or failed to demonstrate why a particular combination of circumstances was selected 

[24,39]. We demonstrated in our study that the efficacy of freeze-drying in terms of retaining the size and 

polydispersity of the nanoparticles is contingent on the drying temperature being lower than the collapse 

temperature of the added protectant. As a result, it is critical to select a cryoprotectant types with a high 

collapse temperature or to reduce the drying temperature as much as conceivable [39]. Here, we selected HP-

beta-CD which has been shown in a previous study to be the most suitable for a long-term storage and an 

efficient conservation of PDI and size [24]. 

 

Moreover, zeta potential of the blank nanoparticles in different pH have shown a better stability at a 

physiological pH which is suitable for our locoregional application. The biocompatibility has also been proven 

through the cytotoxicity study made on the NIH3T3 and L929 cell lines. 

However, the in vitro studies on three-dimensional gliomasphere models have shown a poor bioactivity of 

BMP-4, it did not seem to reduce the gliomasphere formation in comparison to the control and to BMP-2 

treatment. On the contrary, this latter has shown a stimulation of the gliomasphere number on F98 cell line. 

Figures 31 and 32 have shown an effect on U87MG linked to phenotype changing but F98 exhibited a cell 

necrosis effect that have been confirmed with FACS study. The results are being completed with an 
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immunofluorescence study and checking differentiation markers with flow cytometry method. Other 

experiments are in course in vivo biocompatibility, bioperformance, and in vivo BMP-4 detection through 

histological and immunofluorescence method. Those studies are ongoing and are not finalized yet, therefore 

where not present in manuscript.  

 

 

Objective 2: To incorporate BMP-4-loaded nanoparticles into a HA-Poloxamer407 hydrogel 

 

Since the BMP-4-loaded nanoparticles enable only transitory protein release, they were then integrated into a 

cold thermogelated Hyaluronic acid-Poloxamer 407 hydrogel to extend the release time and maintain the 

protein at 4°C to avoid denaturation. 

 

Due to its physicochemical qualities and biological features such as biocompatibility and biomimetism, HA 

was chosen as the polymer of choice for the hydrogel formation process. Poloxamer 407 also has interesting 

and comparable features, as well as additional ones such as controlled release and thermosensitivity. 

Crucial features in this study were the shear-thinning property and injectability. Compared to systems like 

chitosan nanocomposite electrospun fibers developed by Haji Mansor et al. or HA- Silk fibroin- Heparin 

sponges developped by Najberg et al., both intended for GB, or Gliadel wafer that is commercialized for GB 

treatment, our thermosensitive nanocomposite hydrogels can be easily injected into an in vivo resection cavity 

and fill it entirely which can increase contact surface and protein reaching its target, the CSCs [24,41–44]. 

In the first objective, the majority of the protein encapsulated was released between 48 and 72 hours, but after 

incorporating the BMP-4 loaded NPs into the HA-POL407 hydrogel it has shown a delay of the release, with 

a majority of the protein release between 5 and 7 days. To prolong the release rate, HA should be crosslinked, 

modifying the surface of the NPs or optimizing the content of the release medium. 

 

As previously stated, BMP-4 can be released freely when the cations Na+ in the release media neutralize any 

ionized carboxyl groups in the nanoparticles. The easy availability of the release medium to the nanoparticles, 

on the other hand, might contribute to the hydrolysis of the PLGA ester bonds, resulting in a high number of 

ionized carboxyl groups, which can limit future release of the encapsulated BMP-4. This explains 

why nanoparticles release BMP-4 for such a short period of time. 

The incorporation of these nanoparticles into HA-POL407 hydrogels slows the infiltration of release media 

into the nanoparticles, avoiding the initial burst release and a rapid rise in the amount of ionized carboxyl 

groups, both of which contribute to more continuous BMP-4 release. We also demonstrated that BMP-

4 molecules placed directly into the HA-POL407 hydrogel were promptly released following incubation in an 

adequate release environment. Because of the quick release of bare BMP-4 and the delayed release of its 

encapsulated equivalent from the hydrogel, the pace of BMP-4 distribution at the site of implantation may be 

tailored to optimize the amount of GB cells treated. Moreover, the release profile is also linked to the erosion 

kinetics of the hydrogel in physiological conditions. 

