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a b s t r a c t 

Cell therapy is a promising strategy for treating neurological pathologies but requires invasive methods to 

bypass the blood–brain barrier restrictions. The nose-to-brain route has been presented as a direct and 

less invasive alternative to access the brain. The primary limitations of this route are low retention in 

the olfactory epithelium and poor cell survival in the harsh conditions of the nasal cavity. Thus, using 

chitosan-based hydrogel as a vehicle is proposed in this work to overcome the limitations of nose-to- 

brain cell administration. The hydrogel ̓s design was driven to achieve gelification in response to body 

temperature and a mucosa-interacting chemical structure biocompatible with cells. The hydrogel showed 

a < 30 min gelation time at 37 °C and > 95 % biocompatibility with 2D and 3D cultures of mesenchy- 

mal stromal cells. Additionally, the viability, stability, and migration capacity of oligodendrocyte precursor 

cells (OPCs) within the hydrogel were maintained in vitro for up to 72 h. After the intranasal adminis- 

tration of the OPCs-containing hydrogel, histological analysis showed the presence of viable cells in the 

nasal cavity for up to 72 h post-administration in healthy athymic mice. These results demonstrate the 

hydrogel’s capacity to increase the residence time in the nasal cavity while providing the cells with a 

favorable environment for their viability. This study presents for the first time the use of thermosensi- 

tive hydrogels in nose-to-brain cell therapy, opening the possibility of increasing the delivery efficiency 

in future approaches in translational medicine. 

Statement of significance 

This work highlights the potential of biomaterials, specifically hydrogels, in improving the effectiveness of 

cell therapy administered through the nose. The nose-to-brain route has been suggested as a non-invasive 

way to directly access the brain. However, delivering stem cells through this route poses a challenge 

since their viability must be preserved and cells can be swept away by nasal mucus. Earlier attempts 

Abbreviations: CS, Chitosan; SA , Succinic acid; FA , Ferulic acid; GP, Genipin; SA-CS, Succinic acid-grafted chitosan; SA/FA-CS, Succinic and ferulic acid-grafted chitosan; 

SA/FA-CS-GP, Succinic and ferulic acid-grafted chitosan crosslinked with genipin; WJ, Wharton’s Jelly; iPS-OPCs, Induced pluripotent stem cell-derived oligodendrocyte pre- 

cursor cells; EGFP-iPS-OPCs, EGFP-expressing iPS-OPCs. 
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. Introduction 

Over the last few years, the potential of cell therapy has been 

idely demonstrated for neurological disorders [ 1 ]. Cell therapy 

as been shown to provide neuroprotection through diverse mech- 

nisms, such as immunomodulation, neuromodulation, scavenging 

f toxic metabolic byproducts, secretion of growth factors, and nor- 

alization of metabolic pathways [ 1 , 2 ]. Among the most employed 

ells for such disorders are mesenchymal stromal cells (MSCs), 

hich can be obtained from different sources, such as bone mar- 

ow, dental pulp, or adipose tissue. MSCs can be easily obtained 

nd exhibit low immunogenicity, leading to their extensive eval- 

ation in preclinical studies and clinical trials [ 3 ]. Other types of 

ells can also be used for specific purposes, for example, oligoden- 

rocyte precursor cells (OPCs) are effective in enhancing remyeli- 

ation in the brain and spinal cord and promoting oligodendrogen- 

sis [ 4–6 ]. One of the limitations of cell therapy targeting the cen- 

ral nervous system (CNS) is the presence of the blood-brain bar- 

ier (BBB), which restricts access to systemically administered sub- 

tances, including cells. To bypass the BBB, local administration can 

e performed through invasive methods, such as intracerebral and 

ntrathecal injections. Alternatively, the intranasal route has been 

tudied and shown to facilitate cell access to the CNS [ 7 ]. 

Studies of intranasally administered cell therapy have shown 

romising preclinical results for neurological disorders [ 8 ]. How- 

ver, the therapeutic effectiveness of the administered cells may be 

ompromised by mucociliary clearance and cell viability loss due 

o the harsh conditions of the nasal mucosa. Therefore, it is im- 

erative to design vehicles for nose-to-brain cell delivery that can 

rovide cells (stem, adult, or pluripotent) with a protective envi- 

onment and enhance their interaction with the nasal mucosa to 

ncrease cell retention. These vehicle formulations must promote 

ucopenetration, allowing cells to pass through the nasal mucus 

nd adhere to the olfactory epithelium, thereby minimizing clear- 

nce [ 9 ]. 

The use of mucoadhesive polymers, such as chitosan (CS), has 

een proposed in drug delivery to increase the residence time 

t the mucosal surface and facilitate the permeation of various 

rugs into the CNS [ 10 ]. CS is a bioactive polymer, composed of D-

lucosamine and N-acetyl-D-glucosamine, that has become one of 

he preferred natural polymers in many fields [ 11 ]. It possesses in- 

rinsic properties like biocompatibility and biodegradability, along 

ith antimicrobial, antioxidant, antitumoral, and wound healing, 

aking CS a versatile and popular ingredient for biomedical ap- 

lications [ 12 ]. Particularly, the interest in CS and its derivatives 

or nose-to-brain applications has increased due to its penetration 

nhancement ability and mucoadhesive capacity, complemented by 

ts tunable controlled release and capability to penetrate the BBB 

 13 ]. Consequently, different CS-based delivery systems have been 

eveloped for nasal drug delivery, such as nanoparticles, hydrogels, 

nd nanolipid-based hydrogels [ 14–16 ]. The mucoadhesive capacity 

f CS has been attributed to electrostatic interactions between pro- 

onated amino groups and negatively charged sialic acid moieties 

n mucin [ 17 ]. However, the solubility and mucoadhesive strength 

f CS are limited at physiological pH [ 18 ]. This limitation can be

ounteracted by substituting functional groups in the molecular 

tructure of CS. Commonly, the primary amine at C-2, primary hy- 
158
shown low efficiency, but still hold promise to the future. The hydrogels

ovide stem cells with a biocompatible environment and adhesion to the

sful migration of viable cells to the brain. 

 The Author(s). Published by Elsevier Ltd on behalf of Acta Materialia Inc.

This is an open access article under the CC BY-NC-ND license

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 

roxyl at C-6, and secondary hydroxyl at C-3 are used for graft- 

ng substituents to provide CS with new properties [ 19 ]. There- 

ore, functionalization has become a key strategy to overcome the 

imiting features of CS for nasal administration [ 18 ]. Both covalent 

nd non-covalent functionalization methods are used, with cova- 

ent methods producing more stable products [ 20 ]. Although many 

olecules have been employed as substituents for CS functional- 

zation, dicarboxylic acids ( e.g. succinic acid, SA) have significantly 

mproved the biomaterial’s functional properties [ 21 , 22 ]. It is im- 

ortant to consider that functionalizing CS will not only modify 

ts chemical and mechanical properties but also modulate its bi- 

logical behavior. Functionalization of CS with molecules selected 

or their biological activities, such as hydroxycinnamic acids ( e.g. 

erulic acid, FA), has resulted in products with enhanced biolog- 

cal properties and increased applicability in the biomedical field 

 20 ]. 

