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Parkinson’s disease (PD) has an enormous impact on society and is considered one of the 

commonest and most important neurodegenerative diseases in the world. According to 

the last Global Burden of Disease, Injuries, and Risk Factors Study (GBD), neurological 

disorders are now the leading source of disability globally and PD was the fastest growing 

in prevalence, disability and deaths, from 1990 to 2015 (1). This neurodegenerative 

disorder is characterized by the progressive loss of dopaminergic neurons in the substantia 

nigra pars compacta and the abnormal accumulation and aggregation of α-Synuclein in 

the form of Lewy bodies (LBs) (2–4) (Figure 1). The discovery of new drugs and 

advanced therapies able to halt PD progression represents an uphill battle for modern 

medicine (5,6). The latest advances in protein and stem cell therapies have led to a 

growing interest in their potential as disease-modifying therapies for PD (7). However, 

the development of these therapies is still in its infancy with some challenges requiring 

further investigation.  

Figure 1. Normal and Parkinson’s disease-affected neuron. Impaired dopamine metabolism, presence 

of LBs and neuritic dystrophy in Parkinson’s disease-affected neurons. 

 

Cell transplant-based treatments provide an enormous potential for the management of 

PD (8). In this context, cell implantation through a systemic intravascular route 

(intravenous or intra-arterial) has been proposed in several animal models and brain injury 

patients (8). Systemic administration is feasible and less invasive than cerebral 

implantation. However, this route is hampered by the limited mobilization of therapeutic 

cells from the blood towards the brain tissue (8). Particularly, the central nervous system 
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(CNS) is separated from the circulating blood by two highly selective barriers: the blood-

brain barrier (BBB) and the blood-spinal barrier (BSCB). These barriers are formed by 

tight junctions between the extracellular membranes of endothelial cells and astrocytes. 

Under normal physiological conditions, few molecules can passively pass from the 

circulating blood to the CNS extracellular fluid (9). As a result, only a small number of 

cells reaches the brain and crosses the BBB.  

 

Brain implantation, albeit the most invasive approach, is the most promising strategy. 

This route offers the possibility of grafting therapeutic cells directly onto the lesioned 

area (8,10–12). However, such strategies have shown reduced engraftment temporality, 

poor cell survival rate, as well as dispersal to regions far from the area of interest, which 

limits therapeutic effect (8,13). They pose a number of challenges for various reasons: 

 

- The injury to the brain tissue implies a hostile microenvironment for the brain 

itself and the cell graft limiting its survival to a few weeks after implantation 

(8,11,12).   

 

- The scarcity or absence of survival factors, coupled with cell death signals 

triggered by reactive astrocytes, microglia and peripheral leukocytes, is capable 

of extending the brain tissue injury to perilesional areas (8). 

 

On the other hand, therapeutic proteins, cytokines and growth factors have also been 

administrated directly into the injured zone to enhance the stimulation of endogenous and 

exogenous stem cells (5,14). However, this approach is limited by a deficient control of 

drugs/factors kinetics at effective doses after cerebral administration and low 

survival/engraftment of transplanted cells (5). 

These handicaps could be overcome through “advanced biomaterials” that provide a 

structural and functional matrix with stiffness modules in the range of the soft tissues 

such as the brain (8). The latest advances in biomaterial technologies support the 

regeneration of a range of tissues (15,16). Between new techniques and advances in 

biomaterial design, hydrogels (HGs) open new therapeutic strategies thanks to their 

ability to promote neuronal alignment, neuronal growth, and brain repair (17). 
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Importantly, exogenous stem cells and various drugs/compounds could be simultaneously 

included in these scaffolds to achieve functional recovery (18,19). 

 

Specifically, HGs provide a natural aqueous environment, which is very attractive for 

controlled drug delivery of proteins, but also as a scaffold to deliver cells (20). 

Furthermore, HGs can be functionalized with different molecules to tailor and improve 

their mechanical properties according to specific applications (e.g., stimuli-responsive, 

degradable, highly or lightly crosslinked, higher or lower stiffness, etc) (20). Notably, 

these biomaterials can be made under mild reaction conditions without disrupting the 

encapsulated agents (20). In this sense, different natural and synthetic hydrogels have 

been explored for cell/drug delivery applications into the brain, including hyaluronan 

(HA), chitosan, collagen, silk fibroin, isopropylacrylamide, methylcellulose, alginate, 

Matrigel, poly-lactic-co-glycolic acid (PLGA) or polyethylene glycol (PEG) (5,21,22). 

Each material presents its advantages and disadvantages. However, none of these 

composites fulfils all the properties of a tissue substitute. Under these circumstances, it 

seems more likely that the production of tissue substitutes that meet all clinical 

requirements will come from scaffolds made from a combination of natural and synthetic 

biopolymers (23). Inherently, these systems take advantage of the cross-linked HG layer 

to allow the diffusion of small molecules and solutes, excluding larger molecules, such 

as antibodies and proteases. This particularity of HGs is especially relevant to avoid 

immunological rejection and/or degradation of biological agents (5). In parallel, the 3D 

structure allows the flow of oxygen/nutrients. Moreover, their porous structure creates a 

restrictive barrier against inflammatory cells present in the injured area. Together, these 

properties contribute to improve the survival of the grafted cells and to promote functional 

rewiring in damaged areas (Figure 2) (5). Previous studies in PD animal models position 

drug and cell delivery approaches as highly promising strategies (5,18,19). In the PD 

framework, neurotrophic factors (NTFs), such as the brain-derived neurotrophic factor 

(BDNF) or the glial cell line-derived neurotrophic factor (GDNF) together with 

embryonic stem cell-derived dopaminergic neurons (DAns), have been included in HGs 

of different nature obtaining satisfactory results (5,18,24). Therefore, HGs vehicles, in 

which proteins and cells can be combined, could be powerful systems for brain tissue 

repair (20). 
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Figure 2. Hydrogel scaffolds for drug/cell delivery in the brain. Advantages of simultaneous 

encapsulation of NTFs and dopaminergic neurons on HGs and its potential actions.  

 

In this PhD thesis, we aimed to develop a therapeutic tool in which NTFs, cell 

replacement therapies and drug delivery systems (nanoparticles (NPs) and HGs) are 

combined to bring about significant improvements in the treatment of the second most 

common neurodegenerative disease. 

 

Therapeutical management of PD is predominantly focused on controlling motor 

symptoms and there is no gold standard treatment strategy. Consequently, the medical 

treatment is tailored to each patient, based on the severity of their symptoms and the 

adverse effects associated with their medication. Unfortunately, the available therapies 

provide temporary relief of symptoms but are unable to reverse and halt the disease 

progression (3,25).  

 

In the light of this situation, this thesis addresses the development of a PD-modifying 

therapy where stem cells and hGDNF are included in a nanoparticle-modified HG. To 

this end, the following challenges were investigated: 
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1) The production of clinical-grade therapeutic hGDNF to provide appropriate post-

translational modifications and to solve the safety issues related to the immune 

response (Chapter 1).  

 

2) The assessment of hGDNF potential to modulate the gene expression profile of 

two cell types with potential for clinical use in PD: Dopaminergic neurons derived 

from human induced pluripotent stem cells (hiPS-DAns) and human 

mesenchymal stem cells (hMSCs). (Chapter 2) 

 

3) The development and characterization of an original drug delivery system for 

brain tissue engineering, where hGDNF and hMSCs are rationally combined into 

a nanoreinforced HG for their simultaneous administration into the brain (Chapter 

2). 

 

In the introduction, some of the most encouraging nanotechnology advances for PD 

application are summarized and discussed. First, the etiology and the pathological 

hallmarks of PD are described and the limitations of current diagnostic and treatment 

strategies are discussed. Then, a comprehensive review of the latest nanotechnology 

advances for both the diagnosis and treatment of PD is provided. In the second part, 

different micro- and nanotechnology systems that have been explored to date for the 

administration of potential drugs for PD therapy are presented, including antioxidant 

molecules, neurotrophic factors, and gene therapies. Particular attention paid to the nature 

of particles, the delivery route and the therapeutic agent. Finally, the current limitations 

and challenges of micro and nanotechnologies for PD therapy are discussed. The 

experimental section is divided into two chapters. The first experimental section presents 

a novel biphasic temperature cultivation protocol to improve the expression of hGDNF 

with a high degree of purity and a specific glycosylation pattern.  

In these experiments, an RNA vector was electroporated into the baby hamster kidney 

cell line (BHK-21) and the electroporated cells were incubated at 37ºC or 33ºC with 5% 

CO2. A significant improvement in cell survival and hGDNF expression was 

demonstrated with the increase in the temperature from 33ºC to 37 ºC during the “shut-

off period”. In consonance, this protocol led to the production of almost 3-fold more 

hGDNF when compared to the previously described methods.  
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Subsequently, in the second chapter, the potential of hGDNF to induce changes in the 

transcriptome of two cell types with potential for clinical use in PD (hiPS-DAns and 

hMSCs) was evaluated. The observed effects suggest that this neurotrophic factor can 

stimulate the expression of genes involved in neuronal plasticity and neurogenesis in both 

cell types. Next, the neurotrophic factor was successfully encapsulated in polymeric NPs 

to be subsequently included in a HA-HG modified with adamantane (AD) and 

cyclodextrin (CD). In this section, the mechanical properties of this scaffold were 

investigated. Then, the neural compatibility of the system was studied on PC12 cells and 

its compatibility with the hMSCs cell line was explored. Regarding mechanical 

properties, the developed biomaterial demonstrated shear-thinning and self-healing 

features. Moreover, the NPs incorporation into the HG allowed a more sustained hGDNF 

release profile, as well as a significant reduction of drug release at two weeks (25% vs 

36%). Importantly, this scaffold provided an ideal environment for PC12 and hMSCs. In 

summary, the suitable strength, excellent self-healing properties and good 

biocompatibility make this HG a good candidate to administer drugs and cells for brain 

repair applications. 

 

Finally, a comprehensive perspective on the different hypotheses set forth in this thesis 

as well as their scientific contribution to the brain regenerative field is provided in the 

General Discussion. Overall, this thesis reflects cutting-edge trends in brain regeneration 

and neuroprotection in the PD arena, harnessing the enormous potential of drug delivery 

systems and cell replacement therapies to overcome the current challenges in the field. 
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Hypothesis and Objectives  

The brain administration of neuroprotective drugs and stem cells is probably the only 

therapeutic modality that offers a potential ‘cure’ for neurodegenerative diseases. 

However, these therapies are still largely in the research and development phase. Drug 

and cell delivery approaches have been tested in preclinical and clinical studies aiming to 

repair brain damage. Unfortunately, the short half-life of administered drugs and the poor 

cell survival rate are serious obstacles that limit their potential effect.  

The initial premise of this thesis is that the combination of neurotrophic factors, stem cells 

and drug delivery systems (nanoparticles and hydrogels) could achieve substantial 

progress for the clinical management of Parkinson´s Disease by offering optimal survival 

and delivery of therapeutic agents.  

On this basis, the main objective of this doctoral thesis was to design and develop a tissue 

engineering approach that combines glial cell line-derived neurotrophic factor and stem 

cells in a nanoparticle-modified hydrogel for application in Parkinson’s Disease. 

To that end, the following partial objectives were set:  

1. To optimize the production of the glial cell line-derived neurotrophic factor and 

evaluate its purity and biological activity.  

2. To evaluate the potential of glial cell line-derived neurotrophic factor to induce changes 

in the transcriptome of dopaminergic neurons derived from human induced pluripotent 

stem cells and human mesenchymal stem cells and to assess the suitability of their 

combination for the treatment of Parkinson’s Disease. 

3. To develop and characterize an advanced drug delivery system for brain tissue 

engineering, where the glial cell line-derived neurotrophic factor and human 

mesenchymal stem cells are rationally combined into a nanoreinforced hydrogel for their 

simultaneous administration into the brain. 
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Abstract 

Human glial cell line-derived neurotrophic factor (hGDNF) is the most potent 

dopaminergic factor described so far, and it is therefore considered a promising drug for 

Parkinson’s disease (PD) treatment. However, the production of therapeutic proteins with 

a high degree of purity and a specific glycosylation pattern is a major challenge that 

hinders its commercialization. Although a variety of systems can be used for protein 

production, only a small number of them are suitable to produce clinical-grade proteins. 

Specifically, the BHK-21 cell line has shown to be an effective system for the expression 

of high levels of hGDNF, with appropriate post-translational modifications and protein 

folding. This system, which is based on the electroporation of BHK-21 cells using a 

Semliki Forest virus (SFV) as expression vector, induces a strong shut-off of host cell 

protein synthesis that simplify the purification process. However, SFV vector exhibits a 

temperature-dependent cytopathic effect on host cells, which could limit hGDNF 

expression. The aim of this study was to improve the expression and purification of 

hGDNF using a biphasic temperature cultivation protocol that would decrease the 

cytopathic effect induced by SFV. Here we show that an increase in the temperature from 

33ºC to 37ºC during the “shut-off period”, produced a significant improvement in cell 

survival and hGDNF expression. In consonance, this protocol led to the production of 

almost 3-fold more hGDNF when compared to the previously described methods. 

Therefore, a “recovery period” at 37ºC before cells are exposed at 33ºC is crucial to 

maintain cell viability and increase hGDNF expression. The protocol described 

constitutes an efficient and highly scalable method to produce highly pure hGDNF.  

 

Keywords: GDNF; Biphasic growth, BHK cells, Semliki Forest Virus; Shut-off; 

Parkinson´s Disease. 
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1. Introduction 
 
Glial cell line-derived neurotrophic factor (GDNF) is one of the most important 

neurotrophic factors present in the nervous system (1,2). Our current knowledge attributes 

to hGDNF special relevance in the development, maintenance and function of a variety 

of neurons and glial cells, suggesting an important role in halting the progression of 

Parkinson’s Disease (PD) (1,3). The ability of this neurotrophic factor to increase 

dopaminergic neuron survival in vitro encouraged several in vivo studies (4–8) and even 

clinical trials focused on halting PD progression (9–11). However, the therapeutic 

potential of hGDNF, as a glycosylated protein, will largely depend on the possibility of 

administering a protein with a glycosylation pattern similar to the native one (12). For 

this reason, some clinical studies carried out using the non-glycosylated hGDNF 

produced in E. coli reported the development of antibodies against the protein, which may 

represent a safety issue (9,13). The production of proteins in mammalian cell lines appears 

to be more appropriate since they allow the expression of functionally relevant and active 

proteins, as these systems can provide post-translational modifications (14,15). To date, 

despite the drawbacks described here, most of the procedures developed for hGDNF 

expression have used prokaryotic organisms, highlighting E. coli (13,16,17).  

As an alternative, alphaviruses have been engineered as expression vectors due to their 

ability to induce the expression of proteins at very high levels in mammalian cells. Among 

the alphaviruses, those based on Semliki Forest virus (SFV) allow a high degree of 

expression of topologically diverse proteins (18). More specifically, the electroporation 

of BHK-21 with this SFV self-replicating RNA has previously demonstrated to be a high 

efficiency system for the expression of hGDNF (19). This system presents the additional 

advantage that it induces a very strong inhibition of host-cell protein synthesis (shut-off). 

After the establishment of the shut-off, which takes place between four and eight hours 

post-electroporation, most protein synthesis becomes vector-specific, facilitating the 

subsequent purification of heterologous proteins expressed from the SFV vector (19,20). 

Among other factors, the incubation temperature of host cells presents important effects 

on the level and duration of recombinant protein expression in SFV infected mammalian 

cell lines, being optimal at 33ºC (21). Moreover, the cytotoxic effect on host cells caused 

by SFV vectors could be influenced by the temperature employed during incubation (22). 

Several studies have obtained higher productivity in other cell lines using biphasic 

temperature protocols (23–25),  but until now it had not been studied in our expression 
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system. Therefore, this study investigates the effect of a biphasic temperature culture 

protocol (37ºC-33ºC) on the expression of hGDNF using an SFV vector in BHK cells. 

Our findings demonstrate that the increase of the temperature during the shut-off period 

from 33ºC to 37ºC, with the incubation maintained at 33ºC during the post-shut-off 

period, led to a significant improvement in cell viability. In addition, a three-fold increase 

in hGDNF expression was observed compared to previously established conditions (19). 

We have thus improved a method to purify hGDNF by increasing the culture temperature 

during the shut-off stage. This procedure, which could be scaled up using higher-capacity 

incubation systems, would allow the production of higher levels of hGDNF, offering an 

attractive system for the production of this and other recombinant proteins. 

2. Material and methods  

2.1 Cell lines  

Baby hamster kidney (BHK-21) and rat adrenal PC12 cells were purchased from 

American Type Culture Collection (ATCC). BHK-21 cells were cultured in BHK-21 

Glasgow MEM supplemented with 5% fetal bovine serum (FBS), 10% tryptose phosphate 

broth, 2 mM glutamine, 20 mM HEPES, 100 µg/mL streptomycin and 100 U/mL 

penicillin (BHK complete). BHK-21 cells were incubated in a humidified atmosphere 

with 5% CO2, at 37ºC, and kept ≤ 24 h before electroporation so they were actively 

growing on the day of electroporation. Rat PC12 cells were cultured on collagen I-coated 

plate (Invitrogen, Waltham, MA) in D-MEM supplemented with 5% horse heat-

inactivated serum, 10% FBS, 100 µg/mL streptomycin and 100 U/mL penicillin. 

