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2 RESUMEN

La creciente incidencia de trastornos y enfermedades Oseas causadas por el
envejecimiento progresivo y el aumento de la esperanza de vida constituyen un
problema importante para las sociedades modernas, lo que genera la necesidad
de desarrollar estrategias para la regeneracion y sintesis de tejido 0seo artificial.
En particular, los materiales conductores inteligentes para la administracion de
farmacos se han convertido en una herramienta importante para la medicina
regenerativa para promover la liberacion controlada de agentes bioactivos
osteogénicos. En este trabajo, el agente de diferenciacion de osteoblastos,
dexametasona 21-fosfato (Dex), se incorporé durante la polimerizacion de un
material conductor en un electrodo de oro, y posteriormente se indujo su
liberacién controlada a través de estimulacion eléctrica de bajo voltaje. La
cantidad de farmaco liberado se determiné mediante voltamperometria ciclica y
espectrometria de masas de alta resolucion. El sistema conductor de liberaciéon
controlada de Dex se aplicé durante el cultivo de células madre mesenquimales
humanas (hMSC) para inducir su diferenciacion a osteoblastos. La actividad
enzimatica de ALPL, analisis de marcaje con anticuerpos fluorescentes y analisis
moleculares de gPCR se utilizaron para estudiar los principales marcadores de
osteoblastos expresados durante la diferenciacion celular, lo que demostré que
la liberacion controlada de Dex desde la pelicula conductora indujo la
osteogénesis de las hMSCs. Ademas, se prepard un material poroso a base de
polisacéaridos y se utilizé también para la inmovilizacién y posterior liberacion de
Dex desencadenada principalmente por difusion. Asimismo, el sistema poroso
también se utilizo durante el cultivo de hMSC, demostrando tener efecto durante
la diferenciacion a osteoblastos. Los resultados obtenidos son de gran valor para
el desarrollo de diversas estrategias y sistemas de implantes en la reparacion del

tejido 6seo y la medicina regenerativa.
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3 ABSTRACT

The increasing incidence of bone disorders and diseases caused by progressing
aging and the increase in life expectancies constitute a major problem for modern
societies, triggering a need to develop strategies for the regeneration and
synthesis of artificial bone tissue. Particularly, smart conductive materials for drug
delivery have become in an important strategy for regenerative medicine to
promote the controlled release of osteogenic bioactive agents. In this work, the
osteoblast differentiation agent, dexamethasone 21-phosphate (Dex) was added
during the polymerization of a conductive material on a gold electrode,
consequently, controlled drug release was accomplished during low voltage
electrical stimulation. The amount of released drug was determined using cyclic
voltammetry and high-resolution mass spectrometry. Dex conductive controlled
released system was applied during human mesenchymal stem cells (hMSCs)
culture to induce their differentiation to osteoblast. ALPL enzymatic activity,
immunofluorescence analysis and qPCR molecular studies were used to analyze
the main osteoblast markers expressed during cells differentiation, demonstrating
that controlled released of Dex from a conductive layer induced osteogenesis
from hMSCs. Additionally, a porous material based on polysaccharides was
prepared and used for Dex immobilization, where drug released was triggered
mainly by diffusion. The system was used during hMSCs culture, demonstrating
exceptional effect during osteoblast differentiation. Results are useful in the
development of diverse strategies and implant systems in bone tissue repair and

regenerative medicine field.



4 List of Tables

Table 1. Human mesenchymal stem cells (hMSCs) surface markers according with the body isolation source.

............................................................................................................................................................. 9
Table 2. Gradient elution method for the mobile phase using during dexamethasone-21 phosphate

analysis. Solvents were H20:0.05% formic acid (A) and methanol:0.05% formic acid (B)................. 35
Table 3. Polysaccharide-based cryogels notation regarding the initial content of the polymers (expressed in

weight percentage of initial blend solution for the cryogel formation). ...........ccccoooviiiiiiei e 36
Table 4. Culture media composition used during osteoblast differentiation of (MSCs..........ccccccoiiiiiieen. 41
Table 5. gPCR reaction components using for the analysis of osteoblast markers............ccccocoveiviiirennnnee. 44

Table 6. Primers/probes used for real-time polymerase chain reaction during the osteoblast differentiation

OF NIMISCS. ettt ettt h e bbbt b bbbt bt bt E e nr e s 44
Table 7. ¢-potential values of dispersions used in the fixation of the drug on the electrode........................ 46
Table 8. Textural and physical properties of the polysaccharide-based cryogels. .........cccccoevieiiiiieennnnen. 57



5 List of Figures

Figure 1. Schematic representation of the functions and chemical/cellular composition of bones. From Zhang
DO =L O | I 024 R 722 PR SUTRP 5

Figure 2. Human mesenchymal stem cells sources and their differentiation capacity: osteoblasts,
chondrocytes, myotubes, stromal cells, fibroblasts, and adipocytes. From James AW. 2013 (81)..... 11

Figure 3. Flowchart depicting the biogenesis of osteoblasts after RunX2 transcriptional factor expression.

From Thiagarajan L, Abu-Awwad HADM, Dixon JE. 2017 (93). ...euveeeeiiiiiiiieee et a e 12
Figure 4. Dexamethasone signaling pathways during mesenchymal stem cells differentiation to osteoblast
lineage. From Langenbach F, Handschel J. 2013 (10). ...ccuieiiiiiuiiiiiieee et eiveeeee e 17
Figure 5. Molecular structure of the EDOT monomer (left) and the PEDOT polymer (right)...........ccc......... 19

Figure 6. Deposited PEDOT/kC/Dex film on a passivated electrode after 160 cycles of electrical oxidation
(left) and gold electrode without passivation as reference (right). From Ramirez-Sanchez, et al. 2020
{2 T P O O O TS O PP TSP TSP PP PP R OVPTPPRPPPON 31

Figure 7. Schematic representation of the polymethylmethacrylate (PMMA) continuous flow cell used in
electrochemical stimulation of PEDOT/kC/Dex modified electrode. Designed by Eng. Jorge Sandoval.
........................................................................................................................................................... 34

Figure 8. Squematic representation of a gold electrode (left) and a stainless steel homemade trans well
containing a Dex-based cryogel (right) adjusted to a well of a 48-wells culture plate. Designed by Eng.
Sebastian LeON-Carvajal. ...........cceeeiiuiieiiiie ettt ettt e ettt e e et e e e st e e e na e e e anae e e e anreee s 40

Figure 9. Size distribution (d.nm) of a. KC; b. kC/Dex and c. EDOT/kC/Dex dispersions, measured by dynamic
light scattering (DLS) MELNOM. ......ccoiiiiiiiiie ettt e e e e e s aabr e e e 48

Figure 10. Profilometry images obtained for PEDOT/kC/Dex films (a.) before and (b.) after 160 cycles of
Cyclic Voltammetry in a 0.10 M ammonium acetate SOIULION.............ceeiiiiririiiiee e 49

Figure 11. 2D confocal Raman map of the 1430 cm band a. before release process and b. after 160 release
cycles. Raman mapping of the 1625 cm band intensity c. before release process and d. after 160
release cycles at 0.5 pum depth inside the conductive layer. ... 50

Figure 12. Cyclic voltammograms for the PEDOT/kC/Dex recorded at 25 mV-s™* after 10, 60 and 160 cycles
of electrical stimulation in ammonium acetate 0.10 M. .........oooiiiiiiiiiii e 52

Figure 13. a. The passive release profile of Dex as a function of square root of time, over 300 minutes from
unstimulated electrodes. The active electrically controlled delivery process by stimulation events
(columns) compared to the passive release profile (lNE).........coouiiiiiiiiiiiii e 53

Figure 14. Dexamethasone 21-phosphate release profile from PEDOT/kC/Dex electrodes after electrical
stimulation events. Arrows shown the events where the desirable Dex concentration was released. 56

Figure 15. SEM images of the textural appearance of a. Starch, b. Starch/kC, c. Starch/kC/Dex 0.00002%
wt., and d. Starch/KC/DeX 0.0018 Q0 WE. ......iivuniiiiiiieiie e et e e e e e e e et e e s et e e et e e s saa e s s saaeeraans 58

Figure 16. Swelling ratio of St, St/kC, St/kCa/Dex 0.00005% and St/kC/Dex 0.0018% based................... 59

Figure 17: Erosion profiles of St, St/kC, St/kCa/Dex 0.00005% and St/kC/Dex 0.0018% based cryogels after
6 days Of Water @XPOSUIE A 37°C. ... ...ttt e e e e e e e e e st b e e e e e e s e bbb te e e e e e e s annneeseeeas 61

Figure 18: Dexamethasone release profiles from St/kC/Dex porous materials containing 0.00005 wt.% to
0.0018 % of dexamethasone-21 phosphate in ammonium acetate 0.1 M, pH 7.2 at 37 °C and 100 rpm
(0] g2 N g o U F PP OPPUPRPTPO: 62