In this study, chitosan (CS) is functionalized with succinic and 

erulic acids to create a thermosensitive hydrogel designed as a 

ehicle for nose-to-brain cell therapy. The hydrogel is formulated 

y incorporating genipin to achieve rapid gelation (under 30 min) 

n response to body temperature, along with a mucosa-interacting 

hemical structure that is biocompatible with cells. The primary 

bjective is to develop a biocompatible vehicle that provides a 

rotective microenvironment for cells in the nasal cavity and en- 

ances mucopenetration, applicable to various models of neurolog- 

cal pathologies. Biocompatibility is assessed using 2D and 3D cell 

ultures, and in vivo intranasal administration is tested in athymic 

ice. While this study does not include a therapeutic evaluation, it 

emonstrates for the first time the feasibility of using hydrogels for 

ose-to-brain cell therapy by proving their biocompatibility, cell- 

igration capacity, and cell-retention ability in the nasal atrium, 

s well as observing evidence of cell presence in the brain using 

ransfected markers or immunohistochemistry. 

. Materials and methods 

.1. Materials 

CS ( < 75 % deacetylation degree; > 75 % purity) of two molecular 

eights: low molecular weight (LMw; 50–190 kDa) and medium 

olecular weight (MMw; 190–375 kDa); (E)-3-(4–hydroxy-3- 

ethoxyphenyl)prop–2-enoic acid (FA; > 98 % purity), butanedioic 

cid (SA; > 99 % purity), N-(3-Dimethylaminopropyl)-N′ -ethyl car- 

odiimide hydrochloride (EDC), 4-Dimethylaminopyridine (DMAP), 

,N-Dimethylformamide (DMF), Dimethyl sulfoxide (DMSO), acetic 

cid, genipin, sodium bicarbonate, and ninhydrin were obtained 

rom Sigma (France). Phosphate Buffer Saline (PBS) was obtained 

rom Gibco (Spain). Wharton’s Jelly (WJ) was obtained from Histo- 

ell (GAGs extract; Ref. CC036). 

For MSCs culture, Dulbecco’s Modified Eagle Medium (DMEM/F- 

2), Fetal Bovine Serum (FBS), and Anti-Anti were obtained from 

ibco (Spain), and cell culture-treated T75 flasks were obtained 

rom Corning. For induced pluripotent stem cell-derived OPCs (iPS- 

PCs) culture, Human Oligodendrocyte Progenitor Cells iPC derived 

ulture (Non-Viral) Growth Media with Serum and Antibiotics, 

nd Human Oligodendrocyte Progenitor Cells iPC derive Culture 

Non-Viral) Extracellular Matrix T75 Flasks were obtained from 

http://creativecommons.org/licenses/by-nc-nd/4.0/
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Fig. 1. Expected molecular structure from functionalized CS. Products of Step 1 (A) and Step 2 (B) reactions. ∗Succinic acid could bind to primary hydroxyl function due to 

the addition of DMAP catalyst, depending on substituent concentration. ∗∗Due to its dicarboxylic nature, succinic acid may also bind by its two ends, leading to a crosslinking 

between polymeric chains. 
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elprogen (Netherlands). For cytotoxicity assays, MTT (ScienCell) 

nd Live/DeadTM Cell Imaging (Invitrogen, Thermo Fisher Scien- 

ific) kits were used. ECM-gel® was obtained from Sigma-Aldrich 

France). 

.2. Chitosan functionalization 

CS was functionalized with SA and FA as previously reported 

 23 ]. Briefly, CS was dissol ved in 1 % (v/v) acetic acid to a final con-

entration of 1.2 % (w/v). Functionalization occurred in two steps, 

ith SA grafted first, followed by FA ( Fig. 1 ). 

In Step 1, SA was mixed with EDC (10 % excess relative to the 

ubstituent) and, when indicated, DMAP (5% mol) in DMF (10 % v/v 

f the reaction volume). This mixture was added to the CS solution 

nd incubated for 17 h at 30 °C with constant stirring. The product, 

A-grafted CS (SA-CS), was recovered by precipitation with 96 % 

thanol ( Fig. 1 A) 

In Step 2, SA-CS was dissolved in 1 % (v/v) acetic acid. FA and

DC (10 % excess relative to the substituent) were mixed in DMF 

10 % v/v of the reaction volume) and added to the SA-CS solu- 

ion. DMAP was not used in this step. The reaction was incubated 

or 3 h at 30 °C with constant stirring. The final product, SA and

A-grafted CS (SA/FA-CS), was precipitated and washed three times 

ith 75 % ethanol ( Fig. 1 B). 

Different ratios of the substituents to CS’s free amines (0.25:1, 

.5:1, 1:1, and 2:1) were evaluated to assess the degree of func- 

ionalization under the reaction conditions used. The employed ra- 

ios for each step and the obtained amine substitution degree are 

ummarized in Table S1. 

.2.1. Selection of the substituent’s concentration in functionalized 

hitosan 

LMw CS functionalization reaction was performed up to Step 1 

o evaluate different SA:CS’s free amine ratios over the function- 

lization degree and solubility in 1X PBS at pH 7.2. The employed 

A:CS ratios were: 2:1, 1:1, and 0.5:1. Changes in solubility were 

tudied by turbidimetry [ 24 ], where 10 mg of vacuum-dried SA-CS 

ere incubated with 1 mL of PBS at room temperature for 30 min. 

amples were mixed by pipetting and 0.2 mL were placed into a 

6-well plate. Absorbance was measured at 400 nm using a spec- 

rophotometer (FLUOstar Omega, BMG Labtech). 
159
.3. Formulation of the thermosensitive hydrogel 

The components employed for the thermosensitive hydrogel 

ormulation were selected according to previous reports where 

enipin is employed for CS crosslinking [ 25 , 26 ], also, consider- 

ng the conditions for keeping cell viability. The composition of 

he formulation consisted of SA/FA-CS, PBS, sodium bicarbonate, 

enipin dissolved in DMSO, and water. The formulation was opti- 

ized through variations in the component’s proportions, in search 

f solubility, a short gelation time, and biocompatibility with 

SCs. 

.3.1. Gelation time 

A reaction buffer consisting of 0.5X PBS plus 0.14% w/v sodium 

icarbonate was prepared, where 0.5 M HCl was used to adjust 

H to 7.2 or 6.5 values. Gelation time was evaluated at differ- 

nt concentrations of MMw SA/FA-CS (2 %, 4 %, 8 %, and 12% 

/v) dissolved in pH 7.2 reaction buffer, and to varying concen- 

rations of genipin in DMSO (0.01, 0.05, 0.1, and 0.2% w/v genipin 

ith 1 %, 5 %, 10 %, and 20 % v/v DMSO). The sol–gel transi-

ion was determined by the inverted tube test [ 15 ], The 1.5 mL

ubes containing 0.5 mL of the sample mixtures were incubated in 

 water bath at 37 °C. The bath temperature was controlled em- 

loying a hotplate stirrer (RT2 Advanced Hotplate Stirrer, Thermo 

cientificTM ) with a temperature probe (PT100, SN-8-4 connector 

ensor, Thermo ScientificTM ). Every 5 min the samples were briefly 

aken out of the bath and checked by tilting the tubes. Gelation 

as recorded when no flow was observed within the tilted test 

ubes. 