2.2 hGDNF expression by BHK-21 cells transfected with the SFV-hGDNF vector 

and shut-off analysis 

Plasmid pSFV-hGDNF was constructed as described before (19). The plasmid was 

linearized with SpeI and used as the template for RNA synthesis using SP6 polymerase 

(New England Biolabs, Ipswich, MA) as previously described (26). Briefly, linearized 

DNA was purified using a PCR purification kit (Qiagen, Germany) and quantified using 

an ND-1000 Spectrophotometer (NanoDrop Technologies, Wilmington, DE). Then, 1.5 

µg of linearized pSFV-hGDNF DNA were incubated for 1 h at 37ºC in SP6 buffer (40 

mM Tris-HCl pH 7.9, 6 mM MgCl2, 1 mM DTT and 2 mM spermidine) supplemented 

with 1 mM (m7G(5´)ppp(5´)G) (New England Biolabs, Ipswich, MA), 2 mM DTT, 1 mM 

rNTP mix, 4.5 µl of RNAse inhibitor (Promega, Madison, WI), and 0.5 µl of SP6 RNA 

polymerase (New England Biolabs, Ipswich, MA) in a final volume of 50 µl. This 
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reaction yielded approximately 50 µg of RNA. 25 reactions were performed to obtain 

1250 µg of SFV-hGDNF RNA. Each reaction was confirmed by gel electrophoresis. For 

each electroporation, 25 µg of in vitro synthesized RNA were mixed with 107 BHK-21 

cells in a volume of 0,8 ml of PBS and electroporated in a 0.4 cm cuvette by giving two 

consecutive pulses at 850 V and 25 µF in a Bio-Rad electroporator (Hercules, CA). Cells 

from two electroporations were mixed in 10 ml of BHK-21 complete medium, seeded on 

a T75 flask (Greiner Bio-One, Kremsmünster, Austria) and incubated at 37ºC or 33ºC 

with 5% CO2. After 8 h (shut-off period) medium was removed, cells were washed twice 

with 10 ml of PBS (Gibco, Waltham, MA), and 10 ml of BHK-21 complete medium 

without FBS were added to each flask. Cells were then incubated at 33ºC for 24h (post-

shut-off period), and then supernatants were collected for Western blot analysis. 

Quantification of hGDNF present in the supernatants was determined by ELISA 

(Invitrogen, Waltham, MA) following the manufacturer’s instructions.  

2.3 Optimization of incubation temperatures in host cells 

To study the influence of the incubation temperature on the expression system, 

electroporated cells were seeded on 6-well plates (1.5 ml/dish) (Corning, Lowell, MA) 

and incubated at 37ºC or 33ºC with 5% CO2. After 8 h (shut-off period) medium was 

removed, cells were washed twice with 2 ml of PBS, and 2 ml of BHK-21 complete 

medium without FBS was added to each well. 24 h later (post-shut-off period) 

supernatants were collected and the quantity of hGDNF expressed was quantified by 

ELISA. The effect of temperature on cell viability after the shut-off and post shut-off 

period was also evaluated. Briefly, four 96-well culture plates (Corning) were seeded with 

50 µl/dish of electroporated cells and completed up to 200 µl with medium. Plates were 

incubated at 37ºC or 33ºC with 5% CO2. For the plates intended for cell viability analysis 

after 24h (post-shut-off period), the medium was removed at 8 h, and the cells were 

washed twice with 200 µl of PBS. Then, 200 µl of BHK-21 complete medium without 

FBS was added to each well. The viability was determined after shut-off period and post-

shut-off period using MTS included in the CellTiter 96® AQueous Non-Radioactive Cell 

Proliferation Assay (Promega, Madison, WI) according to the manufacturer’s 

recommendations.  

2.4 Western blot analysis  
SDS-PAGE was performed on NuPAGE™ 4-12% Bis-Tris Protein Gels (Invitrogen, 

Waltham, MA) under reducing conditions. Proteins were transferred for 2 h onto 
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nitrocellulose membranes (Invitrogen, Waltham, MA) and the membrane was incubated 

with blocking solution containing 5% non-fat dry milk in PBS for 2 h, followed by 

incubation with anti-GDNF or anti-insulin like growth factor binding proteins (IGFBPs) 

4 or 5 (Santa Cruz Biotechnology, Dallas, TX) diluted 1:2000 in blocking solution 

overnight at 4 ◦C. After washing with PBS, a horseradish peroxidase (HRP) conjugated 

sheep polyclonal antiserum against mouse IgG (GE Healthcare-Amersham, UK) diluted 

in blocking solution (1:2000) was added for 2 h. Detection was achieved with LumiLight 

Plus Reagent (Roche, Switzerland). Band densities were analyzed using the software 

Image Studio Lite 5.2.  

2.5 Production and purification of hGDNF  

A total of 5.8×108 BHK-21 cells were electroporated with 1.25 mg of SFV-hGDNF RNA 

synthesized in vitro as previously described (50 electroporations of 107 BHK-21 cells 

with 25 ug of RNA each) (19). Electroporated cells were pooled, resuspended in BHK-

21 complete medium, and distributed in 25 flasks of T75 (Greiner Bio-One). After the 

expression process described in section 2.2, supernatants from all flasks (250 ml) were 

collected, centrifuged at 1000 g for 5 min to remove cell debris, and filtered through a 

0.22 µm filter. 1 ml of SP-SepharoseTM Fast Flow resin (GE Healthcare) was packed 

into a disposable column (Bio-Rad), which was washed with 1.5 M NaCl in phosphate 

buffer (PB, 10 mM phosphate pH 7.4) and equilibrated with 150 mM NaCl in PB. The 

supernatant was transferred through the column and the resin was washed with 10 column 

volumes (CV) of 150 mM NaCl in PB. Finally, bounded protein was eluted in a single 

step with 10 CV of 0.5 M NaCl in PB. The presence of the protein was confirmed by 

western blot and the quantity of purified protein was determined by ELISA. The 

expression process was assessed under the two experimental conditions investigated 

(shut-off period: 33ºC vs 37ºC) and then compared. The purity of the sample was assessed 

by SDS-PAGE followed by Coomassie blue staining.  

2.6 In vitro bioactivity assay 

The bioactivity of purified hGDNF was proven by a PC-12 neurite outgrowth assay as 

previously described (27). Briefly, PC12 cells were plated on collagen-coated plates at 

low density (2000 cells/cm2) and cells were treated 24 h later with 100 ng/ml of hGDNF 

purified from the supernatant of BHK-21 cells. The neurite outgrowth was analyzed after 

10 days of incubation.  
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2.7 Statistical analysis  
All the results were expressed as the mean ± standard deviation (SD). Data obtained from 

MTS and ELISA assays were statistically analyzed using a Paired-samples t-test by using 

Graphpad prism Version-6.0 software. The t-test of paired samples was conducted to 

compare cell survival and hGDNF expression of the biphasic temperature protocol with 

the conventional protocol. All samples were assayed in triplicate. Values were considered 

statistically significant when p < 0.05.  

3. Results and discussion 

3.1 Optimization of hGDNF expression in BHK-21 cells after electroporation with 

SFV-hGDNF RNA vector  

SFV vectors can induce a strong shut-off of host cell protein synthesis in mammalian 

cells, which is one of the major advantages of this system (28). This ability is exploited 

here to produce hGDNF, since it is the most abundant protein present in the supernatant 

of transfected cells and can be purified by a simple ion-exchange chromatography. The 

shut-off allows the inhibition of host-cell proteins such as IGFBP-4 and IGFBP-5, with 

physical-chemical similarity with hGDNF, and whose subsequent purification would 

limit the yield of the process (19,29). To express hGDNF, we first in vitro transcribed 

SFV-hGDNF RNA obtaining a total amount of 1250 µg of RNA, which was 

electroporated into BHK-21 cells (107 BHK-21 cells for each electroporation with 25 µg 

of RNA). Several cell culture parameters can influence the level of expression and the 

quality of the recombinant protein. In this regard, the cell incubation temperature is an 

essential factor in the level and duration of recombinant protein expression. In the last 

few years, many studies have supported the idea that exposure of cell cultures to mild 

hypothermia during the phase of expression of the specific protein leads to increased 

productivity. However, in most cases, the molecular mechanisms governing the 

production of specific proteins under mild hypothermia are currently unknown (25). One 

study investigated the influence of the incubation temperature (33ºC vs 37ºC) in two 

rodent cell lines, BHK-21 and CHO infected with an SFV vector expressing luciferase 

(21). The luciferase expression levels were much higher in both cells lines when cultured 

at 33ºC compared to 37ºC, with a 10-20-fold increase in luciferase expression at 50 h 

post-infection (21). The effect of mild hypothermia on the specific productivity of other 

proteins such as r-protein or erythropoietin fusion protein (Epo-Fc) in CHO cell culture 

has also been explored, reporting higher productivity (24,25). For example, the final Epo-
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Fc concentration was increased around 2.5-fold when the cell culture temperature was 

decreased from 37ºC  to 33.5ºC  (24). As mentioned, our expression system consists of 

two phases: the shut-off period and the post-shut-off period. In this sense, our group had 

previously analyzed the levels of hGDNF expression from SFV by testing different time 

and temperature combinations during the shut-off and post-shut-off stages. Moreover, the 

time required to complete shut-off stage was also determined (19). The highest hGDNF 

expression levels were obtained with the combination of an 8 h shut-off period at 33ºC 

followed by a 24 h post-shut-off period at 33°C. Overall, it was concluded that the shut-

off period required at least 8 h regardless of the temperature used. The exposure to mild 

hypothermia during both phases ensured a very high hGDNF expression level with no 

detection of contaminating proteins. Thus, our expression system seems to be strongly 

dependent on the incubation temperature of BHK-21 cells after electroporation (21) and 

it is known that SFV vector exhibits a temperature-dependent cytopathic effect on host 

cells (22). However, the possibility of using different temperatures for the shut-off and 

post-shut-off periods was not investigated in that study. The use of a biphasic temperature 

system has been previously explored by Lin et al. in HEK-293S cells transfected with a 

green fluorescent protein (GFP) plasmid (23). A decrease of temperature up to 33°C, was 

an effective way to increase protein expression, but only when the transfected culture was 

allowed to “recover” at 37°C overnight (23). Additionally, it is well known that the 

temperature at which cells are incubated is also one of the most important factors for cell 

growth, being usually optimal at 37ºC (30). Incubations at lower temperatures have been 

related to poor cell growth (31,32). In this context, we hypothesized that the performance 

of shut-off at 37ºC might stimulate higher cell viability and also, an enhanced hGDNF 

expression during the post-shut-off period. Therefore, we decided to test if increasing the 

shut-off temperature to 37ºC could improve hGDNF expression in BHK-21 cells. To 

evaluate this hypothesis, we studied BHK-21 cell viability and hGDNF expression using 
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the biphasic temperature protocol (37ºC for the shut-off period and 33ºC for the post-

shut-off period) (Fig. 1).  

 
Figure 1. Schematic representation of the biphasic temperature protocol for hGDNF expression. The 

plasmid containing SFV-hGDNF was linearized with Spe I and used to transcribe in vitro the vector RNA, 

using SP6 polymerase. SFV-hGDNF RNA was electroporated into BHK-21 cells. Electroporated cells were 

incubated at 37ºC or 33ºC with 5% CO2. After 8 h (shut-off period), cells were exposed to mild hypothermia 

at 33ºC for 24h (post-shut-off period). Cell viability was determined after the shut-off period and post-shut-

off period using MTS. Quantification of hGDNF present in the supernatants was determined by ELISA.  
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The same parameters were analyzed using the conventional protocol in which the whole 

process is performed at 33ºC.  Cell viability was evaluated by MTS after shut-off and 

post-shut-off periods for both protocols showing that cell survival was significantly lower 

when both periods of incubation were performed at 33ºC (Fig. 2).  

Figure 2. Analysis of cell viability after the shut-off and post shut-off period. Cells used for the assays 

were electroporated with SFV-hGDNF RNA and incubated at 37ºC or 33ºC (N=4) during the shut-off 

period. A) Cell viability  in BHK-21 cells that grew at 37°C (blue bar), as compared with 33°C (red bar) 

after the shut-off period B) Cell survival in BHK-21 cells that were incubated at 37°C (blue bar), as 

compared with 33°C (red bar) after the post-shut-off period. Cell survival was significantly increased with 

biphasic temperature protocol (**, p<0.01, Paired t test). The data are shown as the mean ± SD. C) 

Representative images of cells after shut-off period at 33ºC (left) or 37ºC (right) taken with a phase-contrast 

microscope. Magnification: 40x 
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Thus, when the shut-off was performed at 33ºC, the absorbance detected by MTS, which 

is directly proportional to the number of living cells in culture was significantly lower 

compared to its performance at 37ºC (Table 1).  
Table 1.Optimization of incubation temperature for hGDNF production using SFV system 
Number of 

electroporation

s 

µg RNA/ 

electroporation 

Shut-off 

temperature 

  

Post shut-off 

temperature 

µg hGDNF / 

ml of 

supernatant 

*Absorbance 

detected in 

MTS after 

shut-off 

 

*Absorbance 

detected in MTS 

after post shut-

off   

4 25 37ºC 33ºC 5.49 ± 1.33 1.35 ± 0,06 

 

0.99 ± 0.09 

 

4 25 33ºC 33ºC 4.38 ± 0.47 1.17 ± 0.01 0.83 ± 0.06 

*Data of absorbance and hGDNF expression were presented as means ± standard deviation (SD). 

 

hGDNF quantification by ELISA showed that its expression was significantly increased 

by 20% (p < 0.05) when the shut-off period was carried out at 37ºC (Table 1). Likewise, 

the higher expression level achieved with the biphasic temperature protocol (37ºC-33ºC) 

was confirmed when performing the same experiment with a larger number of 

electroporations (50 electroporations) under the two experimental conditions investigated 

(shut-off period: 33ºC vs 37ºC) (Table 2). In this higher scale experiment, an average 

hGDNF expression level of 3.12 ± 1.17 µg/ml was obtained following the biphasic 

temperature protocol (37ºC-33ºC), reaching a total amount of 780 µg of GDNF in 250 

ml. By contrast, only 1.21 ± 0.14 µg hGDNF/ml and a total amount of 300 µg of GDNF 

in 250 ml were obtained using the conventional protocol. According to these results, the 

new protocol proposed here represents a considerable improvement in hGDNF expression 

of almost 3-fold compared to previously established conditions (19) (Table 2).  
Table 2. hGDNF expression on a larger scale applying different temperatures during shut-off. 

*Data extracted from Ansorena et al (19) 

Accordingly, culturing mammalian cells at low temperature is an established method to 

maintain cell viability while at the same time inhibiting their growth. This inhibition is 

Number of 

electroporatio

ns 

µg of RNA/ 

electroporati

on 

 Shut-off 

temperatur

e 

Post shut-off 

temperature 

µg of 

hGDNFf/ml 

of 

supernatant 

Total 

hGDNF prot

ein 

expression 

ml of 

supernatant 

50 25 37ºC 33ºC 3.12 ± 1.17 780 µg 250 

50 25 33ºC 33ºC 1.21 ± 0.14 300 µg 250 

*100 25 33 ºC 33ºC ------------- 741 µg 570 
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associated with G1-phase cell cycle arrest, which has been positively correlated with 

increased protein productivity (21,23,33–35). In agreement with that observed with other 

expression systems, the mild hypothermia achieved at 33ºC is suitable to obtain a high 

expression level during the post-shut-off stage when using the SFV system (21,23,34,35). 

However, in contrast to other studies performed with SFV vectors in BHK-21 cells, the 

use of low temperature after RNA transfection was not optimal for hGDNF expression 

(21,36). In our case, maintaining a higher temperature (37°C) during the shut-off period 

was important to increase hGDNF expression, since it increased cell viability. Although 

it had been assumed that the same temperature should be applied during the two phases 

following electroporation, we have shown that this is not optimal. Therefore, our results 

demonstrate that the conditions used during the initial shut-off period are of great 

importance for hGDNF expression during the post-shut-off period.  

3.2 Shut-off of host cell protein synthesis analysis 

As mentioned before, SFV RNA vector replication leads to a strong shut-off of host cell 

protein synthesis and after a few hours, most protein synthesis becomes vector-specific 

(37–39). To determine the efficiency of this effect in BHK-21 cells under the biphasic 

temperature culture protocol, the supernatants from 24 h post-shut-off electroporated cells 

were analyzed by western blot with specific antibodies for cellular proteins IGFBP-4, 

IGFBP-5 and hGDNF. The presence of these proteins was analyzed because IGFBP-4 

and IGFBP-5 are also secreted by this cell line (19), representing a technical problem for 

hGDNF purification due to the high physicochemical similarity with hGDNF. The 

analysis of the supernatants from electroporated cells only showed the presence of 
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hGDNF as previously described by Ansorena et al (19), indicating that the shut-off had 

been highly efficient (Fig. 3A).  

Figure 3. Analysis of the shut-off efficiency and bioactivity of purified hGDNF. A) Shut-off analysis 

in electroporated cells: After post-shut-off period, the medium was collected and analyzed by Western blot 

with antibodies specific for hGDNF, IGFBP-5 and IGFBP-4. B) Coomassie Blue Staining; S1 and S2: 

supernatant samples; FT: flow-through; W: column wash; F1: eluate with 0.5 M NaCl; C) Analysis of 

hGDNF activity in vitro. PC12 cells were incubated for 10 days with 100 ng/ml of hGDNF purified from 

the supernatant of BHK-21 cells transfected with SFV-hGDNF vector. Control cells were incubated without 

hGDNF. Representative images were taken with a phase-contrast microscope on day 10. Magnification: 

20x (1) and 40x (2).  

3.3 hGDNF purification by cation exchange chromatography 

The purification strategy of recombinant proteins is crucial, and a chromatographic 

approach is usually required to meet the purity requirements, which sometimes are higher 

than 99% in the biopharmaceutical industry (40). We applied an ion-exchange 

chromatography, which allowed hGDNF purification in a single chromatographic step. 

The pH of the sample and buffers used were adjusted to 7.4. The use of an adequate buffer 

is fundamental for the maintenance of the biological activity of a protein (41) since it will 

prevent changes in pH that could irreversibly affect its folding, solubility, and function 

(42,43). In the present protocol, we have optimized the pH working conditions, 

employing a phosphate buffer at pH 7.4 for the purification of hGDNF by ion-exchange 

chromatography, which has a more physiological pH than the method previously 
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described (19). Considering the theoretical isoelectric point of our protein (pI=9.4), this 

pH could allow a greater attraction of hGDNF to the cation exchange column for 

subsequent elution. All the purified protein was found in the first fraction of elution with 

0.5 M NaCl buffer (Fig. 3B). Quantification of purified protein by ELISA showed a total 

amount of 483 µg of hGDNF, obtained from 250 ml of medium, with a recovery yield of 

62%, similar to previous reports (19). Therefore, pH modification did not affect the final 

yield of the chromatographic step. The analysis of the elution fractions by SDS-PAGE 

followed by Coomassie Blue staining showed the presence of several bands at different 

molecular weights. This complex pattern has been observed previously and corresponds 

to the different degrees of glycosylation present in hGDNF expressed by BHK-21 cells 

(Fig. 3B) (19). Likewise, purity analysis show that it is possible to obtain highly pure 

hGDNF through a biphasic temperature protocol and the application of a single 

chromatographic step. 