Xi


https://tecnube1-my.sharepoint.com/personal/karamirez_itcr_ac_cr/Documents/Trabajo/TEC/Máster/TFM/Tesis/Escritura%20Tesis/Documento%20Final%20de%20Tesis/Thesis%20Karla%20Ramírez%20Sánchez_21112022.docx#_Toc123557006
https://tecnube1-my.sharepoint.com/personal/karamirez_itcr_ac_cr/Documents/Trabajo/TEC/Máster/TFM/Tesis/Escritura%20Tesis/Documento%20Final%20de%20Tesis/Thesis%20Karla%20Ramírez%20Sánchez_21112022.docx#_Toc123557006
https://tecnube1-my.sharepoint.com/personal/karamirez_itcr_ac_cr/Documents/Trabajo/TEC/Máster/TFM/Tesis/Escritura%20Tesis/Documento%20Final%20de%20Tesis/Thesis%20Karla%20Ramírez%20Sánchez_21112022.docx#_Toc123557007
https://tecnube1-my.sharepoint.com/personal/karamirez_itcr_ac_cr/Documents/Trabajo/TEC/Máster/TFM/Tesis/Escritura%20Tesis/Documento%20Final%20de%20Tesis/Thesis%20Karla%20Ramírez%20Sánchez_21112022.docx#_Toc123557007
https://tecnube1-my.sharepoint.com/personal/karamirez_itcr_ac_cr/Documents/Trabajo/TEC/Máster/TFM/Tesis/Escritura%20Tesis/Documento%20Final%20de%20Tesis/Thesis%20Karla%20Ramírez%20Sánchez_21112022.docx#_Toc123557008
https://tecnube1-my.sharepoint.com/personal/karamirez_itcr_ac_cr/Documents/Trabajo/TEC/Máster/TFM/Tesis/Escritura%20Tesis/Documento%20Final%20de%20Tesis/Thesis%20Karla%20Ramírez%20Sánchez_21112022.docx#_Toc123557008
https://tecnube1-my.sharepoint.com/personal/karamirez_itcr_ac_cr/Documents/Trabajo/TEC/Máster/TFM/Tesis/Escritura%20Tesis/Documento%20Final%20de%20Tesis/Thesis%20Karla%20Ramírez%20Sánchez_21112022.docx#_Toc123557009
https://tecnube1-my.sharepoint.com/personal/karamirez_itcr_ac_cr/Documents/Trabajo/TEC/Máster/TFM/Tesis/Escritura%20Tesis/Documento%20Final%20de%20Tesis/Thesis%20Karla%20Ramírez%20Sánchez_21112022.docx#_Toc123557009
https://tecnube1-my.sharepoint.com/personal/karamirez_itcr_ac_cr/Documents/Trabajo/TEC/Máster/TFM/Tesis/Escritura%20Tesis/Documento%20Final%20de%20Tesis/Thesis%20Karla%20Ramírez%20Sánchez_21112022.docx#_Toc123557012
https://tecnube1-my.sharepoint.com/personal/karamirez_itcr_ac_cr/Documents/Trabajo/TEC/Máster/TFM/Tesis/Escritura%20Tesis/Documento%20Final%20de%20Tesis/Thesis%20Karla%20Ramírez%20Sánchez_21112022.docx#_Toc123557012
https://tecnube1-my.sharepoint.com/personal/karamirez_itcr_ac_cr/Documents/Trabajo/TEC/Máster/TFM/Tesis/Escritura%20Tesis/Documento%20Final%20de%20Tesis/Thesis%20Karla%20Ramírez%20Sánchez_21112022.docx#_Toc123557012
https://tecnube1-my.sharepoint.com/personal/karamirez_itcr_ac_cr/Documents/Trabajo/TEC/Máster/TFM/Tesis/Escritura%20Tesis/Documento%20Final%20de%20Tesis/Thesis%20Karla%20Ramírez%20Sánchez_21112022.docx#_Toc123557013
https://tecnube1-my.sharepoint.com/personal/karamirez_itcr_ac_cr/Documents/Trabajo/TEC/Máster/TFM/Tesis/Escritura%20Tesis/Documento%20Final%20de%20Tesis/Thesis%20Karla%20Ramírez%20Sánchez_21112022.docx#_Toc123557013
https://tecnube1-my.sharepoint.com/personal/karamirez_itcr_ac_cr/Documents/Trabajo/TEC/Máster/TFM/Tesis/Escritura%20Tesis/Documento%20Final%20de%20Tesis/Thesis%20Karla%20Ramírez%20Sánchez_21112022.docx#_Toc123557013
https://tecnube1-my.sharepoint.com/personal/karamirez_itcr_ac_cr/Documents/Trabajo/TEC/Máster/TFM/Tesis/Escritura%20Tesis/Documento%20Final%20de%20Tesis/Thesis%20Karla%20Ramírez%20Sánchez_21112022.docx#_Toc123557014
https://tecnube1-my.sharepoint.com/personal/karamirez_itcr_ac_cr/Documents/Trabajo/TEC/Máster/TFM/Tesis/Escritura%20Tesis/Documento%20Final%20de%20Tesis/Thesis%20Karla%20Ramírez%20Sánchez_21112022.docx#_Toc123557014
https://tecnube1-my.sharepoint.com/personal/karamirez_itcr_ac_cr/Documents/Trabajo/TEC/Máster/TFM/Tesis/Escritura%20Tesis/Documento%20Final%20de%20Tesis/Thesis%20Karla%20Ramírez%20Sánchez_21112022.docx#_Toc123557015
https://tecnube1-my.sharepoint.com/personal/karamirez_itcr_ac_cr/Documents/Trabajo/TEC/Máster/TFM/Tesis/Escritura%20Tesis/Documento%20Final%20de%20Tesis/Thesis%20Karla%20Ramírez%20Sánchez_21112022.docx#_Toc123557015
https://tecnube1-my.sharepoint.com/personal/karamirez_itcr_ac_cr/Documents/Trabajo/TEC/Máster/TFM/Tesis/Escritura%20Tesis/Documento%20Final%20de%20Tesis/Thesis%20Karla%20Ramírez%20Sánchez_21112022.docx#_Toc123557016
https://tecnube1-my.sharepoint.com/personal/karamirez_itcr_ac_cr/Documents/Trabajo/TEC/Máster/TFM/Tesis/Escritura%20Tesis/Documento%20Final%20de%20Tesis/Thesis%20Karla%20Ramírez%20Sánchez_21112022.docx#_Toc123557016
https://tecnube1-my.sharepoint.com/personal/karamirez_itcr_ac_cr/Documents/Trabajo/TEC/Máster/TFM/Tesis/Escritura%20Tesis/Documento%20Final%20de%20Tesis/Thesis%20Karla%20Ramírez%20Sánchez_21112022.docx#_Toc123557016
https://tecnube1-my.sharepoint.com/personal/karamirez_itcr_ac_cr/Documents/Trabajo/TEC/Máster/TFM/Tesis/Escritura%20Tesis/Documento%20Final%20de%20Tesis/Thesis%20Karla%20Ramírez%20Sánchez_21112022.docx#_Toc123557017
https://tecnube1-my.sharepoint.com/personal/karamirez_itcr_ac_cr/Documents/Trabajo/TEC/Máster/TFM/Tesis/Escritura%20Tesis/Documento%20Final%20de%20Tesis/Thesis%20Karla%20Ramírez%20Sánchez_21112022.docx#_Toc123557017
https://tecnube1-my.sharepoint.com/personal/karamirez_itcr_ac_cr/Documents/Trabajo/TEC/Máster/TFM/Tesis/Escritura%20Tesis/Documento%20Final%20de%20Tesis/Thesis%20Karla%20Ramírez%20Sánchez_21112022.docx#_Toc123557018
https://tecnube1-my.sharepoint.com/personal/karamirez_itcr_ac_cr/Documents/Trabajo/TEC/Máster/TFM/Tesis/Escritura%20Tesis/Documento%20Final%20de%20Tesis/Thesis%20Karla%20Ramírez%20Sánchez_21112022.docx#_Toc123557018
https://tecnube1-my.sharepoint.com/personal/karamirez_itcr_ac_cr/Documents/Trabajo/TEC/Máster/TFM/Tesis/Escritura%20Tesis/Documento%20Final%20de%20Tesis/Thesis%20Karla%20Ramírez%20Sánchez_21112022.docx#_Toc123557018

Figure 19: 2D micro-FTIR map of the 1625 cm™ signal before (a-d) and after (e-h) 24 hours of Dex release
from the polysaccharide-based cryogel using 0.0002% wt. (a; e); 0.0004%wt. (b; f); 0.0010% wt. (c; g),
and 0.0018% wt. (d; h) of drug in the initial formulation. .............cccocveeiiiii e 63

Figure 20. Biocompatibility analysis of starch-based cryogels and PEDOT/kC/Dex modified electrode using
the CCK-8 assay 0N NIMSCS CUITUIE. ........uuiiiieiiiiiiiiieee et e s e et e e e e e s e st eaeeeeeesnnees 65

Figure 21. ALPL enzymatic activity-min-t-ug? total protein of hMSCs at 3, 7 and 14 days of analysis. C-:
Basal media; Dx: Basal media + Dx 100 nM; Dex-21 ph: Basal media + Dex 100 nM. **Significant
differences (p < 0.05), letters are grouping statistically equal treatments. .........c...cceevvvieeeeeeiiiiinnenn. 66