Gelation time was also determined for the selected formulation, 

onsisting of 2% w/v of LMw SA/FA-CS in reaction buffer at pH 6.5 

nd 0.01 % genipin. 

.3.2. Wharton’s Jelly addition 

WJ 2.5 % (w/v) was prepared in 0.5X PBS. Then, the WJ solution 

as incorporated into the thermosensitive hydrogel formulation to 

 final concentration of 0.5 % (w/v). 

.4. Product characterization 

SA/FA-CS and the thermosensitive hydrogel underwent vacuum 

rying, using a laboratory desiccator at room temperature until 
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ry powder was obtained. Dry powder samples were employed for 

roduct characterization through amine content determination. For 

TIR and NMR analysis, samples were lyophilized at −80 °C and 

.007 mbar for 24 h (Lyophilizer HT 40, Beijer Electronics). 

.4.1. Amine content determination 

The quantification of free amine content in the functional- 

zed chitosan products was determined by ninhydrin assay using 

he modified method reported by Curotto and Aros in 1993 [ 27 ]. 

A/FA-CS was dissolved in 1 % (v/v) acetic acid, through 30 s of 

ortexing. Then 0.05 mL of 4 M acetate buffer (pH 5.5) and 0.2 mL 

f ninhydrin solution (50 mg/mL in DMSO) were added to the 

ample solution (0.05 mL) and mixed. The reaction solution was 

eated to 100 °C for 20 min, then cooled to 25 °C and immedi-

tely placed into a 96-well plate. The absorbance was measured 

t 570 nm with a microplate spectrophotometer (FLUOstar Omega, 

MG Labtech) and the obtained data was correlated with unmod- 

fied CS. The percentage of amine functionalization was indirectly 

alculated and relativized from the amine content determination, 

onsidering LMw CS as the 100 % of amino groups. 

.4.2. FTIR 

Infrared spectra were recorded using a Thermo Nicolet 

vatar 360 FTIR System. Before analysis, the samples underwent 

yophilization, followed by grinding with KBr powder. These pre- 

ared samples were then pressed into disc pellets for thorough 

nalysis. The infrared spectra were scanned at room temperature 

ver the range of 40 0 0 to 40 0 cm−1 in% transmittance mode, em-

loying 32 scans and a resolution of 4.0. The spectra were analyzed 

n the OMNIC 7.1 software (Thermo Fisher Scientific). 

.4.3. NMR 

Solid-state 13 C NMR spectra of functionalized CS were obtained 

sing a Bruker Avance III WB400 spectrometer with 4 mm zirconia 

otors spun at magic angle in N2 at 10 kHz. Cross-polarization 1 H–
3 C spectra were measured using a 1 H π /2 pulse length of 3 μs, 

ith a contact time of 3 ms, and spinal64 proton decoupling se- 

uence of 5.3 μs pulse length. 

Liquid-state 1 H NMR spectroscopy was used to analyze genipin 

rosslinked products. The chemical shift region from 0 to 200 ppm 

r 0 to 9 ppm is shown for 13 C or 1 H analysis, respectively. 

.4.4. Elastic modulus 

Uniaxial unconstrained compression tests were performed us- 

ng a Nano Bionix Testing System (MTS). The hydrogels were elab- 

rated with a cylindrical shape of 12 mm diameter and 5–8 mm 

eight. Compression was performed with a 500 mN load cell be- 

ween two parallel plates and a compression rate of 0.03 mm/s and 

 Hz of oscillatory frequency. The elastic modulus was calculated 

mploying the stress–strain curves. 

.5. In vitro biocompatibility and migration capacity 

.5.1. Cell culture 

MSCs from expanded adipose tissue (eASCs) were obtained 

rom the laboratory ̓s cell collection. Cells were cultured in 10 % 

BS supplemented DMEM-F12 with 1 % (v/v) of Anti-Anti at 37 °C 

nd 5 % CO2 . Cells were seeded in T75 tissue culture flasks until 

0 % confluence was obtained and then they were seeded into well 

lates. Phenotype characteristics, clonic capacity, and stem cell dif- 

erentiation biomarkers of eASCs are described by Gomez-Pinedo 

t al. [ 28 ]. iPS-OPCs were obtained from Celprogen (Netherlands). 

ells were cultured in an OPC-specific medium at 37 °C and 5 % 

O2 . After defrosting, cells were seeded into special T75 flasks, and 

ell culture-treated T75 flasks (Corning) were employed for further 

assages. 
160
For 2D cell culture, 20,0 0 0 cells were seeded directly into the 

ells of a plate (96-well cell culture treated, Nunc) for their ad- 

esion to the plastic surface. On the other hand, for 3D cell cul- 

ure, 50,0 0 0 cells were homogeneously seeded into the thermosen- 

itive hydrogel formulation and then placed into the wells (24-well 

ell culture treated, Nunc). For cell culture purposes, SA/FA-CS was 

terilized by exposure to UV light followed by immersion in 70 % 

thanol (0.22 μm filtered) and washed three times. Reaction buffer, 

.5X PBS for WJ preparation, and DMSO were 0.22 μm filtered be- 

ore formulating the thermosensitive hydrogel. 

.5.2. Transfection with plasmid pcDNA-P2A-EGFP 

iPS-OPCs were transfected with plasmid pcDNA3.2-P2A-EGFP 

Figure S1). The vector was provided by Professor Ricardo Madrid, 

aculty of Biology, Complutense University of Madrid, Madrid, 

pain. Following the manufacturer ̓s instructions, the transfection 

rotocol was performed using the Lipofectamine 30 0 0 transfection 

it (Invitrogen). A concentration of 1 μg/μL of plasmid was em- 

loyed. Cells were incubated at 37 °C and 5 % CO2 for 48 h until

arvested. EGFP-expressing iPS-OPCs (EGFP-iPS-OPCs) were incor- 

orated into the thermosensitive hydrogel formulation before the 

ntranasal administration. 

.5.3. Cell viability assay 

An MTT-based in vitro toxicology assay kit (Sigma, Saint Louis, 

SA) was carried out for the biocompatibility evaluation, employ- 

ng 24 h-cultured eASCs in 2D. Cells were incubated for 24 h at 

7 °C and 5 % CO2 in direct contact with a 4 × 4 mm slice of hy-

rogel, ECM-gel®, or 10 % (v/v) DMSO. The resulting absorbance 

as measured with a microplate spectrophotometer (FLUOstar 

mega, BMG Labtech) at 590 nm, and the background was settled 

t 690 nm. 

The Live/Dead kit was employed to observe cell viability after 

4 h of direct contact with hydrogels. The results of 3D cultured 

ells were observed by confocal microscopy (Olympus, AF 10 0 0) at 

xcitation wavelengths of 488 nm and 546 nm. For the Live and 

ead quantification, 2D cell culture was performed over hydrogel- 

retreated 96-well culture plates (50 μL of hydrogel incubated for 

4 h at 37 °C and 5 % CO2 before inoculation). Plates were ana- 

yzed with a spectrophotometer (FLUOstar Omega, BMG Labtech) 

t 485/520 nm (excitation/emission) to measure the fluorescence 

f viable cells and at 544/520 nm (excitation/emission) for unvi- 

ble cells. 