3.4 Activity of purified hGDNF  

Having demonstrated that this protocol is highly efficient for the production of 

glycosylated hGDNF, we next evaluated the bioactivity of the purified protein. Neurite 

outgrowth assay in the PC12 cell line has been widely used as a model of neuronal 

differentiation and to evaluate the activity of neurotrophic factors (44). Neurite extension 

was confirmed in PC12 cells after 10 days of culture (Fig. 3C). These results indicate that 

recombinant hGDNF produced using the biphasic protocol remains biologically active. 

4. Future prospects and conclusion 

Mammalian cells such as CHO and BHK-21 cells are ideal expression systems to produce 

recombinant proteins with features closer to their endogenous versions and potentially 

less immunogenic. However, working with mammalian cell expression systems, 

increasing protein production with fewer resources and shorter times remains a major 

challenge (45). In this case, the key aspect that we used to optimize a previously described 

method of hGDNF production was the temperature of incubation periods after 

electroporation. The use of a biphasic temperature protocol (37ºC-33ºC) led to a 

considerable (3-fold) improvement in hGDNF expression compared to previously 

established conditions. The first phase of this culture protocol, in addition to allowing the 

shut-off of host cell proteins synthesis, is also considered as a recovery period that allows 

cell viability to be maintained before the cells are exposed to mild hypothermia at 33ºC 

in the second stage. Furthermore, this change allows the expression of a highly pure and 



CHAPTER 1 
 

 
 

115 

bioactive protein, potentially reducing the production costs, since it is possible to produce 

a greater amount of hGDNF using a smaller number of electroporations and a lower 

amount of RNA. Even though the quantity of hGDNF produced at a small scale in this 

study was sufficient for our objective, it would be very interesting to scale-up hGDNF 

production using this expression system (46–48). The ideal situation would be to adapt 

this method to a process able to handle large volumes of cells with suitable bioreactors. 

While on a laboratory scale, the SFV vector has been widely used to obtain sufficient 

amounts of recombinant proteins for different studies, the use of large volumes in 

bioreactors is mainly limited by the transient expression of the vector due to its cytotoxic 

character, the inhibition of host cell proteins and RNA-based expression (49). In recent 

years, many studies have focused on the development of vectors with a less cytopathic 

character. However, the complexity of controlling the duration of the protein expression 

remains a major limitation (48–51). On the other hand, cell electroporation is a 

discontinuous procedure, which could represent a limitation for scaling-up our method. 

In this regard, recent advances have led to higher throughputs 

by continuous electroporation using modified microfluidic devices. In fact, continuous 

cell electroporation has been successfully used to transfer DNA and mRNA into several 

cell lines (52–54) and it could be easily applied to our expression system. With this 

technology, it would be possible to process larger volumes of cells and to produce higher 

amounts of hGDNF during shorter times. 

To conclude, this study opens up the possibility of using a biphasic protocol that increases 

cell culture temperature during the shut-off period to improve hGDNF expression. We 

have shown the importance of a “recovery period” at 37ºC to maintain BHK-21 viability 

before exposing the cells to mild hypothermia at 33ºC. Furthermore, our results provide 

additional important information for the future development of large-scale hGDNF 

production using SFV vectors in the mammalian cell line BHK-21. Moreover, the system 

described in this study could be extendable to the expression of different therapeutic 

proteins. 
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Abstract 

Dopaminergic neurons derived from human induced pluripotent stem cells (hiPS-DAns) 

represent one of the most promising sources for cell replacement therapy in Parkinson´s 

Disease (PD). However, the grafting efficiency after transplantation remains insufficient, 

which limits the therapeutic efficacy of dopamine (DA) cell replacement. The co-

administration of glial cell line-derived neurotrophic factor (hGDNF) and hiPS-DAns has 

emerged as a powerful strategy to enhance the survival, plasticity, and efficient 

integration of dopaminergic neuron grafts. However, the mechanisms underlying these 

therapeutic effects remain poorly understood. 

In the present study, the transcriptomic changes that hGDNF produces on hiPS -DAns 

were investigated to achieve a greater understanding of the mechanisms that enhance 

their functional integration. In the short term (day 1), the upregulation of some MAPK 

signaling pathway-related genes such as APP and EPHB1 genes and the positive 

regulation of several genes involved in processes such as axon ensheathment, synaptic 

transmissions and secretory function were found. The gene expression profile induced by 

hGDNF after 7-days of treatment demonstrated a positive regulation of survival and 

plasticity of DAns. Furthermore, the hGDNF stimulation promoted the DA biosynthesis 

through the regulation of the genes TH, WNT3, EN1 and FGF20. Remarkably, hGDNF 

could regulate the plasticity and survival of hiPS-DAns via the MAPK pathway. Overall, 

our findings demonstrate that hGDNF is a promising therapeutic agent to enhance the 

integration and biological functions of cell grafts based on hiPS-DAns.  
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1. Introduction 

Parkinson´s disease (PD) is the second most common progressive neurodegenerative 

disease worldwide (1). It is characterized by the selective loss of dopaminergic neurons 

(DAns) in the substantia nigra pars compacta (SNpc) (2,3). Dopamine (DA) replacement 

therapy and deep brain stimulation (DBS) are currently the main alternatives for 

symptomatic PD therapy (4,5). However, patients experience motor fluctuations and , 

which is non-responsive to levodopa in the later stages (6). On the other hand, DBS does 

not appear to be a feasible option owing to associated complications such as postoperative 

neuropsychiatric complications, including suicide, postoperative depression, 

postoperative euphoria, and/or hypomania, and it remains a symptomatic therapy (7). 

Since the neurodegenerative process that occurs in PD is caused by the selective and 

gradual degeneration of mesencephalic DA (mesDA) neurons (8), the transplantation of 

DAns in this brain region could contribute to brain repair (9).  

In this arena, dopaminergic neurons derived from human induced pluripotent stem cells 

(hiPS-DAns) are a promising source for cell replacement therapy. Their use represents a 

breakthrough over fetal cells due to their wide availability, standardized manufacture, 

ability to be cryopreserved and increased purity (9). Overall, these advantages could 

contribute to the standardization of cell replacement studies (9). However, the low cell 

survival found after implantation limits their therapeutic efficacy (4,10,11). As a possible 

solution, some studies have demonstrated that glial cell line-derived neurotrophic factor 

(hGDNF) might promote DAns survival (12–15). Therefore, the co-administration of 

stem cells and hGDNF has recently been proposed as a powerful approach to enhance 

dopaminergic neuron (DA) graft survival, plasticity and functional integration (10,11,16). 

Nevertheless, the mechanisms underlying this interaction remain poorly understood and 

more mechanistic studies are required to clarify the pathways that promote the efficient 

integration of hiPS-DAns grafts. 

In this study we investigate the transcriptomic changes that hGDNF produce on hiPS-

DAns to promote the functional integration of DAns graft. A significant enrichment of 

different functional categories such as the locomotor behavior, the growth of neurites, the 

number of neurons or the growth of axons among others were noticed between days 1 

and 7. Moreover, the transcriptional changes during hGDNF stimulation had an important 

influence on DA biosynthesis through the regulation of the genes TH, WNT3, EN1 and 

FGF20, involved in DA metabolism. Importantly, hGDNF could modulate the plasticity 
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and survival of DAns via the MAPK pathway. Overall, these changes support the use of 

GDNF to improve DAns graft survival and contribute to a deeper understanding of the 

mechanisms by which improvements in the integration and biological functions occurred. 

 

2. Materials and methods 

2.1 In vitro cell viability  

Briefly, hiPS-DAns (Cellular Dynamics) were seeded in 96-well culture plates at a 

density of 2 × 104 cells per well and cultured according to the manufacturer protocol 

(Cellular Dynamics) with or without GDNF (100 ng/ml). Presto Blue was performed at 

day 1, 3 and 7 after post-treatment. Briefly, 10 μl of the Presto Blue solution was added 

to each well and the plate was incubated for 3 h in the dark at 37ºC. The absorbance of 

each sample was measured at 570 nm as the experimental wavelength and 600 nm as the 

reference or normalization wavelength. The cell viability was evaluated by the equation:  

Cell viability (%) = (ODhGDNF treatment – ODblank)/(ODcontrol – ODblank) × 100% 

 
2.2 RNA-seq 

hiPS-DAns were seeded in 96-well plates (1,000 cells per well) and cultured according 

to the manufacturer protocol (Cellular Dynamics) with or without hGDNF (100ng/ml) for 

1, 3 and 7-days. Bulk RNAseq was performed following MARS-seq protocol adapted for 

bulk RNAseq (17,18) with minor modifications. Briefly, hiPS-DAns were resuspended 

in 100 µl of Lysis/Binding Buffer (Ambion, Waltham, USA), vortexed and stored at -

80ºC until further processing. Poly-A RNA was reverse-transcribed using poly-dT oligos 

carrying a 7 nt-index. Pooled samples were subjected to linear amplification by IVT. The 

resulting aRNA was fragmented and dephosphorylated. Ligation of partial Illumina 

adaptor sequences (18) was followed by a second reverse-transcription reaction. Full 

Illumina adaptor sequences were added during final library amplification. RNA-seq 

libraries quantification was done with Qubit 3.0 Fluorometer (Life Technologies, 

Waltham, USA) and size profiles were examined using Agilent’s 4200 TapeStation 

System. Libraries were sequenced in an Illumina NextSeq 500 at a sequence depth of 10 

million reads per sample.  

2.3 RNA-Seq Data Analysis 

RNA sequencing data analysis was performed using the following workflow: (1) the 

quality of the samples was verified using FastQC software 



CHAPTER 2 
 

 
 

129 
 

(https://www.bioinformatics.babraham.ac.uk/projects/fastqc/); (2) the alignment of reads 

to the mouse genome (hg38) was performed using STAR (19); (3) gene expression 

quantification using read counts of exonic gene regions was carried out with 

featureCounts (20); (4) the gene annotation reference was Gencode v38 (21); and (5) 

differential expression statistical analysis was performed using R/Bioconductor (22).  

First, gene expression data were normalized with edgeR (23) and voom (24). After quality 

assessment and outlier detection using R/Bioconductor (22), a filtering process was 

performed. Genes with reading counts lower than 6 in more than 50% of the samples of 

all the studied conditions were considered as not expressed in the experiment under study. 

LIMMA (24) was used to identify the genes with significant differential expression 

between experimental conditions. Genes were selected as differentially expressed using 

a p-value cut off p<0.01. Further functional and clustering analyses and graphical 

representations were performed using R/Bioconductor (20) and clusterProfiler (25). The 

results were compared with a previously published experiment (11) using Gene Set 

Enrichment Analysis (GSEA) (25,26). 

3. Results and discussion  

3.1 In vitro cell viability and cell morphology post-hGDNF-treatment.  

A Presto Blue assay was performed to examine hiPS-DAns viability after hGDNF 

treatment (100 ng/ml). The treatment with hGDNF showed a trend to increase cell 

viability (Figure 1A), although no significant differences were detected. Thus, the hiPS-

DAns are terminally differentiated cells and therefore, lack the proliferation ability (27–

29). Regarding cell morphology, hiPS-DAns showed the typical neuron morphology 

(Figure 1B).  
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Figure 1. Cell survival of hiPS-DAns treated with hGDNF (A) and representative images of 1-day post 

hGDNF-treatment and 7-days post hGDNF-treatment showing the typical morphology of DAns (B). 

 

3.2 hGDNF modulates hiPS-DAns gene expression 

We next investigated the therapeutic potential of combining hiPS-DAns with hGDNF 

analyzing their transcriptome after treatment with the neurotrophic factor by RNA-seq. 

Our experimental design involved four biological replicates of hiPS-DAns cultured and 

treated with 100 ng/ml of hGDNF during 1, 3 and 7 days.  

The whole-genome profile analysis revealed a remarkable potential of hGDNF to induce 

relevant changes in the gene expression profile of hiPS-DAns. First, we plotted the 

overlap between the datasets at different time points (1, 3 and 7 days) to show the changes 

in the transcriptome during hGDNF stimulation (Figure 2A). The greatest overlap 

occurred on day 1 and day 7, with 55 differentially expressed genes (Figure 2A). 

Interestingly, among the differentially expressed genes, hGDNF promoted DA 

biosynthesis through the regulation of TH gene expression, which was differentially 

expressed both at 1-day and 7-days post-hGDNF treatment. In addition, a significant 

enrichment of several functional categories was observed between days 1 and 7 (Figure 

2B). In particular, the locomotor behavior pathway was significantly enriched. This is 

highly relevant and therefore, our data support the motor improvements previously seen 

in preclinical models of PD following hGDNF-treatment (6). Additionally, other 

pathways and biofunctions significantly enriched after hGDNF stimulation are 

represented in Figure 2C. We noticed that the major enrichment of pathways occurred on 
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day 1 and day 7, but not at day 3. Therefore, since the hGDNF effects on gene expression 

were not particularly relevant at day 3, these data were not considered for further analyses 

(Figure 2C).  

Figure 2. hGDNF modulates hiPS-DAns gene expression. (A) Circos-plot representing the overlap 

across datasets (Criteria: p-value < 0.01). (B) Significantly enriched functional categories corresponding to 

the commonly deregulated transcriptome between D1 and D7. (C) Functional clustering of pathways and 

biofunctions significantly enriched during GDNF stimulation of hiPS-DAns. The heatmap cells are 
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coloured by their p-values; grey cells indicate the lack of enrichment for that term in the corresponding 

transcript dataset. This analysis only integrates outputs from Reactome knowledgebase. 
 

3.2.1 Gene expression profile of hiPS-DAns: 1-day post hGDNF-treatment 

Having shown that hGDNF modulates hiPS-DAns gene expression, our results were 

compared with a previously published paper in which the viral delivery of hGDNF 

promoted the functional integration of DAns graft outcomes in a rodent model of PD (11). 

In this study, a transcriptome analysis was performed to investigate hGDNF effect on 

gene expression and DA metabolism within the graft finding 31 differentially expressed 

genes (11). In the short term (day 1), 6 genes (TH, ITGA3, CALB1, EGR1, SYTL5 and 

DUSP6) overlapped with their model. Remarkably, the initial administration of 100 ng/ml 

hGDNF induced a negative regulation of the TH gene in DAns, possibly as a 

compensatory mechanism in healthy dopaminergic cells (30,31). In addition, down-

regulation of the ITGA3 gene, which may be involved in nerve cell formation, was 

identified (32). CALB1, a gene with a potential neuroprotective role (33,34), and EGR1, 

which is involved in neuronal plasticity (11) were also up-regulated at day 1 (Figure 3A).  

Next, a selective search for differentially expressed genes was performed in the following 

functional categories: MAPK, DA, Axon Ensheathment, Synaptic Transmission, 

Hormone and Secretion. Transcriptomic analysis reveals upregulation of some MAPK 

signalling pathway-related genes such as APP, which is involved in neuron projection 

maintenance (35,36), and EPHB1 involved in axon guidance (Figure 3B) (37,38). 

Specifically, hGDNF was implicated in the positive regulation of several genes involved 

in processes such as Axon ensheathment (EPB41L3, ID4, SBF2 and NSUN5) and genes 

involved in synaptic transmissions such as MEFC2 (39,40), NTNG1 (41) and EPBH1 

(Figure 3C and 3D) (42). As shown in Figure 3D, hGDNF treatment also led to the 

upregulation of genes with secretory function. Particularly, the upregulation of 

Synaptojanin-1 (SYNJ1), an enzyme whose deficiency has been associated with 

increased vulnerability of dopaminergic neurons, was found (43). 
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Figure 3. Transcriptional Profiling 1-day post hGDNF-treatment of hiPS-DAns in the Presence and 
Absence of GDNF Identified Known and Unknown MAPK, Axon ensheatment, Synaptic transmission, and 
secretion-Related Genes (A) Clustering analysis of differentially expressed genes in both models. (B–E) 
Heatmap of selected genes related to MAPK signalling (B), Axon ensheatment (C), Synaptic transmission 
(D), and secretion (E). 
 
 
3.2.2 Gene expression profile of hiPS-DAns: 7-days post-hGDNF-treatment 

The regulation of the transcriptome of hiPS-DAns occurred on day 1 and was followed 

by a remarkable modulation of the gene expression profile on day 7. In particular, the 
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transcriptome analysis showed that 7 genes (SEMA3A, SCN5A, TH, DUSP4, SCN1B, 

FOS and SPRY4) overlap with the data from Gantner et al at day 7 (11). Going further, 

the comparative analysis between different neurological functions at day 1 and day 7 in 

GDNF-stimulated dopaminergic cells showed the activation of certain relevant molecular 

events such as the growth of neurites, the quantity of neurons or the growth of axons, 

among others (Figure 4). These findings agree with the protective effects reported in both 

rodent and primate models of PD (14,44). In particular, the hGDNF-treatment was able 

to promote DAns survival and to stimulate regenerative sprouting from spared axons in 

the partially denervated striatum (14,44). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 4. A comparative analysis between deregulated transcriptomes at day 1 and day 7 in hGDNF-

stimulated hiPS-DAns based on the activation Z-score. The primary purpose of the activation z‐score is 

to infer the activation states of predicted molecular events. The basis for inference is the relationships in 

the molecular network that represent experimentally observed gene expression or transcription events, and 

are associated with a literature‐derived regulation direction which can be either “activating” or “inhibiting”. 
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In addition, the clustering analysis at day 7 showed some differences with those detected 

at day 1 (Figure 5A-5E). Interestingly, deregulation of SEMA3A gene, whose 

overexpression has been related to dopaminergic depletion, was found (45). In addition, 

up-regulation of DUSP4 gene, which promote the neuronal differentiation process 

(46,47) was observed (Figure 5A). Regarding the expression of TH, the rate-limiting 

enzyme in dopamine synthesis, we demonstrate that hGDNF treatment contributes to its 

significant upregulation on hiPS-DAns cultures (Figure 5A) (48). Selective analysis of 

the upregulated genes revealed many with known roles in DA development and 

homeostases such as WNT3, EN1, and FGF20 (Figure 5B). The up-regulation of these 

genes, together with TH up-regulation, reveals how exogenous hGDNF influences DA 

system function, contributing to the survival of DAns and DA synthesis. It is noteworthy 

that hGDNF exerts its actions in DAns activating GFRα1·RET receptor complex. This, 

in turn, regulates downstream PI3K-AKT and mitogen-activated protein kinase (MAPK)-

ERK pathways that regulate transcription of genes related to survival and/or plasticity 

(11,49). The upregulation of several MAPK-associated genes with known roles on 

plasticity (DUSP1, MEN1 and APOE) (46,50,51), cell migration and proliferation (MYC, 

FOS and ITGB1BP1) was also identified in our study (Figure 5C) (52–54), suggesting 

that hGDNF has an important protective role on DAns mainly via the MAPK-ERK 

pathway (11). From another perspective, the upregulation of the SOCS-1 gene was also 

detected supporting the hypothesis that hGDNF can protect from neurodegeneration 

through the inhibition of neuroinflammation pathways (Figure 5E) (55–57).  