Figure 22. ALPL enzymatic activity-min-t-ug total protein of hMSCs culture on culture media containing
different concentrations of hep at 3, 7 and 14 days of analysis. Negative control: Basal media, Dex-
21ph: Basal media + Dex 100 nM, Dex-21ph + Hep 0.025: Basal media + Dex 100 nM + Hep 0.025
Ul-mL; Dex-21ph + Hep 0.25: Basal media + Dex 100 nM + Hep 0.25 UI-mL, Dex-21ph + Hep 0.5:
Basal media + Dex 100 nM + Hep 0.5 UI-mL"1; Dex-21ph + Hep 2.5: Basal media + Dex 100 nM + Hep
2.5 UlI-mL; Dex-21ph + Hep 25: Basal media + Dex 100 nM + Hep 25 Ul-mL™1. ** Significant differences
(p < 0.05), letters are grouping statistically equal treatments. ...........cccocceiiiiiiieeiiiie e 68

Figure 23. ALPL enzymatic activity-min--ug total protein of hMSCs culture at 3, 7 and 14 days of analysis.
Negative Control: Basal media, Dex-21ph: Basal media + Dex 100 nM + ascorbic acid + f-
Glycerophosphate, Hep 0.5 Ul-mL: basal media + ascorbic acid + B-Glycerophosphate + Hep 0.5
Ul-mL1. ** Significant differences (p < 0.05), letters are grouping statistically equal treatments. ....... 69

Figure 24. Comparisons of gene expressions of ALPL, OPN, and RunX2 among Dex-21ph 100 nM and Dx
base 100 nM treatments after 7 and 14 days of analysis. ** Significant differences (p < 0.05), letters are
grouping statistically equal treatMENTS. ..........iiiiiiieiii e 71

Figure 25. Immunofluorescence analysis of hMSCs using anti-ALPL antibody during hMSCs osteoblast
differentiation induced by dexamethasone 21-phosphate and heparin: a. Negative control, b. Dex 100
NM, and ¢. Dex 100 NM + HEP 0.5 ULML ™. ..ottt et 73

Figure 26:lmmunofluorescence analysis of hMSCs using anti-Col | antibody during hMSCs osteoblast
differentiation induced by dexamethasone 21-phosphate and heparin: a) Negative control, b) Dex 100
NM and ¢) Dex 100 NM + HEP 0.5 UL ML . ...ooiiiiie ettt 74

Figure 27. ALPL enzymatic activity-min-t-ug total protein of hMSCs culture on culture media containing at
7 and 14 days of analysis. Negative : Basal media, Dex-21ph: Basal media + Dex 100 nM + Hep 0.5
Ul-mL1, Cryogel 0.00005%: Basal media + Hep 0.5 Ul-mL1 + 25 mg Dex 0.00005% cryogel; Electrode:
Basal media + Hep 0.5 Ul-mL! + Electrode. ** Significant differences (p < 0.05), letters are grouping
statistically @qual trEAIMENTS. .........oui e e e e e e et e e e e e e e anneee 76

Figure 28. Comparisons of gene expressions of ALPL, OPN, and RunX2 among Dex-21ph 100 nM and Dex-
21ph controlled released treatments after 7 and 14 days of analysis. ** Significant differences (p < 0.05),
letters are grouping statistically equal treatMentsS. ...........cooiiiiiiiiiiii e 78

Figure 29. Immunofluorescence analysis of hMSCs using anti-OPN antibody after biochemical stimulation
induced by dexamethasone 21-phosphate and heparin: a. Negative control, b. Dex 100 nM + Hep 0.5
Ul-mL%, c. 25 mg Dex 0.00005% cryogel + Hep 0.5 Ul-mL-%, and d. electrode + Hep 0.5 UI-mL™..... 80

Xii



6 List of abbreviations

ALPL: Alkaline phosphatase

Angl: Angiopoietin 1

BMPs: Bone morphogenetic proteins
BSP: Bone sialoprotein

C/EBPa: Enhancer binding protein a
sFRPs: Secreted frizzled-related proteins
Col1A1: Type | collagen gene

CS: Chondroitin sulfate

CXCL12: CXC ligand 12

Dex: Dexamethasone 21-phosphate disodium salt
DS: Dermatan sulfate

Dx: Dexamethasone base

ECM: Extracellular matrix

EDOT: 3,4-ethylenedioxythiophene
FBS: Fetal bovine serum

FGF: Fibroblast growth factor

GAGs: Glycosaminoglycans

GlcA: D-glucuronic acid

GIcN: D-glucosamine residues

HA: Hyaluronan

Hep: Heparin

HS: Heparan sulfate (HS)

HSCs: Hematopoietic stem cells
IdoA: L-iduronic acid

IPA: Isopropyl-alcohol

KCI: Potassium chloride

KS: Keratan sulfate
Xiii



MSCs: Mesenchymal stem cells

hMSCs: Human mesenchymal stem cells
NH4CHsCO2: Ammonium acetate

NMTS: Nuclear matrix targeting signal
OCN: Osteocalcin

OPN: Osteopontin

OSEZ2: Osteoblast-specific cis-acting element
OSX: Osterix

Pax3: Paired box 3

PCL: Poly(e-Caprolactone)

PEDOT: poly (3,4 ethylenedioxythiophene)
SCF: Stem cell factor

SEM: Scanning electron microscopy
TGF-B: Transforming growth factor-3

KC: k-Carrageenan

B-Gly: B-Glycerophosphate

AA: Ascorbic acid

Xiv



7 List of Annexes
Annex 1. Code used for the configuration of the electrode Stimulator ..o 98

Annex 2. Galvanostatic curve of the electro-polymerization process from an EDOT/kC:Dx dispersion onto a

o T T (=0 [o] [0 I=] [ Tox 1 oo [T RO PUUT T 100
Annex 3. Raman spectra of the PEDOT/KC:DX COAtNG........ccvriiiiiieiiiiiiiiee et 101
Annex 4. p-Raman spectral measurement of the dexamethasone 21-phosphate disodium salt. ............ 102
ANNex 5. RNA CONCENLIAION VAIUES. ........cooiiiiieiiiiie ettt e et e e e e e e nnnne e e e 103

Annex 6. Immunofluorescence analysis of hMSCs using anti-ALPL antibody after biochemical stimulation
induced by dexamethasone 21-phosphate and heparin: a) Negative control, b) Dex 100 nM + Hep 0.5
Ul-mL, ¢) 25 mg Dex 0.00005% cryogel + Hep 0.5 Ul-mL", and d) electrode + Hep 0.5 Ul-mL™.. 104

Annex 7. Paper 1. Design and simulation of flexible thin-film electrodes for cell culture stimulation ........ 105

Annex 8. Paper 2. Polysaccharide k-Carrageenan as Doping Agent in Conductive Coatings for
Electrochemical Controlled Release of Dexamethasone at Therapeutic DOSES. .........ccccovcveeeerinennn. 106

Annex 9. Paper 3. Smart Porous Multi-Stimulus Polysaccharide-Based Biomaterials for Tissue
[ aTo 1 =TT ] T R PRSP SR 111

XV


file:///C:/Users/karamirez/Downloads/Documentos%20por%20enviar%20el%2021%20de%20noviembre/Thesis%20Karla%20Ramírez%20Sánchez_21112022.docx%23_Toc123297976

8 List of Equations

e =1— pbulkpskel X 100 (EQUALION 1) ....oiiiiiiiiiiiiiiiiie ettt e e e e ettt e e e e e e s anntae e e e e e e e e annnneeaaaaean 37
Vp = 1pbulk — 1pskel (EQUALTION 2)........ieiiiiiieii it e et e e e e e e ettt e e e e e e e ansbaeeeaaeeeaannnnneeaaaaean 37
St = Ws —WIWi X 100 (EQUALION 3) ...ciiiiiiiiiie e ettt e e e e e st e e e e e e e s et a e e e e e e e s eabbareeeeeesensnnraeeeas 37
DD = (Wi- WEYWi X 100 (EQUALION 4)..ceuiiiieiiiiie ettt ettt e ba e e s st e e s snbeeeesnnneee s 37

XVi



UNIVERSIDAD DE S E Sistema de
COSTARICA Estudios de Posgrado

Autorizacién para digitalizacion y comunicacion piiblica de Trabajos Finales de Graduacién del Sistema de
Estudios de Posgrado en el Repositorio Institucional de la Universidad de Costa Rica.

Yo, Karla Sofia Ramirez Sanchez , con cédula de identidad 304920710 , en mi

condicion de autor del TFG titulado

“EEQ%MMBA%QNMMMOLECUMS CARGADAS
SOBRE LA DIFERENCIACION DE LAS CELULAS MADRE MESENQUIMALES HUMANAS A OSTEOBLASTOS

Autorizo a la Universidad de Costa Rica para digitalizar y hacer divulgacién ptblica de forma gratuita de dicho TFG

a través del Repositorio Institucional u otro medio electronico, para ser puesto a disposicion del piblico segun lo que
establezca el Sistema de Estudios de Posgrado. ST NO *I:I

*En caso de la negativa favor indicar el tiempo de restriccion: afio (s).

Este Trabajo Final de Graduacion sera publicado en formato PDF, o en el formato que en el momento se establezca,

de tal forma que el acceso al mismo sea libre, con el fin de permitir la consulta e impresion, pero no su modificacion.

Manifiesto que mi Trabajo Final de Graduacion fue debidamente subido al sistema digital Kerw4 y su contenido
corresponde al documento original que sirvi6 para la obtencion de mi titulo, y que su informacién no infringe ni
violenta ningiin derecho a terceros. EI TFG ademés cuenta con el visto bueno de mi Director (a) de Tesis o Tutor (a)

y cumpli6 con lo establecido en la revision del Formato por parte del Sistema de Estudios de Posgrado.