 

Other characterizations such as the rheology and injectability studies have shown a shear thinning behavior, 

a thixotropic system that after undergoing a shear stress, can recover its initial properties, which is a useful 

property for the injection step in the resection cavity. The sol-gel transition results of the selected formulation 

HA2%POL407 20% has a gelation at 32°C close to the physiological temperature and a Young Modulus that 

reaches 10kPa, close to the human brain value which is around 1-10kPa, thus, giving the hydrogel biomimetic 

properties [45]. For the injectability force assessment, the hydrogel HA2%POL407 20%  with NPs could be 

injected with a 1mL luer-lock 26G needle with a good control over the volume and with a constant rate.  

Finally, hydrogel have shown a good cytocompatibility, making it a good candidate for further applications. 

 

 

6.2 Conclusion and perspectives 

 

The goal of this thesis study was to tune a non-toxic process for encapsulating therapeutic proteins in PLGA 

particles and integrate them in a HA-POL407 hydrogel for the treatment of Glioblastoma. This study thereby 

connects two significant fields of biomedical research, galenic development and tissue engineering. The work 
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done for the thesis is organized around three major axes: A bibliographical examination of the state of the art 

in the differentiation approach, therapeutic protein vectorization. This paper explains the phase separation 

and nanoprecipitation encapsulation process in particulate polymeric systems, the organic solvents utilized, 

and the formation of thermosensitive hydrogels made of hyaluronic acid and poloxamer 407.  

 

Lastly, a review of hyaluronic acid-based systems for the treatment of central and peripheral nervous system 

diseases, as well as glioblastoma, fulfills this bibliographic study. The first experimental investigation on the 

encapsulation of a model protein (lysozyme) and a therapeutic protein (BMP-4) in PLGA nanoparticles using 

the phenomena of phase separation and non-toxic solvents DMI and GF. A second research focused on the 

phase separation encapsulation of lysozyme and BMP-4 in PLGA nanoparticles embedded in an injectable 

hyaluronic acid and Poloxamer 407 hydrogel, as well as the physicochemical and biological evaluation of this 

system. 

 

In summary, the major goal of this research was accomplished by creating two methods for encapsulating a 

protein BMP-4 in PLGA nanoparticles without the use of a harmful solvent. Furthermore, we established the 

promise of these systems for glioblastoma treatment by designing an injectable biomaterial capable of targeted 

and sustained release of functional therapeutic proteins. This study yielded encouraging results and opened 

up new avenues of inquiry. In addition, the scaffolds exhibit excellent in vivo biocompatibility. 

It appears conceivable to test the developed biomaterial ability to stimulate the differentiation of cancer stem 

cells and to investigate therapeutic effectiveness in vivo utilizing an animal model. 

 

Yet, in order to obtain a continuous and full release, the protein release kinetics from these particulate 

structures would need to be improved. More hydrophilic copolymers, such as PLGA-PEG-PLGA, are possible 

and will be the focus for future research projects. Finally, preliminary results show that our techniques are 

capable of encapsulating additional proteins such as BMP-2, which would allow us to broaden the areas of 

use such as bone regeneration in the dental sector in partnership with another team. In vivo biocompatibility 

and bioefficacy of our nanocomposite system on an animal model studies are in course and supplementary 

experiments are being assessed for the in vitro part. 

 

To summarize, the work done in this project led to the creation of a tool that may be employed in the tumor 

differentiation strategy and might allow future proof-of-concept step. The study also advanced the area of 

nanomedicine and drug delivery from a physicochemical standpoint by developing novel polymer-based 

systems for local delivery of protein therapeutics. The created scaffolds tumor differentiation ability and 

selectivity will be deeply tested next. 

 

Many partnerships involving multidisciplinary researchers will be required to answer basic issues about the 

tumor differentiation strategy's potential as a therapy for GB. In addition, feedback from neurosurgeons and 

patient group advocates will be required to examine the clinical feasibility of this method. Hence, this thesis 

might serve as a foundation for the creation of a therapeutic tool for GB treatment. 