For the graphic representation, the results were relative to the 

iability obtained from cells cultured in DMEM (2D) or ECM-gel®

3D) without additional material (100 % viability). 

.5.4. In vitro migration assay 

The in vitro migration capacity of iPS-OPCs was evaluated us- 

ng Chemotaxis μ-slides (Ibidi), where vascular endothelial growth 

actor (VEGF; 10 ng/mL) was employed as the chemoattractant on 

he right side of the slot. The instructions of the supplier for 3D 

el matrices were followed for the assay implementation. However, 

ive cell imaging was not executed, and endpoints were done in- 

tead at 0, 24, and 48 h of cell culture. 

.5.5. In vitro iPS-OPCs stability 

iPS-OPCs were 2D cultured at 37 °C and 5 % CO2 in direct con- 

act with a 4 × 4 mm slice of hydrogel for up to 72 h. Every

4 h, cells were fixated in a 4 % (v/v) PFA and 7 % (w/v) sucrose

BS solution. Immunocytochemistry was carried out employing the 

rimary antibodies: Ki67 (MA5-14520, 1:250), 8-OHdG (AB5830, 

:20 0), TERT (PA5116024; 1:10 0), c-MyC (13-250 0, 1:50 0), PDGFR 

lpha (AB203491, 1:500), and RIP (MAB1580–1, 1:250), which were 

ncubated overnight at 4 °C. Secondary antibodies: Alexa Fluor 488 
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Fig. 2. Effect of the addition of DMAP catalyst on amine functionalization with suc- 

cinic acid at different proportions. Graphical representation of the percentage of 

CS amines that are functionalized when different SA:CS ratios (0.5:1, 1:1, and 2:1) 

are employed in the Step 1 reaction, without or with DMAP catalyst. The amine 

functionalization represents the amino groups in CS that grafted SA. A significant 

increase in amine functionalization is indicated for each ratio when the DMAP cat- 

alyst is added to the reaction. Bars correspond to the mean + SEM. 
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ab150 073, 1:50 0), Alexa Fuor 555 (ab150130, 1:500), and Cy3- 

ffiniPure (715-165-150, 1:500) were incubated at room temper- 

ture for 2 h under light protection. Confocal microscopy (Olym- 

us, AF 10 0 0) was used for image obtention. Three different 

pots from the well were visualized for each marker and im- 

ge obtention. ImageJ was employed for intensity measurement 

integrated density), where ten aleatory cells were analyzed per 

mage. 

.6. In vivo retention time and migration capacity 

.6.1. Animals 

A total of ten male Athymic Nude NU(NCr)-Foxn1nu mice 

Charles River Laboratories), 9 months old, were employed for the 

asal retention time assay. Mice were kept in shared ventilated 

ages under controlled conditions, with access to food and wa- 

er ad libitum , at the animal facilities of the Hospital Clínico San 

arlos. The minimum number of animals necessary to obtain and 

eplicate the results was used, under the current regulations of an- 

mal experimentation. All procedures were carried out by the reg- 

lations of the European Economic Community, 2010/63 / EU re- 

arding the protection of animals for scientific purposes (Official 

azette of the Union of October 20, 2010, L 276/33), in force at the 

ational level since February 2013, through Royal Decree 53/2013 

f February 1st, 2013, and under the supervision of the Local Com- 

ittee of Bioethics and Animal Welfare of our hospital and the 

ommunity of Madrid (PROEX: 002.3/22). 

.6.2. Intranasal administration 

Mice were anesthetized through the intraperitoneal injection 

f ketamine/medetomidine (75/0.5 mg kg-1 ; Pfizer/Ecuphar). For 

ntranasal administration, mice were held on their left side and 

0 μL of the thermosensitive hydrogel were gradually released 

nto the right nostril. Then, the animals were placed face-up over 

 heated bed for 30 min. Anesthesia was reverted with Anti- 

edan (1 mg kg-1 ; Ecuphar) and mice were returned to their 

ages. 

.6.3. Histology 

After 24, 48, 72 h, and 96 h of intranasal administration, 

nimals were anesthetized, and, after perfusion with 4 % (v/v) 

uffered paraformaldehyde (0.1 M PBS), their heads were re- 

oved, and the brain and snout were extracted for further pro- 

essing. Snouts were directly incubated in an aqueous mounting 

edium (FluorSaveTM Reagent, Millipore) with Wheat Germ Agglu- 

inin Alexa Fluor 647 (Invitrogen; 1:20 0 0) and Dapi (1:10 0 0 BioLe-

end). Brains were submerged in 4 % paraformaldehyde (PFA) solu- 

ion in PBS until processed for cryoprotection in buffered Sacarose 

0 % and inclusion in NEG-50TM (Thermo Scientific) and freezing at 

20 °C for the sections obtention with a cryostat (Leica CM 1950). 

rain sections of 30 μm thickness were incubated overnight with 

uman Nuclei antibody (1.5 μg/mL, Abcam) or for 2 h at room 

emperature with GFP-Dylight 488 (1:50 0 0, Rockland Immuno- 

hemicals) conjugated secondary antibodies, also DAPI (1:20 0 0, Bi- 

Legend) and DRAQ5 (1:50 0 0, Life Technologies) were employed 

s nuclei labels. Images were obtained with a confocal microscope 

Olympus, AF 10 0 0) or an epifluorescence microscope (Olympus, 

X53 LED). 

.7. Statistical methods 

The statistical program GraphPad Prism v.8.0.1 was employed 

or data analysis and graphical representation of results. One-way 

nalysis of variance followed by Sidak’s or Dunnett’s multiple com- 

arisons test was used to draw comparisons between groups. 2- 

ay ANOVA with Sidak’s multiple comparisons was employed for 
161
he quantified intensity density of OPCs and oligodendrocyte mark- 

rs in confocal images from different culture times. All data are 

xpressed as the mean and standard error or the mean (SEM). The 

riterion for statistical significance was p < 0.05. 

. Results 

.1. Chitosan functionalization 

.1.1. Effects of substituent concentration on functionalized chitosan 

A first assay was performed to synthesize SA-CS (LMw) with 

ifferent SA:CS’s free amine molar ratios, with or without the ad- 

ition of DMAP catalyst. The amine functionalization degree of 

he products increased significantly for the SA:CS ratios of 0.5:1, 

:1, and 2:1 when the DMAP catalyst was added ( p -value < 

.0 0 01, = 0.0101, and < 0.0 0 01, respectively) ( Fig. 2 ). The high-

st amine functionalization degree was 63 ± 2.1 % (SA:CS ratio of 

:1 with DMAP), despite doubling the molar concentration of free 

mines in CS (Table S1). 

In contrast to unmodified CS, all SA-CS products were soluble in 

X PBS at pH 7.2, indicating that 39–50 % SA substitution degrees 

ncreased their water-solubility (p-values < 0.0 0 01; Figure S2). 