INFORMACION DEL ESTUDIANTE:

Nombre Completo: Karla Sofia Ramirez Sanchez

Niimero de Carné: B99393 Numero de cédula: 304920710

Correo Electrénico: _karla.ramirezsanchez@ucr.ac.cr

Fecha: 02 de enero 2023 . Nuamero de teléfono: 7265-4137

Nombre del Director (a) de Tesis o Tutor (a);__Monica Prado Porras

FIRMA ESTUDIANTE

Nota: El presente documento constituye una declaracion jurada, cuyos alcances aseguran a la Universidad, que su contenido sea tomado como cierto. Su
importancia radica en que permite abreviar procedimientos administrativos, y al mismo tiempo genera una responsabilidad legal para que quien declare
contrario a la verdad de lo que manifiesta, puede como consecuencia, enfrentar un proceso penal por delito de perjurio, tipificado en el articulo 318 de nuestro
Cédigo Penal. Lo anterior implica que el estudiante se vea forzado a realizar su mayor esfuerzo para que no s6lo incluya informacion veraz en la Licencia de
Publicacion, sino que también realice diligentemente la gestion de subir el documento correcto en la plataforma digital Kerw4.




9 Introduction

The increasing incidence of bone disorders and diseases imply a need to
develop strategies for the regeneration and synthesis of artificial bone tissue that
can be applied in vivo (1). Specifically, tissue engineering applications during
tissue regeneration have become a potential tool to be applied in bone repair
therapies and orthopedic diseases.

Regenerative medicine and tissue engineering aim to repair damaged tissues
using cells or synthetic/natural cellular components to initialize the natural
regeneration process (2). The basic tissue engineering strategy involves the use
of biomaterials and scaffolds with growth factors that, in combination with specific

cell types, restore the damage and functionality of the affected tissue (3, 4).

The development of devices for the activation of osteogenic differentiation on
precursory cells to provide approaches for the reduction of inflammation and
subsequent infections is currently being studied, mainly because the release of
pharmacological molecules incorporated on the systems provide better control

over their supply and improve the specificity of drug targeting (1, 4, 5).

Progress in the study and synthesis of relevant biomedical applications have
focused on the use of pluripotent stem cells; particularly since certain stem cells
offer promising results for the formation of osteoblasts and their application in

tissue repair therapies (6).

Mesenchymal stem cells (MSCs) have been for many years an interesting field of
research as suitable candidates for many therapeutic applications, including
tissue regeneration and cell therapy (2, 7). The importance is reinforced by the
multipotentiality of MSCs to differentiate in several cell lineages, where the main
application is focus in improving healing of large bone defects (7, 8). Current

research in tissue engineering often involve the combination of MSCs with novel-



synthetized bioactive biomaterials with physical, chemical, and structural

similarities to physiological MSCs-niche (2, 7, 8).

Dexamethasone base (Dx) is one of the most prescribed corticosteroids
worldwide due to its effect on the negative regulation of the expression of
inflammatory cytokines, chemokines, and metalloproteases (9). Moreover, it is
one of the most important drugs used during the MSCs culture, specifically, this
synthetic glucocorticoid in combination with other growth factors and therapeutic
drugs is recognized for its in vitro effect to induce and enhance the differentiation
of MSCs to osteoblasts (5, 10-12).

GAGs are a family of polydisperse, sulfated, anionic, linear polysaccharides that
have been employed on MSCs culture (13) and are responsible for several critical
biological functions (14-16). Preliminarily, it is well known that the negative
charges of these molecules may interact with cell receptors associated with
numerous biological processes (17). On the contrary, other authors have reported
undesirable GAGs effects on cells culture, because of that, its use as additive on
culture media has been a controversial issue (18).

Several multidisciplinary studies and research involving the field of biochemistry
and cell culture engineering have been developed to generate novel strategies for
stem cell differentiation, a well-known example is the controlled release of drugs
(19, 20). Dexamethasone 21-phosphate disodium salt (Dex) immobilization and
delivery from polysaccharide-based porous and non-porous conductive materials
have been confirmed by collaborators (5, 12), to create synthetic appropriate

scaffolds for osteo-induction of MSCs.

Drug release methods may be described by two main approaches: mechanical
systems related to those that work through pump-type mechanisms, which have
miniaturized technology to be implanted in vivo (21, 22); and by the use of
polymeric materials, which include diffusional release, chemical release, and
more recently, electrochemical release methods (19, 20). Many of these systems
are implanted in vivo and drug release is controlled according to the drug carrier



system used (22). Particularly, the diffusion-controlled release from aerogels has
been studied, so that they ultimately function as scaffolds for in vivo tissue

regeneration studies (5, 23).

Additionally, using electrochemical mechanisms, the release of drugs from a
matrix constituted for the conductive polymer poly (3,4 ethylenedioxythiophene)
(PEDOT) was studied in 2019, from which the drug dissociates according to an
electrical stimulus (12, 24). Polysaccharide-based porous materials and PEDOT-
polysaccharides systems have been proposed as carriers for bioactive
compounds immobilization and their subsequently controlled or non-controlled
delivery (12).

Finally, k-Carrageenan (kC) in combination with other polysaccharides is the
focus of study during the synthesis of scaffolds that may function as an
extracellular matrix (ECM). ECM is a dynamic three-dimensional structure which
provides structural support for cells (25). The diversity of ECM components and
their interaction with cells receptors makes possible the regulation of cellular
behavior (26, 27). Certain porous materials based on polysaccharides have been
proposed as ECMs and as drug-delivery systems (28, 29), mainly because they
offer a highly porosity, three-dimensional structure, and controllable-mechanical
properties (25, 30). Porous systems can act as a carrier for drugs, showing high
loading capacity, enhanced stability upon storage, and accelerated drug release
(i.e. Dx and Dex), if required (31), because of that, tissue engineering applications
have also studied these type of systems as potent stimulators of MSCs

differentiation to bone cells.

In this work, KC/PEDOT-conductive materials and polysaccharides-based porous
systems containing Dex were prepared. Self-made gold electrodes were used for
PEDOT films synthesis. Cryogels and electrodes were used as Dex-delivery
scaffolds obtaining the drug at therapeutic concentrations and, both systems were
applied during MSCs culture to study their potential influence during osteoblast
differentiation of cells. Finally, the potential effect of the heparin (Hep), which is



the most negatively charged GAG, during MSCs differentiation to osteoblast was

also confirmed.



10 Theorical framework

10.1 Mesenchymal stem cells in tissue engineering applications for bone
repair therapies.

10.1.1 Bone diseases as consequence of aging progressive.

The bone is a high-density and complex calcified tissue, chemically built up
as a mineralized matrix which comprises organic matrices, water, lipidic contents,
collagen, and a small amount of non-collagenous proteins (32—34). Bone tissue
exerts vital functions: protects internal organs, is a support for the body, facilitates
the movement, produces blood and progenitor lymphoid cells, regulates blood pH,
and stores and releases fats and minerals. A summary of the bone composition

and functions is showed in Figure 1:

Mineral (50-70%, primarily hydroxyapatite)

Protects internal organs ‘ . Responsible for hardness,
) rigidity, and the compressive
strength of bone.

Stores and releases fat i & 5
Organic matrix (20-40%, mainly collagen type I)

Stores and releases minerals °*, . [T 71| Intimately associated  with
- minerals to endow bones
.;. I+ tensile strength and elasticity.

= Water (5-10%)

-y A primary contributor to the
Facilitates movement e v mechanical behavior.

Lipidic contents (1-5%)

Supports the body A source and store of energy.

Mesenchymal stem cells

Osteogenic differentiation
under appropriate stimuli

Osteoblasts

Responsible for the synthesis
and deposition of the protein
matrix on bone surfaces

Figure 1. Schematic representation of the functions and chemical/cellular composition of bones.
From Zhang X, et al. 2021 (32).
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As progressing aging and the increase in life expectancies, the impact of bone-
related diseases such as bone cancer (e.g., osteosarcoma, bone metastasis),
bone infection, osteoporosis, and osteoarthritis (OA) also increased (35). In fact,
several reports have demonstrated that these bone defects have increased in the
last years, constituting a major issue for modern societies, affecting more than 50

million people in the United States, threatening public health (35, 36).

Bone autografts and allografts are the most traditional strategies for the treatment
of these diseases and bone reconstruction, nevertheless, some of these
treatments may present several drawbacks. Because of that, numerous strategies
employing organic and inorganic porous and non-porous scaffolds for the in vitro
or in vivo colonization of MSCs have been extensively studied, mainly controlling
the physical and mechanical properties of the scaffolds, and approaching the
properties of multipotentiality of MSCs (37-39), as will be discussed in the

following chapters.

10.1.2 Characteristics of mesenchymal stem cells.

The human body houses several cell types with capacity to give to daughter
cells restricted potential. Some examples of such cells are the embryonic stem

cells, the hematopoietic stem cells, and the MSCs (40).

Specifically, MSCs represent a rare population of multipotent progenitors,
described as adherent and non-hematopoietic stromal cells. These cells were
initially described in bone marrow (BM) by Friedenstein in 1966 (41). However,
their isolation has been carried out from other adult connective tissues (40, 42,
43).