Collectively, the transcriptional changes induced by hGDNF in DAns cultures throughout 

the study period (1 and 7 days) seem to be aimed at promoting the survival and plasticity 

of DA neurons, as well as inducing DA biosynthesis through the regulation of genes TH, 

WNT3, EN1 and FGF20, involved in DA metabolism.  
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Figure 5. Transcriptional Profiling 7-days post-hGDNF-treatment of hiPS-DAns in the Presence and 
Absence of GDNF Identified Known and Unknown DA Homeostatic, MAPK, Hormone and Secretion-
Related Genes. (A) Clustering analysis of differentially expressed genes in both models. (B–E) Heatmap 
of selected genes related to dopamine (B), MAPK signalling (C), Hormone (D), and secretion (E).  

 
3.2.3 Gene Set Enrichment Analysis (GSEA) for study validation  

Having shown that the transcriptional changes induced by hGDNF in DAns promote the 

survival and plasticity of DA neurons via the MAPK pathway, we performed a GSEA on 

the gene sets by Gantner et al. to check and confirm our findings (11) (Figure 6). The 
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enrichment analysis pointed out that MAPK pathway genes and the up-regulated genes 

found by Gantner et al. were significantly enriched in our gene set at day 7. These findings 

confirm the previous observations and support the potential of hGDNF to modulate the 

survival of cell grafts based on hiPS-DAns via the MAPK pathway [31]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 6. Transcriptional profiling of hMSCs in the presence of hGDNF: GSEA enrichment to compare 
models. The Running Enrichment score shows that MAPK pathway genes (blue line) and the statistically 
up-regulated (red line) published by Gantner et al. (2020) are enriched in the up-regulated genes of our 
model. 
   

4. Conclusions 

In summary, these findings support the potential of hGDNF to modulate the plasticity and 

survival of cell grafts based on hiPS-DAns via the MAPK pathway. Therefore, the 

transcriptional changes that occurred support the role of co-transplantation strategy 

(hGDNF-DAns), not only to improve its functional integration, but also to enhance the 

biological functions and the clinical outcome of DAns grafts for the treatment of PD. 
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Abstract 

Parkinson’s disease (PD) is the most common movement disorder affecting 

approximately 1–2% of the population ≥ 65 years of age. The absence of effective 

treatments to stop neuronal degeneration and the limited ability of the brain to repair itself 

after neural damage represents one of the most difficult challenges in medicine. 

Hyaluronic acid (HA) has been proposed for tissue brain engineering and drug delivery 

applications, but its poor mechanical strength has hampered its widespread use. Notably, 

HA can easily be modified to acquire mechanical properties suited to brain engineering 

applications. Here, we develop a multifunctional drug delivery system where human 

mesenchymal stem cells (hMSCs) and human glial-derived neurotrophic factor (hGDNF) 

are included in a nanoparticle-modified HA hydrogel (HG) to form a nanoreinforced 

vehicle. This approach is intended to design a suitable matrix for cell delivery and 

controlled drug release for brain administration in PD. To this end, we first evaluated the 

therapeutic potential of combining hMSCs and hGDNF in the biomaterial by RNA-seq 

analysis. We found that the hGDNF up-regulate MAPK-associated genes involved in 

plasticity and neurogenesis. Next, we prepare a guest-host HA-HG that was 

nanoreinforced with hGDNF-NPs (HA-HG-NPs) and combined/loaded with hMSCs 

(HA-HG-NPs-hMSCs). The HGs showed shear-thinning and self-healing features. The 

nanoreinforcement not only enhanced the mechanical properties of HA-HG but also 

proved a successful approach to protect hGDNF from degradation and achieve its 

controlled release. Finally, the nanoreinforced HG provide a friendly environment for 

hMSCs. Therefore, the proposed approach represents a powerful tool for brain tissue 

engineering. 

Keywords 
Nanoreinforcement; Shear thinning properties; Self-healing properties; hGDNF; hMSCs; 

Brain tissue engineering. 
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1. Introduction 

Parkinson's disease (PD) is a progressive neurodegenerative disorder that affects over 1% 

of the population over the age of 65 (1). Histopathologically, it is characterised by the 

loss of dopaminergic neurons in the substantia nigra pars compacta followed by a 

depletion of dopamine levels in the striatum and by the presence of intracytoplasmic 

inclusions called Lewy bodies (LBs) (2). Currently, dopamine replacement therapy 

(DRT) is the standard treatment for PD management. However, its use is often associated 

with significant and sometimes intolerable side effects as the disease progresses, leading 

to significant declines in quality of life (3). Therefore, a great challenge in the PD field is 

the development of novel therapies able to prevent the ongoing neurodegeneration and 

halt disease progression. Cell replacement is being investigated as a therapeutic approach 

for neurodegenerative diseases (4,5). However, a current limitation of cell therapy is the 

low cell survival after implantation (6,7). The combination of cells with drug delivery 

systems such as hydrogels (HGs) able to supply trophic factors could solve this issue and 

enhance the benefit of cell therapy. 

Given the mechanical properties of the brain, which is particularly soft, neuroregenerative 

strategies must mimic its biochemical and mechanical characteristics (8). HGs are one of 

the most promising systems in the area of neuronal regeneration due to their tissue-like 

characteristics, versatility in terms of degradation, ability to release active drugs, and 

biocompatibility (9). HGs would facilitate cell injection and improve their survival and 

differentiation by acting as a matrix or scaffold (10). Among natural polymers, hyaluronic 

acid (HA) is a particularly attractive material for biomedical applications. To date, 

hyaluronic acid hydrogels (HA-HGs) have been used in various delivery systems in 

combination with cells or proteins (11). However, the poor mechanical properties of HA 

limits its clinical applications (12). Fortunately, these properties can be modulated by 

chemical modifications, guest-host interactions or nanoreinforcement (12–14).  

Regarding trophic factors, human glial cell line-derived neurotrophic factor (hGDNF) is 

the most potent dopaminergic factor described so far, resulting a promising therapeutic 

agent for PD treatment (15–17). Nonetheless, its short in vivo half-life hinders the clinical 

application of this approach (18,19). The encapsulation of hGDNF in nanoparticles (NPs) 

may overcome this issue by providing protein protection from degradation and sustained 

drug release over time. Importantly, the subsequent incorporation of NPs into an HG 

would provide an additional advantage for the clinical delivery of hGDNF in the striatum 
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(20,21). In this sense, nanoreinforced HGs have recently emerged as a promising 

approach to develop tunable shear-thinning and self-healing materials and to achieve a 

more prolonged drug release (14).  

This study proposes a multi-functional drug delivery system for brain tissue engineering, 

where hGDNF and human mesenchymal stem cells (hMSCs) are combined into a 

nanoreinforced HG for their simultaneous administration. The therapeutic potential of 

combining hMSCs with hGDNF was first evaluated by RNA-seq analysis. Then, a guest-

host HA-HG nanoreinforced with hGDNF-NPs (HA-HG-NPs) and combined/loaded 

with stem cells (HA-HG-NPs-hMSCs) was prepared and characterized. The mechanical 

properties of this HG reveal that it is a strong biomaterial, mechanically compatible with 

brain tissue and easily injectable. In addition, the developed scaffold can protect hGDNF 

from degradation and achieve its sustained controlled release over time for the promotion 

of brain tissue repair. The cytocompatibility studies reveal that the multi-functional HG 

is a safe system for in vivo administration. Therefore, the findings of the present study 

suggest that biomimetic platform represents an excellent vehicle to provide a controlled 

release of therapeutic agents and to improve the cell-engraftment for addressing brain 

repair in PD.  

2. Experimental section  

2.1 RNA-seq 

hMSCs were seeded in 96-well plates (1,000 cells per well) and cultured in hMSCs 

complete media with or without hGDNF (100 ng/ml) for one week. Bulk RNAseq was 

performed following MARS-seq protocol adapted for bulk RNAseq (22,23) with minor 

modifications. Briefly, hMSCs were resuspended in 100 µl of Lysis/Binding Buffer 

(Ambion, Waltham, USA), vortexed and stored at -80ºC until further processing. Poly-A 

RNA was reverse-transcribed using poly-dT oligos carrying a 7 nt-index. Pooled samples 

were subjected to linear amplification by IVT. The resulting aRNA was fragmented and 

dephosphorylated. Ligation of partial Illumina adaptor sequences (23) was followed by a 

second reverse-transcription reaction. Full Illumina adaptor sequences were added during 

final library amplification. RNA-seq libraries quantification was done with Qubit 3.0 

Fluorometer (Life Technologies, Waltham, USA) and size profiles were examined using 

Agilent’s 4200 TapeStation System. Libraries were sequenced in an Illumina NextSeq 

500 at a sequence depth of 10 million reads per sample.  
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2.1.2  RNA-Seq Data Analysis 

RNA sequencing data analysis was performed using the following workflow: (1) the 

quality of the samples was verified using FastQC software 

(https://www.bioinformatics.babraham.ac.uk/projects/fastqc/); (2) the alignment of reads 

to the mouse genome (hg38) was performed using STAR [24]; (3) gene expression 

quantification using read counts of exonic gene regions was carried out with 

featureCounts (25); (4) the gene annotation reference was Gencode v38 (26); and (5) 

differential expression statistical analysis was performed using R/Bioconductor (27).  

First, gene expression data was normalized with edgeR (28) and voom (29). After quality 

assessment and outlier detection using R/Bioconductor (27), a filtering process was 

performed. Genes with read counts lower than 6 in more than 50% of the samples of all 

the studied conditions were considered as not expressed in the experiment under study. 

LIMMA (29) was used to identify the genes with significant differential expression 

between experimental conditions. Genes were selected as differentially expressed using 

a p-value cut off p<0.01. Further functional and clustering analyses and graphical 

representations were performed using R/Bioconductor (25) and clusterProfiler (30). The 

results were compared with a previously published experiment (31) using Gene Set 

Enrichment Analysis (GSEA) (30,32). 

2.2 Preparation of HA-based HGs 

The protocol for HA-HGs preparation was adapted from previous work (12). All 

chemicals were purchased from Sigma Aldrich (St.Louis, MO, USA) unless otherwise 

stated.   

2.2.1 HA-CD synthesis 

Synthesis of p-toluensulfonic anhydride (Ts2O) 

16 g of p-toluenesulfonyl chloride and 4 g of p-toluenesulfonic acid monohydrate were 

dispersed in 100 mL of methylene chloride (Scharlab, Barcelona, Spain). The solution 

was stirred overnight and filtered to remove unreacted p-toluensulfonyl chloride. The 

solvent from the filtered solution was evaporated with the rotavapor and the solid 

obtained was dried with vacuum overnight. 

Synthesis of 6-O-monotosyl-6-deoxy-β-cyclodextrin (CD-Tos) 

22.39 g of β-cyclodextrin (β-CD) and 9.42 g of Ts2O were dispersed in 200 mL of 

deionized water and the suspension was stirred for at least 2 hours. Then, 100 mL of 

NaOH 2.5 M (Scharlab, Barcelona, Spain) were added to the solution. The unreacted 
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Ts2O was removed by filtration and the solution was acidified by the addition of HCl 37% 

(Scharlab, Barcelona, Spain) until pH 2. The precipitate was filtered under vacuum and 

the solid obtained was washed with diethylether (3x25 mL) (Scharlab, Barcelona, Spain). 

Synthesis of HA-CD 

1 g of sodium hyaluronate (Fagron, Barcelona, Spain) was dissolved in 500 mL of 

deionized water at 80°C. The solution was left under continuous stirring overnight. Then, 

0.13 g of CD-Tos were added to the solution. After 62 hours, the product was frozen and 

lyophilized for 5 days. 1H-NMR (with D2O as solvent) spectroscopy was used to confirm 

the synthesis of HA-CD.  
2.2.2 HA-AD synthesis 

1 g of HA was slowly dissolved in 400 mL of deionized water. Then, 0.26 mL of 

triethylamine (TEA) and 0.37 g of adamantane (AD) were added to the solution. The 

solution was stirred for 62 hours, at room temperature (RT). The precipitate was filtered 

under vacuum and lyophilized for at least 5 days. 1H-NMR (with D2O as a solvent) 

spectroscopy was used to confirm the synthesis of HA-AD.  
2.2.3 Quantification of residual TEA in HA-AD 

To quantify the residual amount of TEA, quantitative 1H-NMR was performed using a 

known amount of dimethylsulfone as standard. Subsequently, the ratio of the integrated 

signals was determined and the amount of TEA was calculated and expressed as mg 

TEA/mg HA-AD. 

2.3 Preparation of hGDNF-loaded nanospheres with TROMS 

hGDNF was expressed and purified from BHK-21 cells using a Semliki Forest virus 

(SFV) expressing vector as described before [33]. hGDNF-loaded NPs were prepared by 

solvent extraction/evaporation method using the Total Recirculation One-Machine 

System (TROMS). Briefly, the organic solution composed of 2 mL of methylene 

chloride:acetone (3:1) containing 50 mg of Resomer RG 503H (poly (lactic-co-glycolic 

acid) (PLGA); Mw: 24,000-38,000 Da) was injected through a needle with an inner gauge 

diameter of 0.17 mm at a ratio of 35 mL/min into the inner aqueous phase (150 μL). The 

inner aqueous phase contained 40 μg of hGDNF in 10 mM phosphate, 25 mM sodium 

chloride (2), pH 7.4, 2.5 mg of HSA and 90 μL of PEG 400. Next, the primary emulsion 

(W1/O) was recirculated through the system for 1:30 min under a turbulent regime at a 

flow rate of 35 mL/min. The first emulsion was then injected into 20 mL of the external 

aqueous phase (W2) composed of 1% polyvinyl alcohol (PVA) (Mw: 13,000-23,000 Da). 
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The turbulent injection through the needle with an inner gauge diameter of 0.17 mm 

resulted in the formation of a multiple emulsion (W1/O/W2), which was further 

homogenized by circulation through the system for 5 min. The W1/O/W2 emulsion was 

stirred at 300 rpm at RT for at least 2 h to allow solvent evaporation and nanospheres 

formation. Non-loaded NPs (without hGDNF) were prepared following the same method 

described above. 

2.4 Characterization of nanospheres  

2.4.1 Particle size analysis 

The mean particle size was determined by Nanoparticle Tracking Analysis (NTA) 

(Nanosight NS300, Malvern Instruments). All samples were diluted in MiliQ Water to a 

final volume of 0.5 mL. The ideal measurement concentrations were found by pre-testing 

the ideal particle per frame value (20–100 particles/frame). The polydispersity index 

(PDI) was measured by dynamic light scattering (DLS) (Zetasizer Nano, Malvern 

Instruments). The same samples were used to analyze the surface charge of the NPs by 

measuring the zeta potential with laser Doppler velocimetry (Zetasizer Nano, Malvern 

Instruments) at 25 ºC. Measurements were conducted in triplicate and the results were 

presented as the mean ± standard deviation.  

2.4.2 Drug content  

The quantity of hGDNF encapsulated in the nanospheres was determined by dissolving 5 

mg of freeze-dried loaded particles in 1 mL of dimethyl sulfoxide (DMSO). The amount 

of hGDNF was measured by ELISA using hGDNF enzyme-linked immunosorbent assay 

kit from Thermofisher.  

2.4.3 In vitro release  

To characterize the in vitro release profile of hGDNF from PLGA NPs, 3 mg of freeze-

dried loaded NPs (n=3) were dissolved in 150 µl of PBS supplemented with 0.1% HSA 

and microbiologically protected with 0.02% w/w sodium azide. The incubation was 

performed with orbital rotation using an Eppendorf multi-rotator. Samples were 

maintained at 37º C with orbital rotation (15 rpm) for 37 days. The times selected to 

perform the release profile were 6 hours, 1, 2, 3, 7, 14, 20, 28, 35 and 37 days. At these 

times tubes containing the samples were centrifuged (25000g, 15 min) and the 

supernatants were aliquoted and frozen at -20ºC. Pellets were resuspended with the same 

volume of fresh medium. The hGDNF present in the supernatants was quantified by 

ELISA. Moreover, considering the instability of hGNDF and its possible degradation on 
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the medium release, the data extracted from supernatant quantification were confirmed 

by measuring the remaining content of hGDNF within NPs. For this, 3 mg of freeze-dried 

loaded NPs were dissolved in the above medium and incubated in the same conditions. 

At 1, 2, 7 and 14 days, samples were centrifuged and the hGDNF entrapped in the pellets 

was extracted with DMSO. Finally, the hGDNF present in the pellets was quantified by 

ELISA. 

2.4.4 Determination of residual PVA  

The residual amount of PVA associated with NPs was quantified by a colourimetric 

method based on the formation of a blue complex between two adjacent hydroxylic 

groups in the chain of PVA and an iodine molecule (34). Briefly, 3 mg of freeze-dried 

NPs were treated with 2 mL of 0.5 M NaOH and incubated for 20 minutes at 40°C to 

degrade the matrix. Then, each sample was neutralized with 900 µL of 1 M HCl and the 

volume was adjusted to 5 mL with ultrapure water. To develop the coloured complex, 3 

mL of 0.65 M of a boric acid solution, 0.5 mL of a solution of I₂/KI (0.05 M/0.15 M) and 

1.5 mL of ultrapure water were added to each sample. After 15 minutes of incubation at 

RT, 280 µL of the obtained solution was loaded in triplicate into a 96-wells plate. Finally, 

the absorbance intensity was determined at 690 nm using the microplate 

spectrophotometer iEMS Reader MF (Labsystem). The samples for the regression 

standard line based on known amounts of PVA were prepared from a PVA stock solution 

through serial 1:2 dilutions and were treated in the same manner as described above. Each 

dilution was loaded in triplicate in the same microplate as the samples. The results are 

presented as the ratio between the calculated residual amount of PVA and the real quantity 

(considering the yield) of the produced NPs by subtracting the content of cryoprotectant, 

expressed as a percentage (%w/w, PVA/NPs). 