 
                   References: 
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Figure 39: U87MG cell line 48 hours after treatment with BMP-4 or BMP4 and radiotherapy without RT or with 4Gy and 16 Gy  
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Figure 40: F98 cell line 48 hours after treatment with BMP-4 or BMP4 and radiotherapy without RT or with 4Gy and 16 Gy 
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Cytotoxicity assay of PLGA blank nanoparticles at 24hrs, 48hrs and 72hrs on NIH3T3 cell lines  
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Figure 41: Cell viability NIH3T3 after 24hrs of incubation in presence of blank NPs 

 

 

 

5 0 0 2 5 0 1 2 5 6 2

0

5 0

1 0 0

1 5 0

C o n c e n t r a t i o n  (  g / m L )

C
e

ll
 v

ia
b

il
it

y
(
%

)

C o n t r o l

7 0 / 3 0

5 0 / 5 0

7 0 / 3 0

5 0 / 5 0

 

 

Figure 42: Cell viability NIH3T3 after 48hrs of incubation in presence of blank NPs 
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Figure 43: Cell viability NIH3T3 after 72hrs of incubation in presence of blank NPs 

 

 

 

 
Cytotoxicity assay of PLGA blank nanoparticles at 24hrs, 48hrs and 72hrs on L929 cell lines 
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Figure 44: Cell viability L929 after 24hrs of incubation in presence of blank NPs 
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Figure 45: Cell viability L929 after 48hrs of incubation in presence of blank NPs 
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Figure 46: Cell viability L929 after 72hrs of  incubation in presence of blank NPs 

 

 

 

 

 

 



 

133 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

  



 

134 

 

 

 

 

 

 

 

 

 

 

 

 

Annexes 

 
 

 

 

 

 

  



 

135 

 

 



 

136 

 



 

137 

 



 

138 

 



 

139 

 



 

140 

 



 

141 

 



 

142 

 



 

143 

 



 

144 

 



 

145 

 



 

146 

 



 

147 

 



 

148 

 

 
 

 

 

 

 

 

 



 

149 

 

Communications 

 

Poster et présentations orales lors de congrès  

 

• Journée scientifique Jeunes & Chercheurs de la Ligue contre le Cancer, Paris, 20 Octobre 

2020(Présentation poster) 

 

• Nano Innovation Conference & Exhibition; Innovative approaches in UNMET clinical needs for 

maximum health care impact - Innovation in Academia, Rome, Italy 22 September 2021 

(Présentation orale) 

 

•Participation & scientific popularisation with GLIAD team, at "Fête de la Science d'Angers" 

October 9-10th 2021(vulgarisation scientifique) 

 

•Oral presentation at C’Nano Toulouse 23-25 November 2021(presentation orale) 

 

•Poster presentation at scientific days of Biology-Health Doctoral School December 9th-10th 2021 

at Brest(presentation de poster) 

 

•Participation through a talk to the SFR-ICAT Scientific Day on 9th June 2022(presentation orale) 

 

•Oral presentation at the Erquy Workshop (Britany) on 5-8th October 2022 (Upcoming) 

 

                     •Oral presentation at the Journée biomédicale d’Angers-Tours à Angers le 2 décembre 2022 

 

 

Publications  

• Séhédic D, Roncali L, Djoudi A, Buchtova N, Avril S, Chérel M, et al. Rapamycin- Loaded 

Lipid Nanocapsules Induce Selective Inhibition of the mTORC1-Signaling Pathway in 

Glioblastoma Cells. Front Bioeng Biotechnol. 2020;8:602998(Published) 

 

•Amel Djoudi*¹, Rodolfo Molina-Pena¹, Natalia Ferreira¹, Illaria Otonelli2, Giovanni Tosi2, 

Emmanuel Garcion¹, Frank Boury*¹. Hyaluronic acid scaffolds for loco-regional therapy in 

nervous system related disorders. International Journal of Molecular Sciences.2022 (Published)  

 

 

•Amel Djoudi*¹, Rodolfo Molina-Pena¹, Natalia Ferreira¹, Sylvie Avril¹, Emmanuel Garcion¹, Frank 

Boury*¹ Development of BMP-4 loaded PLGA nanoparticles via a non-toxic phase separation 

process . Pharmaceuticals.2022 (Upcoming submission)  

 

•Amel Djoudi¹, Rodolfo Molina-Peña¹, Natalia Ferreira¹, Sylvie Avril¹, Emmanuel Garcion¹, Frank 