MSCs are described as a fibroblastic cell type with high replicative capacity that
can produce clonal cells. Because their multipotentiality, their use has been very
explored in tissue engineering studies and for clinic uses. MSCs are capable to
induce multilineage differentiation from a single cell, and it is known their ability to



differentiate into osteoblasts, chondrocytes, adipocytes, myocytes, tenocytes,
and neural cells (40, 44).

Even though of the importance of MSCs differentiation abilities for tissue repair,
the main mechanism of MSCs therapeutic effects is related to their paracrine
effects (45). According with Pounos (40), after a tissular damage event, these
cells are activated by several signals including injury, inflammation, and necrosis,
triggered their paracrine effects including angiogenesis, preventing apoptosis,
and modulating extracellular matrix dynamics. Equally, MSCs are related with the
modulation of the activation or suppression of the immune system, to control the

whole-tissue regeneration process.

Therefore, it is important to know that although the in vitro expansion of MSCs
constitutes a marked and sustained increase in proliferation, MSCs are affected
by their replicative senescence, and the slowly replication will increase over time,
while the multipotentiality will gradually decline. This phenomenon affects the
downstream applications including the ex vivo MSC expansion before
reimplantation to home to sites of injury and inflammation (43).

10.1.3 MSCs isolation sources.

Several sources in the human body have been employed for stem cells
isolation. The selection of the organ or tissue depends on the logistical and
practical isolation method and of the stem cells in vitro desirable characteristics,
also, is important to define the differentiation potential of cells (46, 47).

Although MSCs are obtained from almost any tissue on the human body, the most
common sources are bone marrow (BM) and adipose tissue (AT). Nevertheless,
there are some practical limitations during isolation method depending on the
difficulty and invasiveness of the process (46, 48).

MSCs were first discovered in the bone marrow, where these cells constitute an

element of stromal cells in the tissue. However, only a small percentage of the



total number of bone marrow populating cells are MSCs, some researchers have
reported the isolation of only 0.01% to 0.001% of these mononuclear and plastic
adherent fibroblasts like cells colonies and their isolation depend on the patient
status and the volume of aspirates. In bone marrow, MSCs are in close
association with the resident hematopoietic stem cells (HSCs), near of the
sinusoidal endothelium. These cells participate as osteogenic progenitors but also
in the production of signals for the modulation of the maturation of HSCs through
the secretion of tropic factors such as angiopoietin 1 (Angl), stem cell factor
(SCF), and CXC ligand 12 (CXCL12) (42, 48, 49).

Although cells isolated from BM are the most employed during bone tissue
therapies, BM isolation is a highly invasive and painful procedure implying general
anesthesia and many days for hospital care, making the isolation more
problematic in comparison with peripheral blood, AT, or birth-derived tissues.
Because of that some researchers have searched alternative sources for MSCs
isolation (48). One example are the AT-derived MSCs, which can be isolated from
subcutaneous lipoaspirates resulted as a product of cosmetic and therapeutic

surgical interventions, peritoneal and inguinal fat pads (47, 50).

According with some authors, AT allows the isolation of a large number of high
activity cell, in fact, it is reported that the percentage of MSCs are nearly of 2% of
stromal vascular fraction on AT and sometimes nearing 30%, reported as the
greatest one in all tissues (47, 50, 51). One important thing is that approximately
the 98-100% of the cells obtained from AT are viable and could be expanded

effectively in vitro conserving their stability in long-term cell cultures (50).

In comparison with BM-MSCs, AT-MSCs present very similar characteristics in
terms of morphology, phenotype, functions, and multilineage differentiation
potential. The isolation methods are easier and less painful than BM-MSCs,
nevertheless, depending on the donor characteristics (e.g. age and sex), the

expansion and differentiation could be affected (50).



On the other hand, MSCs populations could be also found in dental tissues (52,
53), which not only display self-renewal and multi-differentiation potential but also
present immunomodulatory mechanisms and potent tissue regenerative
properties. Umbilical derived-MSCs present similar surface phenotype,
multipotency and plastic adherence properties of those MSCs found in other
sources, they are also important in regenerative medicine (54, 55). Other sources
for MSCs isolation include endometrial derived MSCs (56), synovium and synovial
fluid derived MSCs (57), placental derived MSCs (58), peripheral blood (59), and

others.

10.1.4 Mesenchymal stem cells surface markers.

Once MSCs isolation is completed, the characterization of cell markers
should be carried out. According to some authors, hMSCs expresses a specific
set of cell surface markers that make it different for the other cells. HMSCs are
positive for CD73, CD90, CD105 whereas are negative for the expression of
CD14, CD34, and HLA-DR. The main MSCs markers according with the body
source are reported in Table 1.

Table 1. Human mesenchymal stem cells (hMSCs) surface markers according with the body
isolation source.

MSCs type Cell markers Reference
BM-hMSCs CD105 CD73 CD90 CD271 CD146, CD13, CD45, SSEA-3 Stro-4  (60-64)

AT-hMSCs CD90, CD44, CD105, CD73, CD166, CD13, CD146 (65-68)
Dental tissue- CD73, CD90, CD105, CD146, CD29, CD44, CD105 (69-71)
hMSCs

Umbilical-hMSCs  CD44, CD29, CD105, CD73, HLA-ABC, CD90, CD70, CD166 (69-71)
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Endometrial- CD105, CD90, CD73, CD44, CD29, PDGFRp (72-74)
hMSCs

Placental-hMSCs CD166, CD105, CD90, CD73, CD49e, CD44, CD29, CD13, HLA-  (75-79)
ABC, CD146, CD49a/VLA-1, STRO-1, CD106

10.1.5 Multilineage differentiation of mesenchymal stem cells.

One of the most important characteristics of MSCs is their capability to
differentiate into a diverse set of mesoderm-type cells, including osteoblasts,
adipocytes, and chondrocytes (Figure 2). This property of MSCs opens
therapeutic opportunities for the treatment of lesions in mesenchymal tissues,
focusing mainly on bone and cartilage defects, for the tissue regeneration
therapies. In general, the differentiation into different cell lineages is determined
by different factors and signaling pathways. Collectively, canonical and
noncanonical B-catenin-dependent Wnt signaling has demonstrated both pro-

osteogenic and anti-adipogenic activities (80, 81).

Wnt/B-catenin signaling pathway maintains preadipocytes in an undifferentiated
state through inhibition of the adipogenic transcription factors: the enhancer
binding protein a (C/EBPa) and peroxisome proliferator-activated receptor vy
(PPARYy), because of that, several studies have demonstrated that the inhibition

of Wnt/B-catenin signaling positively regulates adipogenesis (81).
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Figure 2. Human mesenchymal stem cells sources and their differentiation capacity: osteoblasts,
chondrocytes, myotubes, stromal cells, fibroblasts, and adipocytes. From James AW. 2013 (81).

According with Figure 3, PPARy is considered the master regulator of
adipogenesis as well as RunX family transcription factor 2 (RunX2) is reported as
the master regulator of osteogenesis. PPARYy not only is an adipogenic regulator,

but also is implicated as an anti-osteoblastogenic molecule.

PPARy and RunX2 act together to mediate the effects of various cytokines in
determination of adipogenesis versus osteogenesis during MSC differentiation,
the expression of a transcriptional factor is related with the down regulation of the
other. Particularly, secreted frizzled-related proteins (sFRPs) are induced during
adipogenesis, the overexpression of SFRP1 promotes adipogenic differentiation
through inhibition of canonical Wnt signaling. Nevertheless, currently, it is lack of
the fully mechanism through which Wnt/B-catenin signaling is regulated in
controlling the fate of MSCs is known (80, 81, 83, 84).
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Figure 3. Flowchart depicting the biogenesis of osteoblasts after RunX2 transcriptional factor
expression. From Thiagarajan L, Abu-Awwad HADM, Dixon JE. 2017 (93).

On the other hand, myogenic differentiation of MSCs understands the activation
of some specific myogenic transcription factors, including paired box 3 (Pax3),
MyoD, and Myf-5, which are required for the differentiation of MSCs on skeletal
myogenic lineages, whereas myogenin and MRF4 are thought to regulate cell
fusion and terminal differentiation. MyoD is considered the master regulator on
MSCs differentiation to myoblast. Pax3 also has a great influence during myoblast
differentiation. Some studies have reported that Pax3 overexpression promotes

the myogenic differentiation and blocks the adipogenic, osteogenic, and
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chondrogenic differentiation of MSCs. In addition, MyoD overexpression was
found to inhibit Twist-1 (an antagonist of myogenesis), resulting in an increase in

muscle cell differentiation (85—-90).

Figure 2 also shows that MSCs are recognized as the common ancestor for
osteoblast. According with Hang, et al. (91), these cells participate during the
endochondral and intramembranous ossification. Firstly, the transcriptional factor
RunX2 is expressed to limit the potential of stem cells to differentiate to osteoblast.
In fact, this transcriptional factor is the most essential for osteoblast commitment,
differentiation, matrix production, and mineralization during bone formation.
Rutkovskiy, et al. (92) reported that the ectopic expression of RunX2 in non-
osteoblastic cells leads to the expression of genes that determine the osteoblast
phenotype and controls the expression of osteogenic marker genes such as ALPL
(Alkaline phosphatase), OPN (Osteopontin), OSX (Osterix), CollAl (type-I
collagen), BSP (Bone sialoprotein), and OCN (Osteocalcin) (93).