2.5 Preparation of HGs (6 wt % HG, 6 wt % HG-NPs, 6 wt % HA, 6 wt % HG- 

hMSCs, 6 wt % HG-NPs -hMSCs, and 6 wt % HA-hMSCs) 

The HGs were prepared using a polymer concentration of 6%, maintaining a 

stoichiometric balance of HA-CD and HA-AD (1:1). The total mass of HA-CD and HA-

AD for gel formation was determined based on the modification degree of each 

component according to the equations described by Loebel et al (12). The polymeric NPs 

were incorporated at 30% of the total composition. For 6 wt % HG, the HA-CD and HA-

AD were individually dissolved in DMEM and mixed. For 6 wt % HG-NPs, NPs were 

mixed with HA-CD component, and then the second component (HA-AD) was 
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incorporated. For the unmodified HG (6 wt% HA), the HA was dissolved in DMEM. The 

HGs were briefly centrifuged to remove entrapped air and transferred to the back of a 

syringe for in vitro characterization. For cell encapsulation, the 6 wt % HG, 6 wt % HG-

NPs or 6 wt % HA solutions were first included into the back of the syringe and then the 

cell suspension was incorporated to form the 6 wt % HG-hMSCs, 6 wt % HG-NPs -

hMSCs and 6 wt % HA-hMSCs, respectively. The blend was continuously mixed until a 

homogeneous HG was formed. 

2.6 Characterization of the HGs (6 wt % HG and 6 wt % HG-NPs)  

2.6.1 Rheology characterization  

The rheological characterization of all HGs was performed using the rheometer (MCR 

301 SN80439479) equipped with a 25 mm plate geometry and 0.850 mm gap. The 

amplitude sweeps were carried out from 0.1% to 100% at 25 °C and the frequency was 

kept at 10 s−1. Oscillatory frequency sweep measurements were conducted between 0.15 

and 100 rad s−1 with a shear strain of 0.5%. The self-healing properties were carried out 

by a three-step cyclic strain time sweep. The low strain phase was performed for 0.5 s at 

0.5% strain and the high strain phase was conducted for 250 ms at 100% strain. The 

frequency was 10 Hz for both phases. 

2.6.2 Determination of Young’s Modulus and Injectability tests 

The determination of the Young's module and the injectability was performed using a 

universal testing machine capable of precisely controlling both the displacement of the 

crosshead and the force applied. The equipment used was a Zwick/Roell uniaxial testing 

machine model ZwickiLine Z1.0. The load cell used was a Zwick/Roell Xforce P with a 

maximum load of 50 N. The software to control the machine and record both the load and 

the displacement was the Zwich/Roell testXpert III v1.4. 

2.6.2.1 Young’s Modulus measurement 

A spherical indenter was used to determine the elastic modulus. During the test, a force 

is applied with the indenter against the sample to be studied. During this load, both the 

force used to “stick” the indenter and the penetration distance at each moment were 

recorded. Using the theories and mathematical models developed by Hertz for spherical 

head indenters it is possible, from the load and penetration data, to deduce Young's 

modulus from the material tested (35). The expression used to deduce this module is as 

follows (1): 

    𝐸 = 3(1−𝜐2)𝐹
4√𝑟𝛿3

 (1) 
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where E corresponds to Young's modulus, υ to Poisson's ratio, F to measured force, r to 

the radius of the indenting sphere, and δ to indented depth. In this study, a value of 0.5 

has been assumed for Poisson’s ratio. During all experiments conducted it was guaranteed 

that both the indented depth and the sphere-sample contact area were within the limits 

that make this model valid. In the first stage of the experiment, the sphere is approximated 

to the material surface to be analyzed at a speed of 6 mm/min until it reaches an initial 

load of 1.5 mN. Once this preload is reached, the ball-surface contact is assumed to have 

been reached. After this contact, the test itself begins. For this, the moving speed of the 

sphere is set at 6 mm/min and both the force and the penetration depth are recorded. The 

test ends when the reached depth is equivalent to 20% of the initial sample thickness. 

When the test finishes the force vs depth curve is obtained. This curve is adjusted to 

equation 1 for deducing the Young’s modulus of the sample. 

2.6.2.2 Injectability tests 

For the injectability tests, a setup that allows fixing a syringe vertically in the uniaxial 

testing machine was designed. Once loaded with the studied material, the syringe is 

placed in the central hole of the holder. Once placed, the crosshead starts moving 

downwards to push the syringe plunger.  

During experiments, the position of the machine actuator is recorded, as well as the force 

exerted on the plunger flange. Before starting the test, and to ensure contact between the 

crosshead and syringe plunger, the crosshead of the testing machine is moved downwards 

at a speed of 50 mm/min. When reaching a 0.1 N load the existence of push is determined. 

Once this contact is determined, both the load and the position of the crosshead begin to 

be recorded. From these tests, the force necessary to extrude the materials studied at 

different plunger speeds, or flows, is determined. 

2.6.3 In vitro degradation test of hybrid systems (6 wt % HG-NPs) 

The degradation behavior of the 6 wt % HG-NPs at 37°C was characterized using two 

different methods. First, 300 μL of 6 wt % HG-NPs were introduced on plastic supports 

and the samples were immersed in Petri dishes with 1.5 mL of MiliQ Water. At selected 

times (1, 2 and 7 days), the samples were collected and freeze-dried. Then, the dried 

samples were weighed (W1). The rate of residual weight (RW) was calculated as RW = 

W1/W0 × 100%.   

The second strategy used to characterize the 6 wt % HG-NPs degradation was the 

carbazole assay (12,14,36). Briefly, 100 μL of HG was added to a 1.5 mL Eppendorf tube 
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and centrifuged to remove any entrapped air. Then, 400 µL of PBS was then added to the 

tube (n = 3). At 3, 7, 10, and 14 days, the PBS was carefully removed and collected before 

being replaced with 400 µL of fresh PBS. On day 14, the remaining gel was disrupted 

using 1 mg/mL hyaluronidase from bovine testes. The standard curve was prepared with 

different concentrations of glucuronic acid. The total concentration of glucuronic acid in 

the HGs was determined by disrupting 100 μL of 6 wt % HG-NPs for 14 days. Then, 50 

μL of each sample was added to a glass tube followed by 1 mL of ice-cold 25 × 10−3 M 

sodium tetraborate in concentrated sulfuric acid. Tubes were incubated for 10 min at 100 

°C and then were cooled on ice. Next, 30 μL of 0.125 wt % carbazol in absolute ethanol 

was added and vortexed. The samples were then incubated for 15 min at 100 °C. 

Following incubation, the tubes were allowed to cool to RT and 200 μL of the solution 

was transferred to a 96-well plate for measurement. The absorbance at 525 nm was read 

using a plate reader. 

2.6.4 In vitro release study and bioactivity assay of hGDNF from hybrid systems (6 wt 

% HG-NPs) 

The 6 % (w/v) HG-NPs were prepared according to the protocol previously described and 

placed on 0.4 μm millicells hanging cell culture insert (n = 3, 200 μL each). Then, HGs 

were submerged in 1 mL of PBS in a 12-well plate (Corning, MA, USA). hGDNF release 

was measured for a period of 14 days. At each time point, the millicells were transferred 

to another well with fresh PBS. The aqueous solutions were collected and analyzed by 

ELISA. For the bioactivity of hGDNF released from the 6 wt % HG-NPs, the biomaterial 

was placed on a 0.4 μm millicell hanging cell culture insert, from which hGDNF was 

released in a sustained manner into the PC12 cell culture. After 10 days, the presence of 

neurites in the PC12 culture was analyzed.  

2.6.5 Scanning electron microscopy 

A Zeiss Sigma Gemini scanning electron microscope (FE-SEM) was used to characterize 

the 6 wt % HG, 6 wt % HG-NPs, and NPs morphology with an acceleration voltage of 

10 kV and different magnifications. Samples were previously prepared, lyophilized and 

coated with a few nm of Palladium (SC7620 Mini Sputter coater).  

2.6.6 In vitro cell viability and neural biocompatibility  

The cytotoxicity of the biomaterial was evaluated by incubation of hMSCs in contact with 

the HGs extracts (ISO 10993-5) and after encapsulating the cells in the HGs. The neural 

compatibility studies in PC12 cells were also conducted under contact with the HGs 
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extracts (ISO 10993-5) and by direct contact without HG extraction. hMSCs and rat 

adrenal PC12 cells were purchased from American Type Culture Collection (ATCC). 

hMSCs cells were cultured in D-MEM supplemented with 20% fetal bovine serum (FBS), 

100 μg/mL streptomycin and 100 U/mL penicillin and 10 ng/mL basic FGF. Rat PC12 

cells were cultured on collagen I-coated plate (Invitrogen, Waltham, MA) in RPMI 

medium supplemented with 5% horse heat-inactivated serum, 10% FBS, 100 μg/mL 

streptomycin and 100 U/mL penicillin. Both cell lines were incubated in a humidified 

atmosphere with 5% CO2, at 37 ºC.  

First, the functionalized 6 wt % HG, the hybrid system (6 wt % HG-NPs) and 6 wt % HA 

without functionalization were incubated in 4 mL D-MEM culture medium with 0.2 

mg/mL of hyaluronidase to extract the different components of the HGs. The samples 

were extracted with 0,2 mg/mL of hyaluronidase at 37 ± 1 °C for 24 ± 2 hours under 

magnetic stirring, and then the extracted solution was filtered through 0.22 μm millipore 

filters for sterilization. PrestoBlue and Live/dead assays were used to evaluate the 

cytotoxicity of different samples. Briefly, hMSCs cells were seeded in 96-well culture 

plates at a density of 3 × 103 cells per well. After the attachment of the cells, the culture 

medium in each well was removed and the cells were treated with the extracted solution 

from HGs. After the incubation for 24 h and 72 h, Presto Blue and Live/dead assays were 

performed. For PrestoBlue, 10 μL of the solution was added to each well and the plate 

was incubate for 3 hours in the dark at 37ºC. Finally, the absorbance of each sample was 

measured at 570 nm as the experimental wavelength and 600 nm as the reference or 

normalization wavelength. The cell viability was evaluated by the equation (2):  

Cell viability (%) = (ODhydrogel extracted solution – ODblank)/(ODcontrol – ODblank) × 100% (2) 

For Live/dead assay, cells were incubated for 30 min in the dark at RT.  

On the other hand, to study the toxicity after incubating the cells in the HGs, we assemble 

the hydrogel components with the cells in the back of a syringe, where they are gently 

mixed. The morphology and viability of encapsulated cells are analyzed with Live/dead 

after 24 h.  

Finally, to study neuronal compatibility, the PC12 cell line was treated with the extracts 

of the different HGs and by direct contact with them without any type of extraction. For 

the extract’s analysis, the cells were seeded in 96-well culture plates at a density of 3 × 

103 cells per well. The cells in contact with HGs were seeded in 24-well culture plates at 

a density of 2 × 104 cells per well. Cells treated with the extracts were analyzed by 

PrestoBlue assays at 24 and 72 hours and with Live/dead at 24 hours. On the other hand, 
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the cellular viability of the cells directly exposed to the different HGs was investigated 

after 24 hours of incubation by Live/dead assay.    

3. Results and discussion 

3.1 hGDNF modulates MSCs- gene expression  

To assess the therapeutic potential of combining hMSCs with hGDNF in the 

nanoreinforced HG and to explore the effect of the neurotrophic factor on MSC gene 

expression profile, RNA-seq was performed. In this regard, the whole-genome profile 

analysis showed differences in gene expression between treatments and control cells. 

hGDNF-up-regulated genes were related with gene ontology biological processes such as 

cell−matrix adhesion, positive regulation of MAPK cascade, ERK1 and ERK2 cascade 

and positive regulation of secretion by cells, among others (Figure S1. Supporting 

information). Interestingly, the up-regulation of MAPK-associated genes involved in 

plasticity and neurogenesis (Erp29, EGR1 and TGF-β) was observed (31,37–39). 

Moreover, ADM, a gene involved in the regrowth of neuronal processes, and GPR68 

gene, with neuroprotective function, were also upregulated (Figure 1A) (40,41). 

Similarly, Gantner et al. reported the potential of hGDNF to promote the integration of 

human neural grafts through the regulation of different signalling pathways and they 

showed that several MAPK-associated genes with known roles in plasticity such as EGR1 

and SPRY1 were up-regulated (31). Consequently, we performed a gene set enrichment 

analysis (GSEA) on the gene sets by Gantner et al. (31) to check and confirm their 

findings. The enrichment patterns are summarized in Figure 1B. The MAPK pathway 

genes and the up- and down-regulated gene set showed a significant enrichment pattern 

in our gene set thus confirming the previous observations (31). All these findings 

demonstrate the potential of hGDNF to modulate the plasticity of cell grafts based on 

hMSCs or hPSCs via the MAPK pathway and support the combination of hGDNF and 

hMSCs within our nanoreinforced HG. 
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Figure 1. Transcriptional profiling of hMSCs in the presence of hGDNF. A) Volcano plot displaying 

differential expressed genes between treated and non-treated hMSCs. The red dots represent the up-

regulated expressed transcripts. The green dots represent the transcripts whose expression is 

downregulated. Positive x-values represent up-regulation and negative x-values represent down-regulation. 

B) GSEA enrichment to compare models. The Running Enrichment score shows that MAPK pathway genes 

(yellow line) and the statistically up-regulated (red line) and down-regulated genes (green line) published 

by Gantner et al. [31] are enriched in the up and down-regulated genes of our model. 

3.2 Synthesis of HA-CD and HA-AD 

HA was functionalized with β-CD (host-moiety) and adamantane (guest-moiety) via 

nucleophilic substitution as previously reported (12). The specific synthetic routes of HA-

CD and HA-AD are depicted in Figures 2A and 2B. The preparation steps of the hybrid 
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system are represented in Figure 2C. The resultant HA-CD and HA-AD were freeze-dried 

and characterized by 1H-NMR spectroscopy. HA-CD and HA-AD were recovered as a 

spongy white solid with yields of 86.5 ± 3.4 % (n=4) for HA-CD and 68.7 ± 3.8 % for 

HA-AD (n=3). Modification of HA with pendant CD (10.6 ± 1.5 %) was determined by 

integration of the signal for the hydrogen on position 1 of CD (H1); (7 Hs, shaded blue) 

relative to the signal for N-acetyl singlet of HA (3 Hs, shaded red) (Figure S2. Supporting 

information). Modification of HA (40.3 ± 3.5 %) with pendant AD was determined by 

integration of the adamantane hydrogens (15 Hs, shaded blue) relative to the sugar ring 

of HA (10 Hs, shaded red) (Figure S3. Supporting information). A quantitative 1H-NMR 

was performed using a known amount of dimethylsulfone as standard (Figure S4. 

Supporting information) and the residual amount of TEA from the HA-AD synthesis was 

determined, resulting in 0.13 mg of TEA/mg HA-AD. 

Figure 2. Schematic illustration of the functionalization and synthesis of the hybrid system. A) HA 

functionalization with β-cyclodextrin through nucleophilic substitution. B) HA functionalization with 

adamantane through nucleophilic acyl substitution. C) Schematic illustration of the preparation of the 

hybrid system. 

3.3 Preparation and characterization of hGDNF-loaded NPs 

Monodisperse spherical particles were successfully obtained using TROMS (Figure 3A). 

The mean particle size measured by NTA was 208 ± 26 nm (n=4) (Figure 3B). The PDI 

average obtained by DLS was 0.13 ± 0.06 (n=4). The particle surface charge was analyzed 

by DLS after the freeze-drying process exhibiting a zeta potential of -22.8 ± 3.9 mV 

(n=4), which represents a stable colloidal system (42). The encapsulation efficacy was 58 

± 8%, which corresponds to a final loading of 0.41 µg of GDNF per mg of polymer. The 
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results were similar to those obtained for other GDNF-loaded MPs and NPs (43,44), but 

with the advantage of encapsulating hGDNF under milder conditions. SEM analysis 

showed that hGDNF-PLGA NPs were spherical in shape and confirmed that NP size 

distribution was uniform (Figure 3C). The release of hGDNF from the NPs was biphasic, 

with an initial burst release produced within the first 24 hours. After the initial burst 

produced by the release of hGDNF adsorbed on the particle surface (19.10 ± 3.5%), a 

sustained release was observed from day 1 to day 28 (50.6%), caused by drug diffusion 

through the PLGA. Finally, an increase in the rate of release was observed from day 28 

to 40 due to polymer degradation and 96% of the total hGDNF was released within the 

first 40 days (Figure 3D). These results were confirmed by measuring the remaining 

hGDNF content within NPs, showing a similar in vitro release profile (Figure S5. 

Supporting information). The percentage of residual PVA in the NPs was 8.6 ± 0.4%, 

which is several times lower than the values previously reported for PLGA-NPs prepared 

by a double emulsion method and represented a safe and acceptable quantity (34).  
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 Figure 3. Characterization of GDNF-loaded NPs prepared using TROMS. A) Schematic illustration 

of TROMS. B) NPs size determined by NTA. C) Scanning Electron Microscopy images showing the 

morphology of freeze-dried NPs. D) In vitro release profile of hGDNF from NPs by determination of the 

supernatant protein content. 

3.4 Preparation and characterization of the HGs (6 wt % HG and 6 wt % HG-NPs) 

3.4.1 Hydrogel preparation  

The HGs were formed by mixing aqueous solutions of the modified HA (HA-Cd and HA-

AD) (6 wt % HG) and PLGA-NPs (6 wt % HG-NPs). Importantly, NPs were non-

covalently immobilized in the HA-CD solution before mixing both components with the 

HA-Ad solution. The supramolecular assembly was instantaneous upon mixing. The NPs 

incorporation resulted in a homogeneous nanocomposite-HG with a soft and 

rubbery consistency.  