Boury¹ Formulation of BMP-4 loaded nanocomposite hydrogel as a potential Glioblastoma 

treatment. Gels. 2022(Upcoming submission) 

 

Rodolfo Molina-Pena¹, Clement Toullec¹, Amel Djoudi¹, Christine Jerôme, Emmanuel Garcion¹, 

Frank Boury*¹ Chitosan electrospun scaffolds as implantable Extra Cellular Matrix replacement 

and therapeutical systems for nervous system diseases. Materials 2022/2023 (Upcoming 

finalization) 

 



 

150 

 

 

 

 

  



 

151 

 

               
 

 

 

Titre : DEVELOPPEMENT D’HYDROGELS NANOCOMPOSITES INNOVANTS POUR LE TRAITEMENT 
LOCOREGIONAL DU GLIOBLASTOME 
Mots clés : Glioblastome, Libération prolongée de protéines,  
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Résumé :  Le glioblastome (GB) est la forme de cancer du cerveau la plus fréquente et la plus léthale. 

Il a une capacité de diffusion qui explique une impossibilité d’ablation complète de la tumeur par 

chirurgie. 90% des patients ont une récidive liée à la présence de de cellules GB résiduelles situées 

aux bords de la cavité de résection Un hydrogel nanocomposite pouvant libérer de manière prolongée 

la protéine BMP-4, qui se lie aux récepteurs BMPRII à la surface des cellules GB, peut être utile pour 

induire la différenciation des cellules GB résiduelles, permettre leur élimination sélective et donc 

réduire la récurrence de la tumeur. Dans ce projet, la BMP-4  a été initialement encapsulée dans des 

nanoparticules à base d'acide poly-lactique-co-glycolique (PLGA).  Une efficacité d'encapsulation 

élevée a été obtenue via un procédé de séparation de phase utilisant des solvants non toxiques. Les 

nanoparticules chargées de BMP-4 ont ensuite été incorporées dans un hydrogel à base d’acide 

hyaluronique et de poloxamer 407 pour obtenir un système  nanocomposite mimant la structure de la 

matrice extracellulaire du cerveau. Une étude de libération in vitro a révélé que l’hydrogel pouvait 

fournir une libération prolongée de BMP-4 jusqu'à 30 jours, utile pour établir un gradient de 

concentration de BMP-4 dans le cerveau et différencier les cellules GB. Une étude de biocompatibilité 

in vivo à 3 jours et à 7 jours visant à confirmer l'innocuité in vivo des implants avant de passer aux 

études d'efficacité dans un modèle de résection GB approprié est actuellement en cours. 

 

 

Title :  DEVELOPMENT OF INNOVATIVE NANOCOMPOSITE HYDROGELS  FOR LOCOREGIONAL 
 TREATMENT OF GLIOBLASTOMA 
Keywords :  Glioblastoma,  Sustained protein release, Bone morphogenic protein (BMP), 

 Nanoparticles, Nanocomposite scaffolds 

 

Abstract:   Glioblastoma (GB) is the most frequent and lethal form of brain cancer. It has a diffusive 

capacity which explains the impossibility of complete removal of the tumor by surgery. 90% of 

patients have a recurrence related to the presence of residual GB cells located at the edges of the 

resection cavity. A nanocomposite hydrogel capable of releasing in a prolonged manner the BMP-4 

protein, which binds to the BMPRII receptors on the surface of GB cells, may be useful to induce the 

differentiation of the residual GB cells, allow their selective elimination, and thus reduce the tumor 

recurrence. In this project, BMP-4 was initially encapsulated in poly-lactic-co-glycolic acid (PLGA) 

nanoparticles. A high encapsulation efficiency was obtained via a phase separation process using  non 

toxic solvents. The BMP-4 loaded nanoparticles were then incorporated into a hydrogel based on 

hyaluronic acid and poloxamer 407 to obtain a nanocomposite system mimicking the structure of the 

brain extracellular matrix. An in vitro release study revealed that the hydrogel could provide sustained 

release of BMP-4 for up to 30 days, useful for establishing a BMP-4 concentration gradient in the 

brain and differentiating GB cells. An in vivo biocompatibility study at 3 days and 7 days to confirm 

the in vivo safety of the implants prior to proceeding to efficacy studies in an appropriate GB resection 

model is currently underway. 