There is a nuclear matrix targeting signal (NMTS) in the C terminal of RunX2.
These NMTS can localize RunX2 in the osteoblast-specific cis-acting element
(OSE2) in the nucleus, Runx2 binds OSE2 in the promoter to initiate
osteogenesis. During the first step, the expression of osteoblast differentiation
markers including the fibronectin, Col1A1 and OPN is completed. After that, the
maturation of extracellular matrix is carried out by expression and activation of
ALPL enzyme, and finally, matrix mineralization is enriched by OCN, which

promotes the calcium deposition in the matrix (Figure 3) (93-97).

Bones of the axial skeleton are formed by a film of cartilage intermediate, formed
in the process of endochondral ossification. During this process, MSCs begin to
differentiate along a pathway that leads the differentiation of chondrocytes, which
is required for skeletogenesis. Chondrogenesis starts when MSCs are stimulated
to express Sox9, which is require only at the onset of chondrogenesis. Sox9 is
the main transcription factor essential for chondrocyte differentiation, their
expression is followed by deposition of cartilage matrix containing collagen I, IX

and Xl as well as aggrecan.
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The expression of the SOX protein is controlled by fibroblast growth factor (FGF),
transforming growth factor-g (TGF-B), bone morphogenetic proteins (BMPs) and
Wnt families. Specifically, BMPs control the expression of Sox9 via the BMP
receptors BMPIRA and BMP1RB, FGF has an important role for the proliferation
and survival of cranial neural crest derived cells, and the Wnt signalling molecules
initiates chondrogenesis activating p-catenin into canonical Wnts and

noncanonical Wnts.

Members of the TGF-$ family also have been shown to play a major role in bone
and cartilage development. Particularly, TGF-B promotes proteoglycan
deposition, because of that, TGF-B is a standard media additive used during
chondrogenesis differentiation of MSCs (82, 98—-102).

10.1.6 Importance of the mesenchymal stem cells in tissue engineering and
bone defects.

After orthopedic surgeries caused by bone defects, most people
experiment trauma, inflammation, or remnant tumors. Because of that, tissue
engineering has provided diverse strategies for repairing such tissue defects,
nevertheless, their clinical application or scaleup has given suboptimal results,
been still limited (103, 104).

Different types of bone grafts have been used: autografts, allografts, and synthetic
grafts. The autograft in comparison with the others is considered the best strategy
to treat bone defects, mainly considering the osteoinductive and osteoconductive
properties, and the histocompatibility of the biological scaffold employed (105).
Nevertheless, diverse studies have evidenced that a MSCs-based therapy in
combination with allogenic grafts could be a viable alternative to autologous bone
transplants, specifically, taking advantage of the MSCs multipotentiality, the
possibility of being easily isolated from tissue aspirates, and their high ex vivo

expansion potential. The above is accompanied by the release of growth factors,
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and the stimulation of these progenitor cells to be finally injected in the damaged
tissue (105-107).

An example of MSCs-based therapies consisted in the culture of cells on a three-
dimensional scaffold. According with some authors (108), MSCs have been
seeded on ceramic biomaterials, the local implantation at the defect resulted in
complete fusion at 5—7 months post-surgery, showing good integration with the

affected tissue and causing repair.

Currently, some other scaffolds based on natural and synthetic materials are
available, an example is the use of hydroxyapatite (HA) scaffolds for in vitro MSCs
culture, which has been used in several animal models, showing a great potential
in promoting bone union and repair. One of the most important properties of these
materials is the open porosity which make possible the vascularization, the blood
vessels are closely involved in osteogenesis, the osteoblast cells produce osteoid
tissues, which differentiate to osteocytes, and finally form healthy bone (106, 107).
Nevertheless, several strategies for enhancing vascularization including the
modification of the scaffold design, the release of angiogenic factors, and in vivo
and in vitro pre-vascularization are currently under study, which will be reviewed

in upcoming chapters.

10.2 Dexamethasone and glycosaminoglycans as osteoblast differentiation
factors during in vitro MSCs culture.

10.2.1 Effect of dexamethasone on MSCs differentiation.

Differentiation of hMSCs is influenced by changes in the biochemical
agents of the culture medium that contains them under in vitro conditions, such

as the drug Dx.

Dx is a synthetic glucocorticoid that reduces inflammation in the central nervous
system, acting through glucocorticoid receptors found in most neurons and glial
cells (5, 10, 23, 109-111). In addition, is one of the most prescribed
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corticosteroids worldwide as a treatment for eye diseases, rheumatoid arthritis
and to reduce inflammation due to its effect on the negative regulation of the
expression of inflammatory cytokines (IL-b, IL-6, IFN-g and TNF-a), chemokines
(CXCL10 and CCL-5), and metalloproteases (9).

Dx along with other growth factors and therapeutic drugs is recognized for its in
vitro effect to induce and enhance the differentiation of hMSCs to osteoblasts (10,
11). Due to being locally delivered, the specificity and efficiency of Dx means that
only small amounts of the drug are required (5, 10, 23, 109-111). In this case, the
optimal Dx concentration used to drive differentiation of MSCs is in the range of
10 to 100 nM. An interesting point to consider is that concentrations greater than
1000 nM can have a toxic effect on cells and have even been related to the
development of osteoporosis and bone density loss (4, 10).

MSC differentiation into osteoblasts is strictly regulated by diverse factors that
persist in intracellular signaling pathways such as Notch/Hedgehog, ERK, and S-
catenin. The activation of these signaling pathways leads to the initial expression
and subsequent regulation of the RunX2 gene, this process induces to the
transcription of the RunX2, which as was mentioned, is the main transcriptional
factor for osteoblast differentiation. After RunX2, the expression of other important
markers of osteoblast is carried out, including the ALPL gene that codes for
alkaline phosphatase, and the CollAl, followed by the mineralization of the

extracellular matrix (112, 113).

The role of Dx in MSC and its influence on osteoblast differentiation is explained
by the expression of RunX2 by various mechanisms. The first one, through the
transcriptional activation of the gene mediated by FHL2 (upregulated in presence
of Dx) protein which activates the WNT/B-catenin signaling-dependent RunX2
expression. Dx binds to the corticosteroid-binding site of the response element in
the FHL2 promoter, inducing protein synthesis. FHL2 is bound to g-catenin in the
presence of WNT3a (an activator of the WNT signaling pathway), this leads to the
release of f-catenin to the nucleus and enhances the RunX2 transcription.
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The second mechanism explains that the regulation of RunX2 is mediated by the
activity of a TAZ molecule (a transcriptional coactivator) type g-catenin. In this
case, TAZ is responsible for the recruitment of components of the transcriptional
machinery for RunX2 while repressing PPARy gene transcription, to avoid
adipogenic differentiation. Finally, the third mechanism of osteogenesis induction
by Dx is through the activation of MKP-1 (ERKZ2). For the latter case, Dx increases
the transcription of the ERK2 gene, once transcribed, it phosphorylates the RunX2
factor at serine 125, which leads to greater activity and expression of osteogenic
genes (10, 112, 114) (Figure 4).
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Figure 4. Dexamethasone signaling pathways during mesenchymal stem cells differentiation to
osteoblast lineage. From Langenbach F, Handschel J. 2013 (10).
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10.2.2 Glycosaminoglycans and their potential use as differentiation factor
on MSCs.

GAGs are a family of polydisperse, sulfated, anionic, and linear polysaccharides

responsible for a great number of critical biological functions. In general, GAGs
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consist of repeating disaccharide units composed of uronic acid and amino
sugars. There are 4 main types of glycosaminoglycans: Hep and heparan sulfate
(HS), chondroitin sulfate (CS) and dermatan sulfate (DS), hyaluronan (HA), and
finally, keratan sulfate (KS) (14-16).

In 2015 (17), it was reported that Hep is associated with nhumerous biological
processes, including osteogenesis from MSCs through the interaction with
extracellular components as growth factors, cytokines, lipoproteins, and ECM
proteins, a process that could be closely related to the concentration of the drug

added to the culture medium (18).

Regarding their structure, Hep and HS are the most complex existing GAGs. They
are composed of 20 to 40 repeating disaccharide units linked by 1,4-glycosidic
bonds, including uronic acid (D-glucuronic acid (GIcA) or L-iduronic acid (IdoA)),
commonly linked to sulfate groups; and by D-glucosamine residues (GIcN, a
hexosamine) with N-sulfate, N-acetyl, or free amino groups. In contrast to HS, in
the Hep molecule, L-iduronic acid predominates by 90% compared to D-
glucuronic acid and has more sulphate groups (14, 15).

Hep and HS are synthesized in the Golgi complex and exported to the outside of
the cell, where they are predominantly found in the ECM or on the cell surface
bound to core proteins, where they form particular complexes called
proteoglycans (14, 16). Hep is a highly important GAG that is frequently used in
the pharmaceutical field as an anticoagulant to treat high-risk thrombotic
disorders, since it binds with high affinity to antithrombin 1lII (ATIII), which
deactivates various enzymes of the coagulation cascade (115, 116).

10.3 Porous and non-porous materials as drug delivery systems.

Sections 10.3.2 - 10.3.4 were published by the thesis author in 2020 as it is

reported in Annexes section (117).
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10.3.1 PEDOT as conductive polymer for drug immobilization.