3.4.2 Determination of complex viscosity  

The analysis of the complex viscosity from a frequency sweep test is a useful tool for 

investigating the injectability of HG. This property is one of the most important 

requirements for minimally invasive surgery, particularly in tissue engineering and drug 

delivery applications [45]. Additionally, we can also determine if the HG has shear-

thinning properties. Importantly, for shear-thinning materials we expect 

a decrease in viscosity with the increase of the angular frequency (ω) (46). In our case, 
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the complex viscosity decreases as angular frequencies increase for both the 6 wt % HG 

and 6 wt % HG-NPs, indicating that both HGs are shear thinning, and are enabled by 

reversible cross-linking mechanisms (Figure 4A). Therefore, the viscosity profile 

suggests a high ability for both HGs to be injectable (Figure 4A).  

3.4.3 Amplitude sweep test  

We then use the storage modulus (G’) and loss modulus (G’’) to analyze the HG behavior 

and measure its strength. A slight dominance of G' was observed in the 6 wt % HG 

indicating that the sample behaves more like viscoelastic solid (G’ > G’’) than 

viscoelastic liquid (G’’ > G’). The differences between the two moduli are very similar 

and it cannot be stated that there is a clear superiority of elastic behavior over viscous 

behavior. The rheological tests showed a strengthening of the mechanical properties for 

the HG-NPs as previously demonstrated by embedding PLGA MPs into HA gels (47). It 

is worth mentioning that the combination of NPs and HG provided a more robust structure 

than empty HGs, which is demonstrated by a 4-fold increase in the G’ value (Figure 4B). 

The addition of NPs produced an important change in the viscoelastic properties of the 

sample (Figure 4B), increasing the solid-like character (G’ >> G’’). This change of 

behavior suggests that spherical NPs establish stronger interactions with the HA network, 

obtaining a solid-like material (48–51).  

3.4.4 Frequency sweep test 

Next, we investigated the behavior of the synthesized HG at both high and low 

frequencies using a frequency sweep test (52), which gives us an idea of the injection rate 

at which the HG should be injected. The 6 wt % HG behaves in a manner that is more 

elastic than viscous at high frequencies. At low frequencies, the results showed the 

opposite tendency. The 6 wt % HG-NPs show the same phenomenon but with some 

changes. Therefore, both HGs showed the typical behavior of shear-thinning materials. 

The values for the latter HG are notably higher and the transition point where the HG 

goes from a fluid-like (viscous) behavior (G’’ > G’) to a solid-like (elastic) behavior (G’ 

> G’’) occurs earlier (Figure 4C). Therefore, these HGs should be slowly administered, 

since this effect is more important for 6 wt % HG-NPs because they exhibit lower fluency.  

3.4.5 Evaluation of thixotropy behavior 

To evaluate the self-healing properties of the HGs a three-step oscillation method was 

performed. The ability of the HGs to recover their mechanical properties was investigated 

by studying the behavior of G’ at high and low strain values. The results were expressed 
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as a percentage of G’ recovery (Figure 4D). The recovery test showed that both HGs 

showed a fast decrease in G’ at high strain values, which were instantly recovered after 

cessation of the shear and the application of low strain values. This confirms the potential 

of the developed HGs to recover their mechanical strength upon injection (53). Therefore, 

the guest-host interactions together with the incorporation of NPs, are an effective 

strategy to achieve shear-thinning and self-healing HGs. 

3.4.6 Determination of the Young's modulus from indentation testing  

The biomaterial environment and mechanical properties have great relevance for the 

clinical success of cell therapies. Therefore, the mechanical properties of the material 

should be similar to those of brain tissue. In this sense, the brain is a soft tissue, with 

Young's modulus between 1-14 kPa in humans (54) and biomaterials with stiffness 0.1-

20 kPa are preferred to support neuronal cell proliferation (55). The stiffness of both HGs 

was analyzed by measuring Young's modulus from indentation tests (Figures 4E and F). 

The developed HGs showed a Young´s modulus of 1,22 ± 0.04 kPa (6 wt %) and 1.39 

±0.08 kPa (6 wt % HG-NPs). These values suggest potential compatibility with brain 

tissue and a suitable stiffness for neural differentiation (54,55). A higher Young's 

modulus was observed when the NPs were incorporated into the HG, which demonstrates 

the relevance of HG reinforcement with nanospheres as an effective strategy to modulate 

the matrix stiffness for the design of biomaterials for tissue engineering (Figure 4E) (51). 

3.4.7 Measurement of hydrogel injection forces 

Although the study of storage modulus, loss modulus and the analysis of the shear-tinning 

and self-healing behavior are suitable predictors of biomaterial injectability, the injection 

force is the most important parameter to conclude when a material is clinically valid for 

injection (52). Here, we quantitatively determined the injectability of the prepared HGs 

through a Hamilton syringe with a 27G needle. Figure 4G is a schematic of the 

manufactured holder. On the left, the external aspect of the holder is shown. The central 

area shows both the barrel at the bottom and the plunger at the top. On the right-hand 

side, the external aspect is displayed. 

The force to move the plunger was higher as the injection flow rate increased (Figure 

4H). In addition, there was a significant increase in the force required to inject the 

nanoreinforced material compared to the injection of the material without NPs. At a flow 

rate of 15 mm/min, the injection force required for a 6 wt % HG was close to 4.3 N while 

the injection force required for a 6 wt % HG-NPs was close to 4.8 N, 
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representing an increment of 10%. This difference was increased progressively to 16% 

for the fastest case studied (60 mm/min) (Figure 4H).  

The higher viscosity, storage and loss modulus, and the increment of the stiffness 

observed for the 6 wt % HG-NPs in the previous analyses involved a higher force to inject 

the biomaterial. In all cases, the forces were within the valid range for a clinical injection. 

Thus, materials with injection forces <20 N are potentially injectable at the clinical level 

(52). The highest force recorded in our study did not exceed 7 N, which indicate that the 

developed biomaterial is clinically injectable (Figure 4H). 

The HGs not only demonstrated good injectability when injected into the air but also 

when injected into a gelatin gel at 4% (52,56). Thus, the HG injections into the gelatin 

gel did not increase the force required for its administration, which confirms the excellent 

injection capability of the developed system (Figure 4I and 4J).  
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Figure 4. Evaluation of the rheological properties, mechanical stiffness and injectability of the HGs. 

A) Determination of complex viscosity through an oscillatory frequency sweep (from 0.15 and 100 rad s−1 

with a shear strain of 0.5%). B) Oscillatory strain sweep (from 0.1% to 100% and the frequency was kept 

at 10 s−1). C) Oscillatory frequency sweep (from 0.15 and 100 rad s−1 with a shear strain of 0 .5%). D) 

Analysis of thixotropy behavior by three-step cyclic strain time sweep. E) Determination of Young´s 

modulus using an indentation test. Young´s modulus was significantly increased by nanoreinforcement 

(***, p<0.001, unpaired t-test).  F) Schematic of the indentation used for the determination of Young’s 

modulus. G) Setup used to perform the injectability study. On the left, a cross-section is shown, and on the 

right one, the external aspect of the apparatus is shown. H) Determination of HG injection forces. I) 

Measurement of the force required to inject HGs in air and within 4% gelatine gels at 30 mm/min. J) 

Representative image of HA-HG-NPs injection on 4% gelatin gel. 
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3.4.8 Morphological analysis of the multifunctional hydrogels by SEM 

The morphological properties of the 6 wt % HG and 6 wt % HG-NPs were analyzed by 

SEM, which reveals the porosity and nature of the HG structure. All the developed HGs 

had a homogeneous surface and a porous interior structure. The pore size of all HGs was 

in the range of 10–20 μm (Figure 5A). The NPs were physically embedded and uniformly 

dispersed into the HG network in the nanoreinforced HG (Figure 5B). Importantly, the 

morphological analysis suggests a certain NPs absorption in the HG, which would induce 

higher friction between components. Therefore, these physical interactions seem to be 

responsible for the increment of all studied parameters (viscosity, storage modulus, loss 

modulus and the injection forces) (57,58). These results are consistent with previous 

studies, where polymeric NPs have been successfully incorporated within the hydrogel 

network to increase the crosslinked density and to obtain reinforced nanocomposite HGs 

(14,48,59). 

3.4.9 Degradation test of hybrid systems (6 wt % HG-NPs) 

The HG degradation influences the release rate of biomolecules from the hybrid system 

and therefore it is an important parameter to provide a controlled release of hGDNF (60). 

In this case, the 6 wt % HG-NPs was slowly degraded showing a partial degradation of 

42% after one week (Figure S6. Supporting information). Similarly, the carbazole assay 

demonstrated a linear rate of erosion over a period of 14 days (Figure 5C), which supports 

the idea that our drug delivery platform could influence drug release kinetics over a few 

weeks through its linear degradation (61). 

3.4.10 In vitro release study and bioactivity assay of hGDNF from hybrid systems 

(6 wt % HG-NPs) 

Despite the proven potential of hGDNF as a treatment for PD, its clinical application has 

been hampered by safety and efficacy issues associated with GDNF's short in vivo half-

life (62). As an alternative, hybrid systems such as nanoreinforced HGs may overcome 

this issue providing protein protection from degradation and sustained drug release over 

time (63). The release of hGDNF from the 6 wt % HG-NPs occurred in a sustained 

manner and the cumulative release rate reached 25.4 ± 4.5% in two weeks. The NPs 

incorporation into the HG allowed a more sustained release profile, as well as a significant 

reduction of drug release at two weeks (25% vs 36%) (Figure 5D). It is worth mentioning 

that the NPs incorporation into the HG considerably reduced the initial release burst from 

PLGA-NPs. Interestingly, similar results were previously reported with VEGF and 
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BDNF-MPs embedded in HA-HG (47). This effect may be due to the fact that the HG 

forms a cross-linked and porous matrix through the proteins that have to diffuse (47). 

Thus, the nanoreinforcement proved an effective strategy to improve not only the HG 

robustness but also to achieve a controlled drug release from the HG.  

On the other hand, the successful development of a strategy based on hGDNF-NPs 

embedded within an HA-HG requires the preservation of the biological activity of the 

neurotrophic factor through all the manufacturing processes. Therefore, the bioactivity of 

hGDNF released from the 6 wt % HG-NPs was evaluated using a PC-12 neurite 

outgrowth assay. PC12 cells, which possess the GFR α1 and RET receptors, change their 

phenotype and develop neurites after treatment with biologically active hGDNF, which 

is visualized by the sprouting of neurites (64,65). After 10 days of hGDNF exposure, 

PC12 cells acquired a phenotype associated with sympathetic neuron-like cells, which 

includes the inhibition of proliferation and the outgrowth of neurites (Figure 5E). 

Collectively, these results demonstrate that the neurotrophic factor remains bioactive after 

its encapsulation and release from the drug delivery platform.    



CHAPTER 2 

 
 

168 
 
 

Figure 5.  Morphological characterization and in-vitro evaluation of 6 wt % HG-NPs. A and B) The 

SEM analysis of freeze-dried HGs. The HGs showed pores with a size in the range of 10–20 μm (A) and 

(B) NPs appears physically embedded into HG network (C) In vitro erosion of the 6 wt % HG-NPs over a 

period of 15 days. D) Comparative cumulative release profile of hGDNF: NPs vs 6 wt % HG-NPs. The 

NPs incorporation into the HG produced a significant reduction of drug release at two weeks (***, p<0.001, 

paired t-test). E) Analysis of hGDNF activity in vitro. The 6 wt % HG-NPs were placed on milicell 

membranes, from which hGDNF was released in a sustained manner in the PC12 cell culture for 10 days. 

Then, the presence of neurites in the PC12 culture was analyzed. Representative images were taken with a 

phase-contrast microscope on day 10. On the left PC12 cells treated with hGDNF are depicted. On the 

right, the cells treated with 6 wt % HG-NPs are represented. Magnification: 20x. 
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3.4.11 Cell viability and neural biocompatibility  

HA is the major component of the brain extracellular matrix and has a valuable role in 

neural homeostasis. Precisely, HA influences different cell activities such as cell 

migration, proliferation and differentiation, among others (66). Nonetheless, due to the 

introduction of different modifications in the HA and the combination with PLGA-NPs, 

cell viability and neural biocompatibility were assessed.  

From a cell compatibility standpoint, PrestoBlue and Live/dead test revealed that survival 

rates for modified and nanoreinforced HGs were higher than 90% when compared to 

extracts of unmodified HA (Figure 6A). For encapsulated cells, Live/dead measurements 

showed a similar trend without differences in cellular morphology between groups 

(Figure 6B). These results confirm that the modifications performed in the HA and the 

incorporation of the NPs did not have a toxic character and therefore, the novel HGs 

would be safe.  

Further, the neural compatibility of the developed nanoreinforced HG was also studied in 

PC12 cells, a widely characterized neurotoxicology model (67,68). A notable increase in 

cell proliferation was observed in PC12 treated with the HG extracts at 24 and 72 hours 

(Figure 6C). The highest proliferation was observed at 24 hours for 6 wt % HG-NPs 

samples. Importantly, at 72h 6 wt % HG and 6 wt % HG-NPs extracts produced higher 

proliferation than the control sample of HA extract. The cells directly exposed to the 

different HGs did not show significant differences in morphology compared to control 

samples of HA and most of the PC12 cells were alive, indicating good cell compatibility 

(Figure 6D). These results are in good agreement with previous observations reported on 

HA-HGs combined with biodegradable NPs, where good biocompatibility with human 

umbilical cord endothelial cells (HUVECs) was also demonstrated (14).  
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Figure 6. In vitro cell viability and neural biocompatibility. A) Live/dead and Presto Blue assay of 

hMSCs cells treated with extracts according to the ISO 10993-5 for in vitro cytotoxicity. B) Live/dead 

assay of encapsulated MSCs within HGs. C) Live/dead and Presto Blue assay of PC12 cells treated with 

extracts according to the ISO 10993-5 for in vitro cytotoxicity. D) Live/dead assay of encapsulated PC12 

within HGs. 

4. Conclusions 

A nanoreinforced HG for the dual administration of hGDNF and hMSCs has been 

successfully prepared and characterized. The use of cells, neurotrophic factors and 

biomaterials in a single therapeutic strategy could have enormous potential in the 

treatment of neurodegenerative diseases such as PD, where a progressive loss of 

dopaminergic neurons occurs. Particularly, this work has successfully demonstrated the 

potential of this GDNF-based therapy to modify pathways related to neural survival and 

regeneration. Moreover, NPs incorporation in the HG enhanced the mechanical properties 

of the biomaterial compared to conventional HA gels. In summary, the suitable strength, 

excellent self-healing properties and good biocompatibility make this nanoreinforced HG 

a good candidate for drug and cell administration to the brain. 
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Figure S1. Gene ontology analysis clustering of upregulated genes in hMSCs culture 

exposed to hGDNF.  
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Figure S2. 1H NMR spectra of hyaluronic acid (HA) modified with cyclodextrin (CD) in 

D2O. Modification of HA with pendant CD (10.6 ± 1.5 %) was determined by integration 

of the signal for the hydrogen on position 1 of CD (7 Hs, shaded blue) relative to the 

signal for N-acetyl singlet of HA (3Hs, shaded red). 
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Figure S3. 1H NMR spectra of HA modified with adamantane (AD) in D2O. Modification 

of HA (40.3 ± 3.5 %) with pendant AD was determined by integration of the adamantane 

hydrogens (15Hs, shaded blue) relative to the sugar ring of HA (10Hs, shaded red). 
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Figure S4. 1H NMR spectra of HA-AD with dimethylsulfone in D2O. The residual 

amount of Triethylamine (TEA) resulting from the HA-AD synthesis was determined by 

integration of the methyl triplet of TEA (9Hs, shaded grey) relative to the singlet of  

dimethylsulfone (6Hs, shaded blue). 
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Figure S5. Cumulative release of hGDNF after NPs disruption with DMSO. 
 
 
  



CHAPTER 2 
 

 
 

185 
 

 
 

Figure S6. % Residual weight (RW) of 6% wt HG-NPs over seven. 
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I. PARKINSON´S DISEASE 
 
A summary of Parkinson´s disease history 

Parkinson's disease (PD) was first described more than 200 years ago as "An involuntary 

trembling movement, with diminished muscular power, in parts not in action and even 

when supported; with a propensity to bend the trunk forward and to pass from a walking 

to a running rhythm: the senses and intelligence are not injured". (1,2). This definition is 

from the monograph published by James Parkinson “An Essay on the Shaking 

Palsy (1817)” which represents his best‐known medical contribution (1,2). In this 

volume, the characteristic motor symptoms of the disease and the neurological character 

of this condition were described. Fifty years later, Jean-Martin Charcot provided new 

scientific evidence that allowed the establishment of the clinical and anatomopathological 

basis of PD (3). Since then, considerable technological and scientific advances have led 

to a better understanding of this disease (Figure 1). Many of these advances remain 

essential in the therapeutic management of PD. One example is the discovery of dopamine 

as the first effective therapy, which is currently the therapy of choice in the early stages 

of PD (3,4) (Figure 1). Other milestones, such as the first clinical trials with glial cell line-

derived neurotrophic factor (GDNF), the role of α-synuclein as a therapeutic target or the 

use of immunotherapy for PD represent important attempts to develop new therapies for 

PD (3,4) (Figure 1). However, even though the symptoms of 

PD can be managed effectively over a significant period, the challenge to determine the 

cause of PD and its cure remains.  

Parkinson´s disease: Epidemiology, Pathophysiology, and Management 

As already mentioned, PD was first medically defined by James Parkinson as a 

neurological syndrome in his work "Essay on the Shaking Palsy". For most of history, 

PD has been considered a rare disorder (5,6). Nevertheless, in less than two centuries PD 

has become a common disorder and the fastest growing neurological disorder in the world 

(6). Importantly, the global burden of PD has doubled in the past two decades (7). The 

incredibly fast advance of this condition makes it of paramount interest. Like a pandemic, 

this neurological disorder is spreading over wide geographical areas and is present in all 

regions of the world (6). The outlook is not encouraging: as the population ages and life 

expectancy increases, we expect the number of individuals with PD to double again in 

the next generation (8).  
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PD is characterized by the selective loss of dopaminergic neurons (DAns) in the 

substantia nigra pars compacta (SNpc) and the presence of Lewy bodies (LBs). From a 

therapeutic standpoint, the mainstay of PD management is the pharmacological 

substitution of dopamine using drugs such as dopamine agonists and levodopa (9). 