To achieve a low viscosity while keeping free amines, SA-CS 

as synthesized with the addition of DMAP with a SA:CS ratio of 

:1. A following Step 2 reaction was performed employing FA as 

he substituent, which was carried out with a FA:CS molar ratio of 

.25:1. The SA/FA-CS product presented an amine substitution of 

8.4 ± 0.22 %, which is significantly higher than the obtained from 

he Step 1 reaction (49 ± 1.79 %; p-value < 0.0 0 01), indicating a 

9 % grafting of FA through amide bonds. The SA/FA-CS product 

ith a SA:FA:CS ratio of 1:0.25:1 with DMAP addition, was used as 

tarting material for further assays. 

.1.2. Ferulic and succinic acid-functionalized chitosan 

haracterization 

The 1 H NMR spectrum of SA/FA-CS in solution confirms the 

unctionalization of CS (LMw) with both FA and SA ( Fig. 3 A). The

ew signal at 2.4 ppm corresponds to CH2 from SA, which has 

een also reported for the succinylated CS [ 29 ]. Additionally, other 

ew signals appear at 6.36 and 7.32 ppm corresponding to C= C of 

A, as well as the signals at 6.79, 6.99, and 7.11 ppm correspond- 
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Fig. 3. Functionalized chitosan characterization. 1 H NMR of SA/FA-CS (A). CP-MAS-13 C NMR spectra of SA-CS and FA-CS (B). FTIR spectra of chitosan, SA/FA-CS, succinic acid, 

and ferulic acid (C). 
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Table 1 

Gelation time of the thermosensitive hydrogel formulations at 37 °C. 

Molecular 

weight pH 

SA/FA-CS 

(%) 

Genipin / 

DMSO (%) 

Gelation 

time (min) 

MMw 

7.2 

12 

0.05 / 5 

10 

8 15 

4 20 

2 

30 

0.1 / 10 > 30 

0.02 / 2 15 

0.01 / 1 

20 ∗

LMw 

15 ∗

6.5 
15 ∗

MMw 10 ∗

Although the gelation time was determined through the tube tilting, the character- 

istic blue color from genipin crosslinking began to be perceptible to the human eye 

after an hour of incubation at 37 °C. 
∗ Selected formulations. 

3

3

t

D

s

c

h

v

w

0

T

g

a

3

T

ng to the aromatic ring of the FA ( Fig. 3 A inset) [ 30 ]. However,

he need to use D2 O for this spectrum hampers the detection of 

obile protons, such as those of the amide group. The spectrum 

lso reveals the presence of an important amount of DMF (signals 

f the two methyl groups at 2.73 and 2.98 ppm; Fig. 3 A), which

emains adsorbed on the modified CS, and it would mask the car- 

onyl groups in 13 C NMR. Hence, the 13 C analysis was carried out 

n solid phase by CP-MAS-NMR, taking advantage of the lack of sig- 

al due to the fast relaxation in the highly mobile adsorbed DMF 

olecules. 

The functionalization with SA and FA was studied separately 

n SA-CS and FA-CS ( Fig. 3 B). SA-CS showed the incorporation of 

he substituent through the presence of methylene groups (-CH2 -) 

t 33 ppm. An increase of the C= O signal at 174 ppm indicated 

he formation of new amide bonds (however, this signal could also 

orrespond to an ester bond), and an additional signal appeared 

t 180 ppm, corresponding to free carboxylic groups. The C(sp2 ) 

ignals of FA-CS in the 115–150 ppm range are not clearly visi- 

le; however, the modification of the CS chain is analogous to the 

hanges observed in the SA-CS spectrum, with slight but signifi- 

ant downfield shifts of most of the CS signals. Therefore, it can 

e deduced that the content of FA must be quite similar, and the 

eason for the much lower signals must be due to the worse cross- 

olarization in the case of sp2 carbons of FA. 

The most notorious changes observed by FTIR ( Fig. 3 C) after CS 

unctionalization with SA and FA are the increase of the peak at 

438 cm−1 , attributed to the characteristic peak of OH- from FA, 

nd the increase of a peak at 1562 cm−1 , characteristic of N–H 

ending of amide II bonds [ 31 ]. The presence of DMF, as demon-

trated by 1 H NMR, makes difficult the interpretation of the C= O 

egion of the IR spectrum, mainly the detection of the possible 

ormed amides. The small shoulder at 1710 cm−1 may be assigned 

o free COOH groups of grafted SA [ 21 ], in agreement with the sig-

al at 180 ppm in 13 C CP-MAS-NMR. When DMAP is added to the 

eaction, an additional very small shoulder appears at 1730 cm−1 

Fig. S3), which may be attributed to ester bonds formed between 

he carboxylic groups of SA or FA and the hydroxyl groups of CS 

 23 , 32 ]. 

i

162
.2. Thermosensitive hydrogel formulation 

.2.1. Gelation time 

Different gelation times were obtained with the variations in 

he concentrations of MMw SA/FA-CS or genipin dissolved in 

MSO ( Table 1 ). A higher concentration of SA/FA-CS resulted in 

horter gelation time, however, the viscosity increased and diffi- 

ulted the obtention of a homogeneous hydrogel. On the other 

and, the increase in the concentration of genipin and its cosol- 

ent did not traduce in a shorter gelation time. The formulations 

ith high concentrations of genipin and its cosolvent (0.1/10 and 

.2/20), resulted in dense products with poor swelling capacity. 

he formulation composed of 2 % of SA/FA-CS and 0.1/10 % of 

enipin/DMSO was evaluated also employing SA/FA-CS of LMw and 

t pH 6.5, where all products presented < 20 min gelation times. 

.2.2. Hydrogel characterization 

The selected formulations gave place to soft hydrogels (Fig. S4). 

he elastic modulus values were calculated from the exponential 

ncrement of the stress-strain curves of compression tests (Fig. S5). 
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Fig. 4. Chemical characterization of the thermosensitive hydrogel formulation. FTIR spectrum of LMw SA/FA-CS and SA/FA-CS after crosslinking with GP (SA/FA-CS-GP) and 

curing for 24 h at pH 7.2 (A), and CP-MAS-13 C NMR spectrum of CS crosslinking with GP (B). 
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n  
he elastic modulus of both hydrogels, LMw and MMw at pH 7.2, 

as near 1 kPa. 

The FTIR spectrum of SA/FA-CS crosslinked with genipin (SA/FA- 

S-GP) presented a wide band ranging between 3600 and 30 0 0 

m−1 due to the partially overlapped O–H and N–H stretching vi- 

rations. After functionalization, this signal is stretched, which can 

e attributed to a reduction in the number of free O–H groups, re- 

ulting in a decreased density of hydrogen bonds. An increase of 

he peak at 1571 cm−1 was also observed, characteristic of N–H 

n-plane bending of secondary amide, probably due to the amide 

ond formation between CS and genipin, and a small peak at 670 

m−1 due to N–H out-of-plane bending of secondary amides. The 

ew peak at 1731 cm−1 , corresponding to C= O stretching of an es- 

er probably corresponds to unreacted genipin residues [ 33 ]. The 

mall signal at 1461 cm−1 corresponds to CH3 bending of a methyl 

ster. The small shoulder at 1107 cm−1 is assigned to the C–N 

tretch of the tertiary aromatic amine of the crosslinked genipin 

itrogen iridoid that is bound covalently to CS. The new peak 

t 838 cm−1 results from the bonds in the polymerized genipin 

 34 , 35 ] ( Fig. 4 A). 