The conductive polymer PEDOT is synthesized from EDOT (Figure 5). It has
been extensively studied for its high transparency, its easy processing in aqueous
solution with surfactants, and its applicability for flexible devices (118). The
controlled synthesis of PEDOT from EDOT s possible through

electropolymerization or electrodeposition (119).

PEDOT is categorized as a biocompatible conductive polymer (109). However, in
cases where organic molecules or whole cells are involved, it is recommended to
evaluate the combination with biopolymers, to improve the biocompatibility of the
matrix (120). Previusly,, the cytotoxicity of a PEDOT porous matrix in combination
with the biopolymer kC was confirmed in a human neuroblastoma cell line (SH-
SY5Y) (109). The high surface-volume ratio, high porosity, the high degree of
interconnection of pores, and an appropriate pore size are some of the properties
that this type of scaffold must have to improve the biological and electrical

properties of the interface (121).
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Figure 5. Molecular structure of the EDOT monomer (left) and the PEDOT polymer (right).

The electrochemical properties of PEDOT and its simple processability can be
exploited in a wide range of applications, including biomedicine and biotechnology
(122). This polymer has been described as a promising material for the local
release of drugs (specifically charged molecules), since it allows the incorporation
of these anionic molecules by electrostatic mechanisms during

electropolymerization in thin films and their subsequent release by charge transfer
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through of the interface during an electrical stimulation event (24, 123). In addition,
the controlled release of Hep and HS from conductive polymeric matrices has also
been investigated, although not extensively (124). However, it constitutes a
potential method for the future generation of a scaffold for bone tissue

regeneration.

The application of external electrical stimuli on MSCs was studied on 2013, as
result, authors confirmed that cells were not negatively affected by low alternating
current stimuli even in periods of 6 hours of stimulation (6), which strengthens that

the drug fixation and subsequent release from PEDOT matrices could be applied.

The electrodeposition of the PEDOT/kC polymeric matrix can be carried out on
different types of materials such as gold (Au), platinum (Pt) or indium tin oxide
(ITO) (109, 118, 123). However, given its biocompatibility and in accordance with
previously research (109, 123), the gold electrodes system is the best to stimulate

the matrix and to induce drug release.

10.3.2 Controlled drug release by electrical stimulation employing
nonporous conductive materials.

In order to prevent the negative effects resulting from exposure to high
dosages of drugs, local electronically controlled release of pharmaceutical
compounds from implantable devices appears as a promising option (125). Drugs
anchored inside the conductive materials have been reported using supercritical

technology and electropolymerization (126, 127).

Electrochemical methods involve the use of conductive polymers, which are
electrochemically oxidized during the polymerization processes, generating
charge carriers, and, thus, allowing ionic drugs’ impregnation based on
electrostatic interactions (128). There are two main electrochemical methods to
induce the immobilization of drugs. In the first one, an ionic drug (preferably
anionic) acts as a doping agent and its anchoring proceeds simultaneously with

the process of matrix formation, commonly named one-step immobilization or in
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situ immobilization (126, 129). Drug fixation is the result of the ion-exchange
processes during polymer oxidation. lonic drugs can serve as counter-ions for the
positively charged centers in the growing polymer chain (130). Anti-cancer drugs,
anti-inflammatory compounds, and hormones have been fixed on conductive
materials using one-step immobilization, mainly for the development of neural
devices (24, 131, 132).

The second method corresponds to the two-step or ex situ immobilization. The
incorporation of the drug is carried out after the synthesis of the matrix, through
ion exchange processes taking place at their surface. First, the polymer film is
synthesized from a solution consisting of the monomer and a small ionic molecule
as doping agent, without the drug. The obtained film is later reduced and oxidized
by an electrical stimulus (126, 129). Reduction induces the removal of the dopant
from the film; meanwhile, the drug, which acts as the second doping agent, is
incorporated during the process of matrix oxidation (130).This approach allows to
prevent the interference of drugs during the growth of polymer matrix and their
subsequent release does not have much impact on their physicochemical
properties (126, 129).

Different strategies of drug fixation on conductive polymers using two different
doping agents have been reported (12, 130). The anti-inflammatory drugs Dex
and the polysaccharide k-carrageenan were included simultaneously during
PEDOT film formation, using in situ immobilization. After film oxidation, kC was
maintained on the matrix, granting the film greater stability and integrity even after

drug release (12).

Drug delivery is caused by electrochemical stimulation of the conductive matrix,
which induces the oxidation and/or reduction of the film. By applying a negative
potential, the polymeric matrix is reduced, and the cationic charge of the polymer
backbone is neutralized, causing the release of the anionic drug by electrostatic
mechanisms (129). In a similar procedure, applying negative and positive cyclic
potentials induces the reduction and oxidation of the polymeric film, respectively;

meanwhile, the matrix experiments expansion and contraction, which force the
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release of the drug. Although cyclic stimulation allows a greater amount of drug
release in comparison with other methods, some authors have reported that the
application of the stimulus may cause delamination, cracks, and breakdowns of
the matrix, mainly in one-step immobilization systems (133-135).

The controlled release of drugs using electrical stimulation from conductive
polymer films (12, 24, 127) opens the door for a different approach regarding the
application of polysaccharide aerogels on drug delivery. Since these materials
can be coated with an electrically conductive material while incorporating active
compounds, those composites may be used in the controlled release of bioactive
molecules by electrical stimulation (136, 137). These biochemical release
systems are the focus of several research groups and further investigations
should follow this path to promote smart porous scaffolds that merge mechanical,
electrical, and biochemical stimulation processes, mimicking the in vivo ECM

conditions.

10.3.3 Polysaccharide-based porous materials as drug-delivery systems.

One of the main approaches and most relevant applications of biopolymer-
based porous materials is their use as drug-delivery systems (28, 29). The
application of these materials as controlled drug-release matrices has gained
interest in the last years due to their properties, such as its high surface area, high
porosity, and biocompatibility (29). Porous materials can act as carriers for
bioactive compounds, showing high loading capacity, enhanced stability upon
storage, and accelerated drug release, if required (138). Along with the high
loading capacity, biopolymer-based porous materials also show an improved

dissolution rate of poorly water-soluble drugs (29).

The biocompatibility of natural polymers along with the outstanding performance
of porous matrices as carriers for active compounds, such as drugs, have
promoted the systems as scaffolds in body implants to accelerate tissue formation

by providing a suitable porous structure that promotes cell colonization (5, 139).
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Diverse authors have also studied the incorporation of drugs and growth factors
to promote the attachment, proliferation, and differentiation of cells, in order to
provide both substitutes for damaged tissues and therapeutic schemes that
reduce post-implantation inflammation and infections (1, 4, 5).

Controllable drug-release systems may be categorized as mechanical methods,
which are mainly in vivo implantable pump delivery systems built from
biocompatible nanomaterials (21, 22), and as polymeric drug delivery systems.
The last one makes use of biopolymers, in which the delivery of drugs is mainly
dominated via diffusion and by electrochemical methods as was recently reported
(22). Hence, the incorporation of drugs within these kinds of porous scaffolds has
been studied previously for osteogenic differentiation, bone repair activity, and the
stimulation of neural tissues (5, 127).

10.3.4 Diffusive phenomena on the controlled release of drugs on
polysaccharide-based porous materials.

Different methods for drug impregnation can be found in literature regarding
porous materials from polysaccharides. Supercritical technology employing
scCOz has been defined as the most innovative technique for producing
polymer/drug composite systems for pharmaceutical applications (140). By
means of supercritical fluid technology, the impregnation of scaffolds with drugs
such as ketoprofen was achieved (139). This process consists of placing aerogel
particles and ketoprofen in a closed autoclave under agitation; the ketoprofen is
dissolved in scCO2 and adsorbed in the aerogel matrix. The same procedure was
reproduced for obtaining poly(e-Caprolactone) (PCL) scaffolds loaded with
ketoprofen (141) and for alginate-based aerogel microparticles for mucosal drug-
delivery (29).

Three steps are considered for the diffusion model: first, the film diffusion; the
second step is the slowest, thus controlling the kinetics of the phenomenon, and

it is called intraparticle diffusion; finally, the last step is the adsorbate release on
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adsorbent active sites (142). Several works have been published regarding the
release of drugs by means of diffusion phenomena (23, 29, 138, 139, 143, 144).
The first mechanism when a drug-loaded polymeric material meets an aqueous
solution is the filling of the pores near the surface; then, drug diffusion is initiated
by the dissolution of the solute in the water-filled pores and the continuous
diffusion in water (145). Through time, the polymeric network starts swelling,
inducing several structural changes that are affected by the cross-linking density
and the degree of crystallinity of the 3D network. From the swelling of the polymer,
a new diffusion starts through the swelled polymer structure (145). By analyzing
the release profile of drugs, conclusions can be obtained on whether the kinetics

follow a Fickian or non-Fickian diffusion profile (139).

Innovative drug delivery systems are not only studied to improve cellular
responses in different tissues but as a strategy that develops platforms and nano-
scale devices for selective delivery of therapeutic small drug molecules to the cells
or tissues of interest, for the maintenance of appropriate doses, and to improve
individual therapy. To meet this demand, many drugs have been reformulated in
new drug delivery systems to provide enhanced efficiency and more beneficial
therapies (21, 22).