Unfortunately, this scenario cannot be dramatically improved with the available 

treatments, which are unable to slow down the neurodegenerative process. Therefore, the 

potential of a promising therapeutic tool where neurotrophic factor (NTFs), stem cells 

and drug delivery systems (nanoparticles (NPs) and HGs) are combined to bring about 

significant improvements in PD treatment will be discussed in the following sections. 

 

 
Figure 1. Schematic summary of the most relevant breakthroughs in PD history. 
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II. NEUROTROPHIC FACTOR THERAPIES FOR PARKINSON´S 
DISEASE 

NTFs are promising candidates for disease-modifying therapies in neurodegenerative 

disorders. Their functions are not only limited to neuronal protection but also restore 

neurons, promote neuronal arborization and sprouting of their neurites. They also 

contribute to the improvement of the functional activity of neurons (10,11). These 

properties support the efforts that have been made in both academic and industry settings 

to translate NTFs into drugs for PD treatment (10,11). Furthermore, these proteins have 

been extensively tested in several preclinical PD models, which have reportedly restored 

the morphology and function of the degenerated neurons (10,12). However, clinical trial 

results so far have been somewhat limited and have failed to demonstrate the efficacy of 

this approach. Several obstacles that may be linked to side effects and poor outcomes 

have been proposed: inadequate GDNF dosage and delivery regimens, application on 

late-stage PD patients, and the origin of the NTF (mammalian vs bacterial), among others 

(10,12,13). For example, high concentrations of NTFs inhibit the formation of functional 

oligomeric signaling complexes, elicit NTFs and receptor degradation in the short-term 

or promote the suppression of their receptor expression via various silencing mechanisms 

in long-term experiments (14,15). Many clinical trials were performed in PD patients 

under continuous infusion, but continuous overexpression or infusion probably induce 

negative effects in the DA system, such as downregulation of tyrosine hydroxylase (TH), 

production of aberrant sprouting and ectopic formation of synapses in the brain (7,10,16). 

Regarding delivery methods, NTFs have been usually administered systemically or 

directly into the brain through pumps or gene delivery with viral vectors (13). As already 

mentioned in the introduction, nanotechnology advances offer different alternatives to 

improve NTF delivery to the brain. Therefore, their use could lead to greater stability of 

NTFs in the body fluids and to the development of new vehicles able to cross the BBB. 

In addition, the NP-mediated delivery of NTFs to the brain could improve drug diffusion 

in the brain and its bioavailability to the target cells (13). Interestingly, the stage of PD at 

which the NTFs are administered is a key factor that should be examined in depth in 

future clinical trials (12). It is worth mentioning that PD is caused by progressive 

neurodegeneration, with the selective loss of most of the dopaminergic neurons of the 

SNpc within 4–5 years. Ideally, NTFs should be administered immediately after 

diagnosis, or preferentially even during the presymptomatic period to slow down this 



GENERAL DISCUSSION 

 
 

192 
 
 

neurodegeneration (11). However, NTF-based therapies have followed the opposite 

approach when investigated in clinical trials (11). Therefore, one of the hypotheses to 

explain the negative results of clinical trials with NTFs is that they were administered in 

late-stage patients (10,13,17,18). NTF origin can also influence the clinical trial outcomes 

and therefore, its importance will be discussed in more detail in the next section. 

Development of therapeutic proteins: Role of protein expression systems 

A mammalian host system is the preferred expression platform for the production of 

biotherapeutic proteins for humans (10,19). The post-transcriptional metabolic machinery 

of mammalian cells allows the expression of therapeutic proteins with a glycosylation 

pattern similar to native human protein (20,21). This results in higher quality and efficacy 

compared to non-glycosylated proteins produced in bacterial hosts (20,21). Moreover, 

GDNF of bacterial origin has lower stability and activity than GDNF produced in 

mammalian cells (13,22,23). This is demonstrated among others in a recent study that 

found that hGDNF from E. coli was less functional in the phosphorylation and MAPK 

signaling experiments than hGDNF from zebrafish (24). The lack of post-translational 

modifications of the protein or a lower percentage of correctly folded protein from the E. 

coli expression system could be the reason. The failed clinical trials investigating the use 

of hGDNF to treat PD patients used “r-metHuGDNF”, which is a recombinant protein 

expressed in E. coli (25,26). This topic is reviewed in Chapter 1 of this doctoral thesis. 

This chapter discusses the advantages of the expression of 

therapeutic proteins in mammalian cells and proposes an efficient methodology for 

producing highly glycosylated hGDNF like the endogenous one (Figure 2). In our system, 

the mammalian cell line BHK-21 was used. BHK-21cells have been largely used for the 

production of several recombinant proteins that are currently present in the market (i.e. 

coagulation factors VIIa and VIII) (27–29). These are highly complex recombinant 

proteins requiring post-translational modifications that can be provided by these 

eukaryotic cells (30). Indeed, our group has previously published some studies in which 

purified recombinant GDNF obtained from BHK-21 cells was microencapsulated in 

PLGA microparticles and administered to rats and monkeys. No anti-GDNF antibodies 

were detected in the serum of both treated animals, suggesting that the glycosylation 

pattern was close to the endogenous protein (31–33). Moreover, in additional studies from 

our group hGDNF was produced in electroporated BHK-21 cells using a Semliki Forest 

virus (SFV) expression vector. This recombinant hGDNF was highly glycosylated, 
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containing both N- and O-linked glycosylation sites, and was active, confirming its proper 

folding (33). Going further, some studies have reported a higher protein expression using 

biphasic temperature protocols (34–36). Therefore, in chapter 1 of this thesis, we 

increased the incubation temperature during the shut-off period from 33ºC to 37ºC to 

induce a higher expression of hGDNF. It has also been described that the cell culture 

conditions can influence the glycosylation pattern of recombinant proteins (37–39). By 

contrast, a study from Helder J. Cruz et al. (40) demonstrated that metabolic shifts do not 

influence the glycosylation patterns of a recombinant fusion protein expressed in BHK 

cells. They showed that the recombinant protein did not modify its glycosylation pattern 

when the composition of the culture medium was changed (40). Taking all these data into 

account and the fact that we are employing the same temperature during post shut-off 

period and the same culture medium used for Ansorena et al (33), it is very unlikely that 

the composition or the structure of the glycans of the hGDNF will be significantly 

impacted by the small change in the incubation temperature. Also noteworthy is that the 

proper folding of the protein is a necessary condition for hGNDF binding with the 

receptors that mediate its activity (family receptor α1 (GFR α 1), and the RET receptor 

protein tyrosine kinase) (41,42). Importantly, we demonstrate the bioactivity of hGDNF 

using a PC-12 neurite outgrowth bioassay. These cells, which possess the GFR α1 and 

RET receptors, change their phenotype and develop neurites in the presence of 

biologically active hGDNF (33,42). In this regard, misfolding proteins cannot bind to 

these receptors and thus, cannot induce the change of PC-12 phenotype. In our work, 

purified hGDNF induce neurite outgrowth in PC12 cells, being proof of its suitable 

folding and biological activity. Moreover, our protocol led to the production of almost 3-

fold more hGDNF when compared to the previously described method (33).  
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Figure 2. Schematic illustration of GDNF production method based on Semliki Forest virus vector. 

hGDNF and Parkinson's Disease: Is hGDNF enough? 

hGDNF is the most extensively investigated NTF in the context of PD. The therapeutic 

efficacy of hGDNF in mild and moderate neurotoxic animal models of PD has been 

extensively demonstrated (17). However, hGDNF showed weak neuroprotection when 

the nigrostriatal pathway lesion was severe and in α-synuclein overexpression models 

(11). This lack of effectiveness could be attributable to the factors described in the above 

section (Neurotrophic factor therapies for Parkinson´s Disease). In addition, the 

downregulation of RET and transcription factor Nurr1 could dramatically reduce the 

therapeutic efficacy of hGDNF in models based on α-synuclein overexpression (11,43). 

In contrast, a later study showed that the gene expression of the α-synuclein gene was not 

increased in sporadic PD and that, at least at the transcriptional level, GDNF signalling 

molecules such as Nurr1 and RET were not affected in sporadic PD (44). Moreover, α-

synuclein overexpression was not correlated with the downregulation of Nurr1 and RET. 

Therefore, the accumulation of α-synuclein would not block GDNF signaling in PD (44). 

Despite the unclear results in clinical studies, experts maintain that hGDNF remains a 

highly promising drug for the treatment of PD progression (45). Preclinical data are 

sufficiently robust, and we may not have been able to unlock the full potential of this 

protein in the context of human disease (45). In this field, novel alternatives such as new 

delivery systems (NPs and HGs) and hGDNF combination with stem cell-based therapies 
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should be explored to exploit the real potential of this neurotrophic factor for PD. These 

strategies are addressed in Chapter 2 of this thesis and will be discussed in detail in the 

next sections.  

III. CELL THERAPY FOR BRAIN REGENERATION  
 

Cell replacement therapies for Parkinson´s Disease: how could cell transplantation 
help? 
PD is characterized by a combination of motor and non-motor symptoms that gradually 

appears as a consequence of the selective death of DAns from the SNpc and the abnormal 

accumulation and aggregation of α-synuclein in the form of Lewy bodies (LBs) (46). 

Dopamine replacement therapy using levodopa and surgical treatment based on deep 

brain stimulation can only reduce the symptoms but cannot halt the disease progression. 

Due to the selective degeneration of DAns, cell transplant-based treatments provide an 

enormous potential for PD management (47). Since 1979, many studies have examined 

the potential of cell-based therapies to restore dopamine in the striatum and ameliorate 

PD motor deficits (48–53).  Overall, transplantation of fetal ventral midbrain tissue into 

the striatum of PD patients has provided the proof of principle that cell therapies can 

provide long-term clinical benefits (46). However, inconsistent results and side effects 

such as graft-induced dyskinesias were reported (46). Moreover, the fetal material 

showed notable limitations such as the high variability and the lack of possibility for its 

standardization to be transplanted (46,49,54). The phenotypic instability of the cells after 

passaging and the poor proliferation and survival observed after grafting the cells in the 

brain also contributed to the inconsistent results (55). Furthermore, from the ethical 

standpoint, the use of human embryonic stem cells as a cell source supposes the 

destruction of embryos and their use is not ethically sustainable. The ethical dilemma and 

the limitations of embryonic stem cell research have resulted in further investigations on 

alternative cell sources. Subsequently, two cell types have been proposed: DAns derived 

from human induced pluripotent stem cells (hiPS-DAns) and mesenchymal stem cells 

(MSCs) (47,48,56).  

hiPS are particularly attractive as a unique source of DAns. Furthermore, they represent 

a practical and ethically acceptable stem cell population (57). These cells are obtained 

from adult cells that have been genetically reprogrammed to a state similar to embryonic 

stem cells. The hiPS can be induced by introducing four transcription factors such as 

Sox2, Oct3/4, Klf-4, and c-Myc (58). Subsequently, hiPS cells can be differentiated into 
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DAns (hiPS-DAns) (59). The efficacy of hiPS-DAns transplantation has been 

demonstrated on several PD animal models. One study showed that hiPS-DAns grafts 

were successfully implanted in parkinsonian monkeys and showed remarkable 

improvements in PD scores, but a relatively low maturation rate was found and only 33.3 

± 24.4% of surviving cells expressed TH (60). In another study, an increase in the number 

of surviving TH+ neurons in the grafts was found using hiPS-DAns derived from a major 

histocompatibility complex (MHC) homozygous cynomolgus (61). In this regard, the 

poor survival of grafted neurons and the limited dopaminergic reinnervation in the host 

striatum remains a challenge (62). Importantly, the clinical application of hiPS is also 

limited due to its tumorigenicity (63). For this reason, scientists are developing new 

procedures for direct reprogramming that avoid the pluripotent state and reduce the 

tumor-initiating capacities.  

For PD studies, MSCs have been isolated from various neonatal and adult tissues 

highlighting bone marrow, adipose tissue, or umbilical cord (55,64,65). Regarding the 

mechanism of action of MSCs, several hypotheses have been proposed. First, human 

MSCs secretion includes protective neurotrophic factors, anti-apoptotic factors, growth 

factors, and cytokines into a damaged or inflamed area (55,66–68). Secondly, MSCs 

modulate hematopoiesis regulation and tissue regeneration by their paracrine signaling 

and multipotency, respectively (69). Thirdly, MSCs have the potential to independently 

migrate to the damaged area when introduced into the human body by different routes of 

administration (70,71). Furthermore, MSCs present low teratoma risk, low 

immunogenicity, a suitable profile for autologous transplantation (72), and their use is 

not limited by ethical issues (70,71). Currently, several clinical trials using MSCs for PD 

treatment are in progress (55), although low cell survival and engraftment have been 

reported (73,74). For example, a recent study has explored the survival of green 

fluorescent protein (GFP)-MSCs after its injection into the SN of mice (73). The MSC-

GFP-luciferase signal decreased by nearly 50% five days post-injection (73). Importantly, 

cell survival after transplantation is crucial for the efficacy of MSCs therapies and 

depends on a combination of mechanical, cellular, and host factors that must be carefully 

addressed (74,75).  

In summary, although hiPS-Dans and MSCs are promising candidates for cell-based 

approaches in PD, stem cell therapy is still in development, and the ideal scenario for 

clinical transplantation should be explored in the near future (76). Among other aspects, 
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novel approaches to enhance stem cell viability after transplantation are required to 

promote the efficacy of cell replacement therapies for PD (74).  

Cell and neurotrophic based therapies for brain regeneration (hiPS-DAns-hGDNF 
and hMSCs-hGDNF) 

Recently, the ability of hGNDF to promote the functional integration of DAns grafts has 

received great attention. A study published by Khazaei et al (77) showed that modulation 

of Notch signaling by hGDNF in transplanted hiPS-DAns increased their neuronal fate 

and improved their electrical integration independently of an effect on cell survival (77). 

Furthermore, a recently published study demonstrated the ability of hGDNF to increase 

the survival, plasticity, and functional integration of hiPS-DAns grafts, in a post-

transplantation-time dependent manner (78). Additionally, some recent studies have also 

demonstrated that the combination of hMSCs and hGDNF has a positive impact on motor 

recovery and dopaminergic function in the striatum of different PD models (6-

hydroxydopamine (6-OHDA), 1-Methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP), 

lactacystin and lipopolysaccharide (LPS) PD models) (79–84). Going a step further, a 

recent study showed that hGDNF is not only able to induce a positive effect on the 

viability and neural-like cell differentiation capacity of MSCs but could also contribute 

to the therapeutic effectiveness of MSCs-GDNF grafts in a 6-OHDA-lesioned mouse 

model (85). Therefore, we next investigate the ability of hGDNF to modulate gene 

expression in hiPS-DAns and hMSCs and its potential to regulate mechanisms involved 

in the survival and plasticity of these cells. 

The ability of hGDNF to modulate gene expression in hiPS-DAns was analyzed by RNA-

seq in the first part of chapter 2. The study of transcriptomic data revealed a remarkable 

potential of hGDNF to induce dynamic changes in the gene expression profile of hiPS-

DAns. Gene modulation was observed both at day 1 and 7 post-hGDNF-treatment, with 

important changes between days 1 and 7. In addition to a remarkable regulation of the 

transcriptome of hiPS-DAns, there was a positive regulation of functions directly 

involved in neuronal survival and development. Specifically, a significant activation in 

the neurite outgrowth biofunction was observed during hGDNF stimulation. Figure 3 

shows that hGDNF regulates the expression of different genes that promote the activation 

of neurite outgrowth and how their activation is increased after 7 days of treatment with 

hGDNF. In addition, hGDNF stimulation leads to the activation of many other important 

functions such as nerve tissue growth, number of neurons and axonal growth, among 
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others. These findings strongly support the neuroprotective role of hGDNF and its ability 

to stimulate the regenerative sprouting from spared axons in the partially denervated 

striatum of rodent and primate models of PD (17,32).  
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Figure 3. Comparative activation of growth of neurites between deregulated transcriptomes at day 1 

and day 7 in GDNF-stimulated hiPS-DAns.  

Furthermore, as described in this thesis, GDNF effects on the plasticity and survival of 

cell grafts could be derived from the modulation exerted by this neurotrophic factor on 
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the hiPS-DAns via the MAPK pathway. Interestingly, the positive effects were not 

limited to this, because hGDNF also contributed to the significant upregulation of TH 

expression on hiPS-DAns cultures (86). Importantly, we have confirmed the ability of 

hGDNF to promote the survival and plasticity of DA neurons, as well as to induce DA 

biosynthesis through the regulation of TH, WNT3, EN1 and FGF20 genes involved in 

DA metabolism. Therefore, our findings agree with previous studies, where hGDNF 

promoted the functional integration of DAn grafts and enhanced the DA system function 

(78,87). 

In the second part of chapter 2, the ability of hGDNF to modulate gene expression in 

hMSCs was also analyzed by RNA-seq. The transcriptomic data showed relevant changes 

in the gene expression profile of GDNF-treated hMSCs although the transcriptomic 

modulation was much less pronounced than in the case of hiPS-Dans. The hGDNF up-

regulated genes were related with gene ontology biological processes such as cell−matrix 

adhesion, positive regulation of MAPK cascade, ERK1 and ERK2 cascade and positive 

regulation of secretion by cells, among others. Interestingly, the up-regulation of ADM 

and GPR68 offer evidence in favor of the hGDNF role to stimulate neuronal remodeling 

process and neuroprotective functions (88,89).  

As stated before, GDNF effects on MSCs survival could be also modulated via the 

MAPK pathway. Specifically, the upregulation of several specific MAPK-associated 

genes involved in cell survival (Erp29, EGR1 and TGF-β) was identified in our study 

(90,91). According to the scientific literature, hGDNF bind to GFRα1 and mediate the 

activation of RET or the neural cell adhesion molecule (NCAM) (92–94). In our 

experiment, hMSCs expressed GFR1 and NCAM, but we did not detect RET expression. 