The CP-MAS-13 C NMR spectra of CS (MMw) after crosslinking 

ith GP did not show the same modification of the CS chains as 

bserved for the functionalization products. The only clear new 

ignal at 40 ppm cannot be assigned to genipin and is proba- 

ly due to DMSO, used as a cosolvent in the formulation. In this 

ay, CP-MAS-13 C NMR was not able to locate structural changes 

elated to genipin crosslinking. Although there are some reports of 

rosslinking with genipin, the structure of genipin is not detectable 

n the NMR spectra [ 36–39 ] ( Fig. 4 B). 

.3. In vitro biocompatibility, cell migration capacity, and cell 

tability 

.3.1. In vitro biocompatibility of the thermosensitive hydrogel 

The in vitro biocompatibility evaluation in 2D-cell culture of 

ASCs compared SA/FA-CS-GP of LMw and MMw at pH 6.5 and 7.2 

 Fig. 5 A). The four formulations of the hydrogels exhibited good 

iocompatibility, resulting in > 95 % viability. Although no statisti- 

ally significant differences were observed, there was a tendency 

or increased cell viability with the LMw formulation at pH 7.2. 
163
owever, in 3D-cell culture, cell viability decreased, particularly 

ith hydrogels formulated at pH 6.5 ( Fig. 5 B). 

To enhance cell viability in the thermosensitive hydrogels at pH 

.2, the addition of WJ was evaluated in a 2D-cell culture assay to 

ssess its cytoprotective effect in the presence of a cytotoxic agent 

5 % DMSO) ( Fig. 5 C). The results indicated that adding 0.5 % (w/v)

f WJ increased eASCs viability from 75 % to 101 % under cytotoxic 

onditions. In non-cytotoxic conditions, WJ increased cell prolifer- 

tion by 30 %. 

The impact of WJ addition to the thermosensitive hydrogel for- 

ulations was evaluated on a 3D-cell culture of eASCs. Live and 

ead labeling indicated high cell viability, maintained even 72 h 

ost-inoculation ( Fig. 5 D). 

In 2D-cell culture, iPS-OPCs on hydrogel-treated wells showed 

iability results similar to those of eASCs. The thermosensitive hy- 

rogel of LMw and MMW showed 99.7 ± 0.12 % and 99.2 ± 0.12 % 

f iPS-OPCs viability, respectively, using ECM-gel as a control of 

00 ± 0.39 % viability. 

The addition of WJ caused a 5-minute delay in the gelation 

ime, resulting in a final gelation time of 20 min for LMw and 

5 min for MMw thermosensitive hydrogel formulations. 

.3.2. In vitro cell migration 

iPS-OPCs were observed outside the inoculation channel after 

4 h of incubation, with a higher concentration on the chemoat- 

ractant side of the slot (Fig. S6). After 48 h, cells reached far- 

her zones, particularly those in the LMw SA/FA-CS-GP (data not 

hown). Therefore, further assays used the LMw SA/FA-CS for hy- 

rogel formulation. The results indicate that the cells retain the ca- 

acity to migrate out of the hydrogel in vitro . 

.3.3. iPS-OPCs stability after contact with the LMw thermosensitive 

ydrogel 

Direct contact of the LMw thermosensitive hydrogel in 2D cul- 

ured iPS-OPCs did not significantly affect cell proliferation (Ki67), 

xidative DNA damage (8-OHdG), telomerase (TERT), or c-MyC ex- 

ression for up to 72 h (Fig. S7). These findings suggest that the 

ydrogel does not induce oxidative or tumorigenic responses. The 

PC marker (PDGFR α) of the hydrogel-contacting cells was signifi- 

antly increased ( p -value = 0.0035) in hydrogel-contacting cells at 

2 h compared to the control group ( Fig. 6 ), which showed a sig-

ificant decrease from 24 to 72 h of cell culture ( p -value = 0.0207).
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Fig. 5. In vitro biocompatibility of thermosensitive hydrogels. Cell viability of eASCs with SA/FA-CS-GP of MMw or LMw, at pH 6.5 or 7.2, in 2D- (A) and 3D-cell culture (B). 

In vitro evaluation of the cytoprotective effect of Wharton’s Jelly (WJ) on 2D-cultured eASCs in a cytotoxic media (CT; DMSO 5 %) or normal conditions (C); and representative 

images of 3D-cultured eASCs into SA/FA-CS-GP of MMw and LMw at pH 7.2 supplemented with WJ (D). Images B and D were taken through confocal microscopy. The scale 

bars correspond to 200 μm. Bars consist of mean + SEM. 

Fig. 6. Effect of the thermosensitive hydrogel on the expression of OPC and oligodendrocyte markers. (A) Confocal microscopy images of 2D-cultured iPS-OPCs for 72 h under 

normal conditions (Control) or direct contact with the thermosensitive hydrogel of LMw at pH 7.2 (Hydrogel). Images show the OPC marker (PDGFR α, green), oligodendrocyte 

marker (RIP, red), and cell nuclei (Draq, blue). The scale bar corresponds to 50 μm. (B) Quantitative analysis of the integrated density for PDGFR α and RIP expression after 

24, 48, and 72 h of cell culture. Bars correspond to mean + SEM. 

164
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Fig. 7. EGFP-iPS-OPCs and thermosensitive hydrogel (LMw) distribution after 24 h of intranasal administration in mice. Images show representative photography of the 

mice snout (A), where arrows point to the hydrogel’s adhesions to nasal mucosa (B), a merged image of fluorescent EGFP-iPS-OPCs (green) that matches with the hydrogel 

distribution (C), and a fluorescence microscopy image of the EGFP-iPS-OPCs (green) and cell nuclei (DAPI, blue) (D). Fluorescence microscopy images show EGFP-iPS-OPCs 

contained in the hydrogel at the nasal chamber after 24 h of intranasal administration in an x-y plane (E) or x-y-z plane (F). Confocal microscopy image shows iPS-OPCs 

(Human nuclei, green), cell nuclei (DAPI, blue), and hydrogel and cell membrane (WGA, red) after 72 h of intranasal administration, in an x-y plane (G). The scale bars 

correspond to A, B, C: 80 0 μm; E: 40 0 μm; F: 10 0 μm; and G: 40 μm. 
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dditionally, RIP expression was significantly higher in cells after 

ydrogel contact compared to the control group. 

.4. In vivo cell retention and cell migration capacity after intranasal 

dministration 

After 24 h of the intranasal administration, the EGFP-iPS-OPCs 

ontained in the LMw hydrogel were found distributed alongside 

he nasal atrium, from the turbinate to the olfactory epithelium 

 Fig. 7 A–D). After 96 h, some cells were found still attached to 

he nasal epithelium, and traces of hydrogel were visible (data not 

hown). 