Therefore,  the hGDNF treatment can lead to MAPK pathway activation via 

GFRα1/NCAM signaling, independently of the presence of RET in hMSCs (94–96) 

(Figure 4). Collectively, these observations support the potential of hGDNF to enhance 

hMSC survival and differentiation via the MAPK pathway. 

 

 



GENERAL DISCUSSION 

 
 

201 

 

 

 

 

 

 

Figure 4. Non-RET signaling for hGDNF. GDNF/GFR alpha-1 stimulates NCAM leading to the 

activation MAPK signaling cascade. Adapted from Sariola et al.,2003  (94). 

Therefore, the beneficial changes observed in the transcriptomic profile of hiPS-DAns 

and hMSCs treated with hGDNF support their combination within our nanoreinforced 

HG. Finally, a novel approach to enhance the survival and integration of stem cell 

transplants in PD will be discussed in more detail in the following section.  
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IV. DRUG DELIVERY SYSTEMS FOR CELL AND 
NEUROTROPHIC BASED THERAPIES  
 
Nanoparticle-hydrogel system for hGDNF and hMSCs delivery 

Cell replacement strategies for PD are mainly limited by the low cell survival of 

transplanted cells and the lack of a desired regenerative action on neuronal circuits. A 

promising alternative to improve this scenario is based on the development of 

biomaterials capable of combining growth/differentiation factors and stem cells in a 

unique multifunctional system. This approach is aimed to form a matrix that enhances 

stem cell engraftment as well as the effective delivery of neuroprotective factors that exert 

a neuroprotective effect in PD. Currently, the unique mechanical properties of HG-based 

systems postulate them as ideal candidates to develop suitable vehicles for brain tissue 

engineering. However, there are some essential requirements that HGs must meet for 

brain regeneration, which are summarized in Figure 5 (97).  

Figure 5. Schematic overview depicting the desired features of HGs systems for brain regeneration.  

At present only a dozen HGs have been investigated in the context of PD to promote 

neuronal differentiation in vitro and to use in the delivery of drugs and stem cells into the 

brain (Table 1). Since HGs can provide spatial and temporal release of therapeutic agents, 

they have been proposed for dopamine administration (98). When this neurotransmitter 

was included in a dextran/gelatin HG, it was released for 2 weeks in hemiparkinsonian 
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rats achieving significant behavioral improvements (98). Furthermore, methacrylamide 

modified gelatin HGs has also been used for dopamine administration, demonstrating an 

enhancement of the neural differentiation in vitro (99). Among the limited examples of 

approaches in the HG field, thermosensitive injectable HGs and synthetic materials such 

as PuraMatrix have also been proposed to deliver drugs into the brain. A thermosensitive 

injectable HG based on the combination of poly (amidoamine) (PAA) and Poly(N-

isopropyl acrylamide) NIPAM polymers was effective in achieving striatal activin B 

release in a mouse PD model and in inducing long-term dopaminergic fibre protection in 

the striatum (100). In another study, dopaminergic axon guidance has been stimulated by 

semaphorin 3C released from PuraMatrix-HGs (101).  

In addition, going one step further, HGs have not only been investigated for the 

encapsulation of different drugs but also the delivery of NTFs alone or in combination 

with stem cells (Table 1). 
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Abbreviations: PNIPAM-PAA, Poly(N-isopropylacrylamide)-poly(amidoamine); GDNF, glial cell line-derived 

neurotrophic factor; DAns, Dopaminergic neurons; PD, Parkinson´s disease; HA, Hyaluronic acid. 

Specifically, hGDNF has been successfully loaded in collagen (102–104) or composites 

of poly(l-lactic acid)/xyloglucan scaffolds (105). The intra-striatal administration of a 

GDNF-enriched collagen HG demonstrated a significant enhancement of DAns graft 

survival and the striatal re-innervation in a rat model of PD (103,104). Interestingly, the 

functionalization of poly(l-lactic acid)/xyloglucan HG with hGDNF was also a useful 

approach to improve the engraftment of transplanted DAns in a mouse PD model 

Hydrogel 
Material 

Encapsulated 

drug 

Encapsulated 
cell 

Study of 
mechanical 
properties 

Results Ref 

Dextran/gelatin Dopamine --- --- -Dopamine release for 2 weeks. 
-Significant behavioural 
improvement in 
hemiparkinsonism rats. 

98 

Gelatin 
methacrylate 

Dopamine --- --- -Highly porous environment that 
supports neural stem cells grown 
in vitro. 
-Enhancement of neuron gene 
expression of TUJ1 and MAP2. 

99 

PNIPAM-PAA Activin B --- -Frequency-
dependent 
viscoelastic 
behavior. 
-Shear-thinning 
behavior. 
 

 

-Sustained release of activin B in 
the brain. 
-Induction of long-term 
protection of striatal 
dopaminergic fibres in a mouse 
model of PD. 

100 

PuraMatrix Semaphorin 3C --- --- In vitro stimulation of 
dopaminergic axon guidance. 

101 

Collagen GDNF DAns --- -Enhancement of DAns graft 
survival. 
-Striatal re-innervation in a rat 
model of PD. 

103,104 

Poly(l-lactic 
acid)/xyloglucan 

GDNF DAns -Determination 
of composition 
at which the 
elastic modulus 
matched the 
modulus of the 
rodent brain 
(1.0–3.0 kPa). 

-Graft improvement of 
transplanted DAns in a mouse 
model of PD. 

105 

Laminin GDNF DAns --- -Sustained release of GDNF and 
enhancement of graft plasticity. 
-Significant improvements in 
motor deficits at 6 months in a 
mice model of PD. 

106 

HA-Laminin --- --- -Solid-like 
behavior. 
-G′ ≫ G′′ 

Neurite extension in injured 
brains of rats. 

111 

Table 1. Investigated HGs designed to promote neuronal differentiation and for the delivery of drugs and 

stem cells for PD therapy. 
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(105).  More recently, a new laminin matrix functionalized with hGDNF has been found 

to enhance the human neural grafts into the brain of parkinsonian mice (106). 

Encouragingly, these studies showed that HG-based approaches offer a promising matrix, 

which provides a friendly environment and suitable protection to deliver drugs and to 

increase cell graft survival after transplantation. However, after careful evaluation of the 

above studies, we find few details regarding the mechanical properties of the investigated 

HGs. This point is essential to evaluate whether the biomaterials comply with the main 

requirements for brain applications. Therefore, a special emphasis was paid in this thesis 

to the mechanical characterization of the developed biomaterial (Chapter 2). Thus, the 

mechanical properties of the prepared scaffold will be discussed in detail in the following 

paragraphs. 

In this thesis, we proposed an easy and reproducible process to manufacture a 

nanoreinforced-HG as an ideal matrix to protect stem cells from the different stresses that 

they can suffer during transplantation. In addition, HG was supplemented with hGDNF-

loaded NPs to facilitate graft integration and functional recovery. The HG was fabricated 

with HA due to its biodegradable nature. Interestingly, HA has been extensively studied 

in terms of neuroregeneration (97,107,108) and its derived HGs are porous and with low 

immunogenicity. This natural compound was functionalized with CD and AD to improve 

its mechanical properties and to establish a guest-host interaction that would allow the 

HG assembly and reassembly after its injection (109). Generally, HGs can be prepared 

from interactions of different nature. In this regard, a general disadvantage of covalent 

cross-linking HGs is the non-reversible character of their interactions. On the other hand, 

structures derived from non-covalent interactions (physical interactions, including 

hydrogen bonds, electrostatic and hydrophobic attraction) presents injectability issues as 

a consequence of the prolonged time required to recover their structures after 

administration (109,110). In contrast, the guest-host HG that we propose offers precise 

control over the assembly, shear-thinning and reassembly processes (109). Going one 

step further, hGDNF-loaded biodegradable polymeric particles were incorporated with a 

two-fold aim: 1) to mechanically reinforce the HG and 2) to ensure the protection and 

sustained release of hGDNF. According to the requirements depicted in Figure 5, our 

nanoreinforced HG showed a thixotropy behaviour. In previous studies, Li et al (100) 

developed an activin B-loaded HG using PNIPAM and PAA polymers. They obtained a 

novel HG with self-healing properties but with lower storage moduli (G’) (100) than that 
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reported in our study (< 103Pa vs > 103 Pa). Another approach that has been investigated 

is the use of an HA-HG modified with laminin (111). This HG exhibited a solid-like 

behavior, but a lower mechanical stiffness than that obtained in our study. Importantly, 

the biomaterial environment and mechanical properties have great relevance for the 

clinical success of cell therapies. Therefore, the mechanical properties of the material 

should be similar to those of brain tissue. In this sense, the brain is a soft tissue, with 

Young's modulus between 1-14 kPa in humans (112,113). Additionally, it has been 

reported that low stiffness scaffolds (0.1-2kPa) promote stem cell differentiation into 

neurons (114–116). In chapter 2, we hypothesized that NPs incorporation could improve 

the mechanical properties of the system. In our case, the HG modifications and the NPs 

inclusion were effective to obtain a mechanical reinforcement. The Young´s modulus of 

our biomaterial was 1.39 ±0.08 kPa. This is the first report where a nanoreinforcement 

approach has been successfully used to improve the mechanical stiffness of HA-HGs for 

brain administration. In consonance with previous studies, the Young´s modulus value is 

compatible with neuronal differentiation and brain tissue (114–116). Interestingly, the 

mechanical improvement of our scaffold was accompanied by an excellent injectability 

through small diameter needles (27G). The values were below 7 N, being 20N the limit 

force for clinical injections (117). Notably, SEM images showed a porous structure 

scaffold and an adequate mesh pore size to favor hMSCs survival (118–120). On the other 

hand, the developed system showed an excellent ability to slow down hGDNF release 

compared to NPs alone, and additionally, it was able to maintain the activity of the 

therapeutic protein. Furthermore, these modifications did not compromise the HG 

compatibility with hMSCs and PC12 cells, suggesting an adequate safety profile for in 

vivo administration. Therefore, this multifunctional scaffold fulfilled each of the 

requirements depicted in Figure 5.  

Reported studies considering HGs enriched with stem cells have proven their interest in 

many different tissue engineering applications, including neural tissues, blood vessels, 

cardiac tissue, liver and cartilage (121,122). Nevertheless, the field is in its infancy and 

the work included in this thesis has some challenges and limitations that need to be 

addressed. For instance, many aspects related to the industrial production of these 

advanced biomaterials should be considered. For example, the addition of drugs or cells 

to the HGs required a large and careful homogenization process that can be complex and 

time-consuming (123). However, it represents a key parameter for maintaining the 
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viability and function of encapsulated therapeutic agents (123). Therefore, new systems 

able to combine bioactive molecules and HGs while maintaining their activity will be 

crucial for the clinical future of HG-based therapies.  

Besides this, further studies are necessary to assess the brain compatibility and the in vivo 

efficacy of the system. Furthermore, this thesis has addressed the compatibility of the 

developed system with hMSCs cells. Additionally, it would be interesting to test its 

combination with hiPS-DAns. Meanwhile, a recent study has reported a similar strategy 

with an HG-based therapy where hiPS-DAns and hGDNF have been combined to be 

administered in PD mice. The sustained administration of hGDNF improved the graft 

plasticity and promoted significant improvements in motor deficits at 6 months 

(106). Therefore, this study supports the potential of combining hGDNF and hiPS-DAns 

grafts in a single HG for PD therapy. Moreover, having seen the therapeutic potential of 

combining hGDNF with hiPS-DAns and hMSCs, and observed that these cells act 

through different mechanisms, we might consider that combining both stem cells into a 

single therapy could improve the efficacy of cell replacement therapies for PD.  

Interestingly, 3D printing technologies in combination with stem cells and drugs can 

provide an attractive solution to develop complex tissue-engineered in vitro 3D models 

for preclinical drug screening (123,124). In line with this, HGs have been proposed as a 

natural choice of bioink materials for cellular 3D bioprinting (123). Furthermore, HGs 

can provide a highly hydrated and permeable 3D polymeric structure that promote cellular 

anchorage and metabolic activities (125). Preliminary results with our nanoreinforced HG 

have shown that our biomaterial presents good printability and a stable post-printed 
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morphology (Figure 6). Hence, further studies should explore in-depth its real potential 

as bioink.  

Figure 6. 3D bioprinting of nanoreinforced HG with Regemat 3D.  

In summary, the excellent features of the biomaterial developed in this work, together 

with the demonstrated potential of hGDNF to promote the survival and integration of 

hMSCs or hiPS-DAns, provide a powerful therapy with unique properties to treat PD. 

Finally, it is worth mentioning that there are no ongoing clinical trials combining cell 

therapies (clinical trial identifiers: NCT02452723, NCT03119636, NCT02184546, 

NCT03684122, NCT03550183, NCT04064983, NCT04506073) with hGDNF treatment 

(NCT04167540, NCT01621581). However, we envision that a combination of 

biomaterials and NTFs, together with cells, might lead to a breakthrough in the 

development of an effective therapy capable of alleviating neuronal degeneration and 

halting disease progression.  
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The main objective of this thesis was to design and develop an advanced multifunctional 

drug delivery system that combines glial cell line-derived neurotrophic factor and stem 

cells in a nanoparticle-modified hydrogel for application in Parkinson’s Disease. Based 

on all the studies performed, the following can be concluded: 

 
 

1. The glial cell line-derived neurotrophic factor was successfully expressed and 

purified using a production method based on Semliki Forest virus vector. The 

previously published expression method was modified using a biphasic protocol 

that increases cell culture temperature during the shut-off period. Under the 

optimized conditions, the production of a highly pure glycosylated glial cell line-

derived neurotrophic factor was almost 3-fold more efficient compared to the 

previously published method. Moreover, a PC-12 neurite outgrowth bioassay 

demonstrated the proper folding and bioactivity of the purified protein. 

 

2. Beneficial changes were observed in the transcriptomic profile of dopaminergic 

neurons derived from human induced pluripotent stem cells and human 

mesenchymal stem cells treated with the glial cell line-derived neurotrophic 

factor. Transcriptional changes related to cell survival, plasticity and dopamine 

biosynthesis were found in dopaminergic neurons derived from human induced 

pluripotent stem cells. Additionally, the upregulation of genes involved in 

plasticity, neurogenesis, the neuronal remodelling process and neuroprotective 

functions were found in human mesenchymal stem cells treated with the 

neurotrophic factor. All these findings support the combination of glial cell line-

derived neurotrophic factor and these stem cells within our nanoreinforced HG. 

 
3. Poly (lactic-co-glycolic acid) nanoparticles were successfully prepared using 

TROMS® technology, obtaining a homogeneous population with a mean size of 

208 ± 26 nm and a negative Z potential. The neurotrophic factor was successfully 

encapsulated into poly (lactic-co-glycolic acid) nanoparticles obtaining high 

encapsulation efficiencies. The polymeric nanoparticles provided a gradual 

sustained released of the glial cell line-derived neurotrophic factor for 40 days. 

Moreover, the neurotrophic factor maintained its bioactivity during the entire 

encapsulation process. 
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4. A multifunctional hydrogel made up of hyaluronic acid modified with β-

cyclodextrin and adamantane and reinforced with poly (lactic-co-glycolic acid) 

nanoparticles was successfully designed for potential brain delivery of the glial 

cell line-derived neurotrophic factor and stem cells. The developed hydrogels 

showed a Young’s modulus which supports their use in brain tissue engineering 

applications and the neural differentiation of stem cells. Moreover, the 

synthesized hydrogels showed good injectability. The incorporation of the 

nanoparticles in the hydrogel enhanced the mechanical properties of the 

biomaterial compared to conventional hyaluronic acid hydrogels.  

 
5. The incorporation of nanoparticles in the hydrogel allowed a more sustained drug 

release profile compared to the neurotrophic factor release from nanoparticles not 

included in the hydrogel. The glial cell line-derived neurotrophic factor remained 

bioactive after its incorporation into the hydrogel and, therefore, the 

nanoreinforcement also proved to be a successful approach to protect the 

neurotrophic factor from degradation. 

 
6. The modifications made in the hyaluronic acid and the incorporation of the 

nanoparticles did not have a toxic character and the novel hydrogels demonstrated 

good compatibility with hMSCs and PC12 cells.  
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Abstract 

Treatments aiming to stop the progression of brain-related disorders are often nonspecific 

and focused on the resolution of short-term symptoms. Moreover, the delivery of 

therapeutics across the blood-brain barrier represents another limiting challenge in the 

treatment of these diseases. Hybrid nanosystems (HNs), defined as the combination of 

inorganic and organic compounds in a single nanocarrier, offer a new generation of 

multifunctional nanoparticles with superior biological and structural properties. HNs 

could contribute not only to the design of more effective therapies for brain disorders but 

also to the development of new theragnostic strategies that combine therapeutic and 

diagnostic functions in a single system.  

This chapter aims to give an overview of the enormous possibilities offered by HNs 

providing better diagnostic imaging agents, biosensors to detect specific biomarkers and 

enhanced targeted therapies for brain disorders. The focus lies on HNs made of an organic 

component in which an inorganic compound is loaded, and on formulations constituted 

by an inorganic core functionalized with an organic element. The main limitations, future 

perspectives and the necessity to evaluate its potential on more relevant in vivo models 

are also discussed. Specifically, HNs based on inorganic nanomaterials loaded within 

organic matrices are playing an important role in brain cancers. Metals as imaging agents 

and cytotoxic drugs have been predominantly combined for simultaneous imaging and 

treatment of glioma. Furthermore, an enhanced NP tumor accumulation can be obtained 

by the application of an external magnetic field directed to the tumor site due to the 

inherent magnetic properties of these systems. HNs constituted by an inorganic core 

coated with functional molecules have also allowed the development of promising 

diagnostic and theragnostic tools for the application in brain tumors. On the other hand, 

HNs could contribute to stop the progression of diseases such as Parkinson’s or 

Alzheimer‘s diseases, as well as provide new techniques that would make possible an 

earlier diagnosis of these neurodegenerative pathologies. 

Finally, HNs are currently being investigated for the visualization and treatment of 

ischemic areas of the brain with the aim of achieving an effective reduction of the brain 

infarcted regions. The evidence found in a large number of studies confirm that HNs are 

one of the most promising approaches in the quest for new diagnostic and therapeutic 

alternatives in brain-related disorders.



                                                                                                       

  

 