After 24 h of intranasal administration, iPS-OPCs were found 

ainly contained in the hydrogel, distributed in different areas of 

he nose-to-brain route, including the nasal vestibule, ostium, and 

asal chamber, which is the anatomical place where inspired air is 

eated ( Fig. 7 C–F). 72 h post-administration, by the interest of this 

tudy, cells were found mainly released in the nasal turbinates, ol- 

actory recess, and nasal epithelium, where the nose-to-brain jour- 

ey begins ( Fig. 7 G). The presence of cells and the progressive 

epletion of the hydrogel 48 h post-administration indicated that 

ells were viable and capable of going forth outside the hydrogel 

o migrate toward the brain parenchyma (Figure S8). 

. Discussion 

In this work, a thermosensitive hydrogel is formulated as a ve- 

icle to improve nose-to-brain cell therapy. For this purpose, CS 

as functionalized with FA and SA via carbodiimide-mediated re- 

ction. The functionalization improved the solubility at physiologi- 

al pH and enhanced its potential as a base material for the ther- 

osensitive hydrogel formulation. The formulated hydrogel exhib- 

ted thermogelling properties, mucoadhesive capacity, and biocom- 

atibility with MSCs and iPS-OPCs, which are critical for improving 
165
ell survival and retention in the nasal cavity. This was confirmed 

n vivo following intranasal administration of iPS-OPCs in healthy 

thymic mice. 

Changes in the molecular structure of functionalized CS were 

onfirmed using FTIR and NMR spectra after grafting both SA and 

A. Notably, the NMR spectra showed modifications of the CS 

hains, with most signals shifting to lower chemical shifts (higher 

agnetic field) due to SA grafting. Similar effects have been ob- 

erved in previous studies on crosslinking CS [ 29 , 40 ], although the 

xact cause of this shift remains undetermined. The low reaction 

fficiency observed may be attributed to the mild conditions used 

30 °C) to preserve CS integrity. While it is crucial to maintain 

ree amines for crosslinking with genipin, careful washing is neces- 

ary to remove non-binding residues, suggesting the potential for 

mproving functionalization efficiency. Elevated temperatures ( e.g. 

0 °C) could increase chain reactivity and motility, thus favoring 

igher grafting efficiency [ 30 ], albeit at the risk of compromis- 

ng CS integrity. Future research could explore alternative strate- 

ies for covalently binding carboxylic moieties of SA and FA to 

S to enhance functionalization efficiency [ 19 , 20 ]. Consistent with 

ndings here, carbodiimide-based functionalization reactions using 

ow molar ratios < 0.5:1 of carboxylic acid:CS’s free amine, at low 

r mild temperatures, have achieved < 80 % substitution [ 41 , 42 ].

he addition of DMAP overcame amine substitution to some ex- 

ent, yet also facilitated ester bond formation with primary hy- 

roxyl groups of CS, as previously reported [ 23 ]. This highlights the 

hallenge in crosslinking polymeric chains via dicarboxylic acids in 

ess substituted products, despite retaining more free amines for 

enipin reaction, leading to higher viscosity and pipetting difficul- 

ies that may complicate intranasal administration. Increased vis- 

osity in CS has been associated with higher molecular weight [ 11 ], 

hich typically increases with substituent grafting; however, vis- 

osity tends to initially rise with small substitution degrees and 

ecrease at higher levels [ 43–45 ]. 
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Solubility is a critical factor in achieving homogeneous hydro- 

els. Unmodified CS is soluble in acidic media, but a low pH in the 

ydrogel formulation would not be suitable due to the importance 

f maintaining cell viability. Therefore, SA/FA-CS demonstrated su- 

erior applicability for formulating the thermosensitive hydrogel. 

he improved solubility of functionalized CS can be attributed to 

he incorporation of SA ̓s hydrophilic carboxylic groups into its 

olecular structure [ 46 ], a phenomenon previously observed with 

ifferent carboxylic acids grafted onto CS [ 47 ]. Additionally, solu- 

ility can indicate a low rate of SA crosslinking ( Fig. 1 ). The pres-

nce of free acids and amines contributes to the formation of zwit- 

erionic species (-COO− and -NH3 
+ ) that enhance the interaction 

etween polymeric chains and water. Furthermore, the opposite 

harges in functionalized CS may facilitate the interaction of the 

ehicle with mucin and the epithelium in the nasal cavity, thereby 

romoting mucoadhesion. 

Migration of intranasally administered cells into brain 

arenchyma has been reported to occur from 1 h post- 

dministration [ 48 ] up to several hours later [ 49 ]. Shorter 

imes are achieved with prior administration of permeability 

nhancers ( e.g. hyaluronidase). Although some authors have noted 

ells remaining in the nasal cavity for hours, their viability is 

ompromised by pH, enzymes, and immune responses. Genipin 

as incorporated into the vehicle formulation to achieve a 

hermo-responsive short gelation time within < 30 min, providing 

 favorable microenvironment for cell viability and retention in 

he nasal cavity. The thermogelling time of the hydrogel can be 

hortened with increased SA/FA-CS concentration, as closer prox- 

mity of polymeric chains favors genipin crosslinking between free 

mines, forming a three-dimensional matrix [ 26 ]. However, high 

oncentrations of SA/FA-CS (4 %, 8 %, and 12 %) also resulted in 

iscous formulations and heterogeneous hydrogels. Therefore, 2 % 

f SA/FA-CS was chosen for evaluating different genipin concen- 

rations. Despite the slightly faster gelation with 0.02 % genipin, 

.01 % was selected to maintain more free amines and preserve 

he hydrogel’s bioactivity. Small pH changes (4.0–5.5) have been 

eported to significantly affect CS gelation and genipin crosslinking 

 26 ], although this was not observed in our work at pH 6.5 and

.2. A pH of 6.5 was considered for the vehicle formulation to 

inimize nasal epithelium irritation, as intranasal formulations 

re recommended within a pH range of 4.5–6.5 [ 50 ]. However, pH 

.5 hydrogels adversely affected cell viability. Given the priority of 

reserving cell integrity for this application, pH 6.5 formulations 

ere discarded in favor of further assays at pH 7.2. Incorporating 

.5 % WJ showed a cytoprotective effect, enhancing cell viability 

n 3D OPC cultures. Unexpectedly, higher WJ concentrations (1 %) 

id not further increase cell viability, with or without cytotoxic 

edia. Similar results have been reported where WJ-coated flasks 

nhanced cell proliferation and adhesion under shear stress [ 51 ], 

ith optimal results observed at 0.5 % (w/v) WJ, increasing 

itochondrial activity in umbilical cord MSCs. Moreover, media 

upplemented with WJ (2.5–50 % of humid extract) enhanced 

uman endometrial stem cell proliferation after 24 h [ 52 ]. Besides 

ts proliferative effects, WJ has been shown to preserve MSCs by 

elaying senescence [ 53 ], making it valuable in cell therapy de- 

ign. Given these benefits, WJ can be incorporated into hydrogels 

esigns for 3D culture and implantation, improving biomimetic 

roperties and cytocompatibility as recently demonstrated in 

ome WJ-containing hydrogels [ 54 , 55 ]. The glycosaminoglycans 

GAGs) extract from WJ primarily comprises hyaluronic acid, and 

o a lesser extent, heparin and sulfated GAGs such as chondroitin 

ulfate, keratan sulfate, heparan sulfate, and dermatan sulfate 

 56 ]. Therefore, adding WJ to the vehicle formulation could lead 

o ionic interactions between GAGs and functionalized CS. The 

eak negative charges of hyaluronic acid may interact with the 

ree amines in the SA/FA-CS, depending on their protonation 
166
t pH 6.5 and 7.2. CS amine protonation occurs at pH 6.5, but 

mino groups tend to remain partially protonated at neutral pH 

 57 ], potentially influencing the pKa values of modified CS during 

issociation in aqueous systems [ 58 ]. Since it would be difficult to 

dentify the interactions with GAGs in such a complex formulation, 

uture studies should determine the pKa of SA/FA-CS to better 

haracterize these interactions. 

Once the vehicle’s biocompatibility was confirmed, it was es- 

ential to assess its impact on cells, evaluating proliferation capac- 

ty, oxidative stress, genetic stability, and OPC differentiation. Sig- 

ificant differences were observed in both PDGFR α and RIP mark- 

rs. PDGFR α signaling plays a crucial role in OPC proliferation, mi- 

ration, and differentiation, while RIP (2′ ,3′ -cyclic-nucleotide 3′ - 
hosphodiesterase) is associated with early myelin expression and 

as long been used to identify oligodendrocyte lineage cells. De- 

pite the rapid PDGFR α downregulation during differentiation, si- 

ultaneous expression of OPC and oligodendrocyte markers in cell 

ulture has been reported [ 59 ], This phenomenon has been at- 

ributed to the in vitro inhibition of the differentiation of oligoden- 

rocyte lineage cells into mature oligodendrocytes. However, this 

ifferentiation inhibition has not remained after cell implantation 

n animal models. Therefore, the differentiation capacity of stem 

ells needs to be corroborated in further in vivo studies with ther- 

peutic purposes. 

The intranasal administration of the iPS-OPCs was facilitated by 

he homogeneous and slightly viscous nature of the designed ve- 

icle. The use of highly viscous formulations can cause dyspnea, 

hile low viscosities can lead to the flow from the nasal cav- 

ty [ 60 ]. The mucoadhesive properties of CS-based formulations 

nhance the retention time of bioactive molecules in the nasal 

ucosa [ 61 ]. In this study, these properties are attributed to the 

ositive and negative charges in the functionalized CS. The co- 

ocalization of the hydrogel with the fluorescence of EGFP-iPS-OPCs 

n the nasal cavity demonstrated that the hydrogel could retain 

ells for up to 72 h post-administration. Additionally, interactions 

etween the administered cells and the nasal epithelium were ob- 

erved, indicating that the cells maintained their viability and mi- 

ration capacity. Since the cells and hydrogel were localized along 

he nasal atrium, a nose-to-brain migration from the respiratory 

nd olfactory epithelium could be expected via the olfactory or 

rigeminal nerves [ 8 ]. The importance of mucopenetration in the 

lfactory region is crucial for nose-to-brain applications [ 15 ]. The 

apacity of CS-based hydrogels to open tight junctions and line 

he nasal epithelium has been previously reported [ 16 ]. Although 

his study did not evaluate the opening of epithelial junctions, a 

tructural analysis of the nasal epithelium using epithelial markers 

uch as cytokeratin AE1/AE3 and WGA, allowed us to observe no 

lterations in the nasal epithelium caused by the hydrogel formu- 

ation compared to the epithelium from the control group (see Fig. 

9). On the other hand, the histological and immunohistochemical 

nalysis demonstrated the presence of the administered iPS-OPCs 

ear the cribriform plate, the olfactory bulbs, and cortical areas. 

his provides clear evidence that the biomaterial is a bioactive car- 

ier with the ability to facilitate mucopenetration, making this bio- 

aterial of great interest in cell therapy. This study introduces the 

pplication of hydrogels to improve nose-to-brain cell therapy for 

he first time, marking a significant advancement in enhancing de- 

ivery efficiency for future translational medicine approaches, not 

nly for this cell type but also opening a range of possibilities for 

ther neurological or vascular pathologies where cell therapy can 

ave a significant impact. 

The data obtained highlights several challenges that are begin- 

ing to be addressed. The first major challenge is translating the 

reclinical model into a clinical setting. This is particularly com- 

lex due to the notable differences between the nasal epithelium 

f rodents and humans. Therefore, one of the primary objectives 
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s to establish a clinical safety trial in humans focused specifically 

n evaluating the effects of the hydrogel on the human nasal ep- 

thelium. While no alterations are observed in the nasal epithelium 

f animals treated with hydrogel-containing cells, it is essential to 

onfirm these findings in humans. 

These data demonstrate that two distinct types of cell strains, 

ASCs and OPCs (of mesodermal and ectodermal origin, respec- 

ively), show clear evidence of a critical factor: shelf life. Under 

ontrolled storage conditions (humidity, physiological pH, and tem- 

erature), these cells remain viable for more than 72 h with a via- 

ility rate exceeding 85 % (data not shown). This finding is com- 

arable to commercial preservation solutions such as HypoTher- 

osol® FRS and SPS-1® (UW Solution). This viability and biocom- 

atibility are essential for generating the hydrogel and ensuring 

here is enough time for its administration at various centers, even 

hose located far apart, that produce cells and biomaterials. 

In the animal studies involving intranasal administration and 

ubsequent brain monitoring, the administered cells were success- 

ully identified using transfected protein labels or specific immuno- 

istochemistry markers. These cells were localized in areas known 

or the presence of quiescent endogenous OPCs, such as the cor- 

us callosum, subventricular zone (SVZ), atrium, septum, and stria- 

um. The research focuses on exploiting this therapeutic route, 

hich holds significant potential because it does not require spe- 

ialized training for administration, unlike stereotactic surgery. Fur- 

hermore, this approach allows for repeated dosing without appar- 

nt adverse effects. The hydrogel design is not limited to a single 

athology or cell line; it has potential applications in other neuro- 

ogical diseases, such as stroke (using mesenchymal cells to mod- 

late inflammation), Parkinson’s disease (using dopaminergic cells 

rom the carotid body or iPSCs), and glioblastoma multiforme (us- 

ng genetically edited cells to target brain tumor stem cells). Addi- 

ionally, our ongoing and unpublished studies suggest that the hy- 

rogel could serve as a carrier for exosomes, offering a promising 

cellular therapy with significant therapeutic potential. 

. Conclusions 

The functionalization of CS with SA and FA was shown to be a 

seful strategy to increase its applicability, increasing solubility at 

hysiological pH exhibited thermogelling properties and good bio- 

ompatibility with MSCs and iPS-OPCs, demonstrating the potential 

or use in various neurological disorders. In addition to increasing 

esidence time in the nasal cavity, the hydrogel provided a favor- 

ble environment for cell viability and migration capacity for up to 

2 h. Future studies should track the biodistribution of cells in the 

rain and evaluate the use of the formulated hydrogel in different 

odels of neurological disorders. This approach opens the possibil- 

ty of enhancing the nose-to-brain cell delivery efficiency for future 

ranslational medicine approaches. 
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