10.3.5 Future perspective: innovative polysaccharide-based porous
materials as extracellular matrices for tissue regeneration.

In recent years, tissue engineering and regenerative medicine studies has
been based on the combination of specific types of cells and three-dimensional
(3D) porous scaffolds to induce a successful in vitro generation of diverse tissues
(146-148). The main efforts on engineered ECMs in the biomedical field have

been focused on the use and stimulation of pluripotent stem cells.

An ECM is an organized network composed by a mixture of cellular and non-
cellular components. It plays an important role in tissue and organ

morphogenesis, cell function, and structure maintenance. The biochemical and
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mechanical stimulus that cells receive from the matrix influences their growth,

migration, differentiation, survival, and homeostasis (149).

Aerogels are porous three-dimensional matrices, which possess a nanostructure
that it is able to mimic the extracellular matrix of the natural tissue, providing a
favorable environment for the regeneration of tissues and organs (28). Coupled
with high porosity, low densities, and high inner surface areas, porous materials
can provide appropriate morphology engineering, opening the possibility for their
application as synthetic scaffolds for tissue engineering (121).

Specifically, the scaffold acts as a template for new tissue formation (150) and its
three-dimensional structure guides the proliferation and colonization of cells,
promoting tissue growth (151). An ideal synthetic ECM should exhibit a highly
open and uniform porosity, over 80%, with micro-and mesopores that enable cell
infiltration and macropores for proper vascularization (152). The configuration of
the scaffold topology is critical in controlling cellular function, it should match the
endogenous topology of the cell membrane in order to enhance signaling and

function.

Nowadays, regenerative medicine is focused on the evaluation of novel skeletal
muscle regeneration strategies, which involve the prefabrication of muscle tissues
in vitro by differentiation and maturing of muscle precursor cells on a scaffold,
providing the required environment for myogenic differentiation of the cultured
cells (153). Researchers are studying the incorporation of products obtained from
cellular metabolism in synthetic ECMs. These materials are mainly constituted of
glycosaminoglycans, a group of polysaccharides that can modulate cell activity
by mimicking aspects of the in vivo extracellular environment, providing important
roles in cell signaling, proliferation, and orientation through their ability to interact
with ECM proteins and growth factors (14-16, 154). Hyaluronic acid, heparan
sulfate, and heparin are the most used glycosaminoglycans in synthetic ECMs,
mainly to direct the culture of MSCs (155, 156).
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On the other hand, the synthesis of alginate hydrogels for platelet-rich plasma
encapsulation as a coating for polylactic acid porous devices is another strategy
used to improve cellular responses on synthetic ECM, the hydrogel system allows
for better cellular integration and influences the vascularization into the membrane
after skin implantation of the device, and the access to nutrients and growth
factors was also improved with the engineered hydrogel. Platelet-rich plasma
hydrogels could also support oxygenation of cells, avoiding hypoxia immediately
post-transplantation (157, 158). In a similar study, calcium peroxide (CPO) was
used during the synthesis of a gelatin methacryloyl bioprinted scaffold to achieve
improved cellular oxygenation and increase fibroblast viability under hypoxia
conditions (159).

The spatial arrangement, porosity, biocompatibility, and proper scale of the ECM
are some of the most important features that must be adjusted for use in nervous
tissue, skin, bone, and muscle (153). Nevertheless, several other factors, such as
mechanical properties and chemical modification of scaffolds, significantly
influence cellular behavior and are also considered during synthetic ECM (160,
161).

Current and future studied strategies are based in the use of these type of
scaffolds which could be employed and modified for drug immobilization and as
conductive systems for MSCs stimulation focused on cell stimulation for the

synthesis of in vitro bone tissue for regeneration.
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11 Justification

Degenerative conditions causing by aging, defects on bone tissue, and the
needed for organ transplant have gained interest in the control of hMSCs
differentiation making use of scaffolds designed with bioactive materials to

facilitate the formation of functional tissues.

HMSCs differentiation into different lineages can be induced by incorporating
biochemical agents into the culture medium, and it has also been studied that
some glycosaminoglycans can favor the response time in the differentiation to
osteoblasts.

Given that, the study of the in vitro role of the controlled release of at least one
bioactive agent in the proliferation and differentiation of cells to the osteogenic
lineage, may be a promising approach for future design and development of
scaffolds that allow cell establishment and differentiation, favoring a normal tissue

regeneration process.

In this case, the faradic mechanism of a conductive polymer on a gold electrode
allowed the fixation and subsequent release of Dex in a cell culture medium. This
system permitted a more precise control of the quantity and concentration of drug
released, reducing the possible diffusion events; so that it could be a better
candidate in future therapy strategies for various injuries or chronic diseases. In
parallel, a three-dimensional porous system for Dex incorporation was prepared
and applied during hMSCs culture.
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12 Hypothesis

The controlled release induced by electrical stimulation of at least one charge
molecule from gold electrodes coated by conductive polymeric matrices promotes

the differentiation of hMSCs into osteoblasts.
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13 Objectives

13.1 General objective:

To study the in vitro effect of the controlled release of charged molecules
from porous and non-porous conductive materials, on the proliferation and

differentiation of human mesenchymal stem cells.

13.2 Specific objectives:

1. To synthesize conductive materials for the controlled release of a charged
molecule for the study of the proliferation and differentiation of human
mesenchymal stem cells.

2. To establish the concentration profile of at least one charged molecule for
the differentiation of human mesenchymal stem cells to osteoblasts.

3. To analyze the expression of osteoblasts characteristic markers to confirm
the differentiation of mesenchymal stem cells after suffering biochemical
stimulation.

4. To evaluate the in vitro effect of the controlled release of at least one
charged molecule from conductive matrices on the proliferation and
differentiation of human mesenchymal stem cells, for its prior study as
tissue regeneration therapy.



30

14 Materials and methods

This work was carried out at School of Chemistry and Biotechnology
Research Center (CIB) from Tecnolégico de Costa Rica, Cartago, Costa Rica.
Characterization of materials were carried out at Materials Science and
Engineering Research Center (CICIMA) and Tropical Diseases Research Center
(CIET) from Universidad de Costa Rica. Finally, the cellular and molecular
analyses were studied at Pharmaceutic Technology Laboratory from Pharmacy
Faculty and at Molecular medicine and Chronic Diseases Research Center
(CiMUS) from Universidad de Santiago de Compostela, Santiago de Compostela,

Spain.

14.1 Materials.

kCa from red algae (quality level 200), isopropyl-alcohol (IPA, gradient
grade, for LC-GC), potassium chloride (KCl, >99.0% purity), ammonium acetate
(NH4CH3CO2, purity 98%), dexamethasone 21-phosphate disodium salt (Dex,
98.0% purity), fetal bovine serum (FBS), dexamethasone base (Dx), 3,4-
ethylenedioxythiophene (EDOT, 97.0% purity), ultrapure water MS quality, MS
methanol, and ALPL enzymatic activity kit (AP100) were obtained from Sigma
Aldrich (San José, Costa Rica). Anti-human ALPL ABfinity™ Rabbit monoclonal
antibody (7H11L3), rabit anti-human osteopontin polyclonal antibody (PA5-
34579), prolong with DAPI, and a-MEM no nucleosides culture medium were
purchase from ThermoFisher Scientific. Goat anti-rabbit
(IgG) secondary antibody preadsorbed with Alexa Fluor® 594 (ab150084), and
anti-Col-l (ab280968), was purchased from Abcam, starch from corn (St, N-460,
52% amylose) was adquired from Roquette (Lestrem, France). All chemical
reagents were used without further purification. Distilled and deionized water was

used in all experiment.
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14.2 Deposition of the gold electrode.

Gold electrodes (Au, 99.99 % pure, Goodfellow Corporation, Coraopolis, PA
15108-9302, USA) fabrication was extensively studied by the author and others
in earlier researches (162-164). In general, electrodes preparation for drug
immobilization was carried out by the deposition of gold on a polyimide substrate
using a high vacuum chamber. A coating thickness of 42.0 + 0.4 nm of gold was
deposited by means of electron beam evaporation with a base pressure of the
order of 2.2 x10° Torr, deposition rates of 0.38 + 0.03 nm-s* were used. After
that, electrodes were passivated using a shadow mask to leave a specific
exposed area (20.49 + 0.02 mm?, Figure 6). In parallel, gold electrodes to be used
during cell culture analyses were prepared using the same method, nevertheless,
the dimensions of the system were corrected to adjust it to a 24-well dish (exposed
area of 132.52 + 0.02 mm?).

Gold
counter
electrode

PEDOT/kC /Dx
working
electrode

Passivated
areas on the’
electrode

Figure 6. Deposited PEDOT/kC/Dex film on a passivated electrode after 160 cycles of electrical
oxidation (left) and gold electrode without passivation as reference (right). From Ramirez-
Sanchez, et al. 2020 (12).

Prior to the drug deposition, electrodes were electrochemically cleaned with KCI

0.2 M (165) applying cyclic voltammetry (CV) sweeps from a range of 600 to 900
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mV with 100 mV-s™' scan rate, using an Autolab Potentiostat supplied by Metrohm
(PGSTAT-302N, AUTOLAB, Utrecht, The Netherlands).

Finally, the functionality of the electrode system was confirmed by physics
modelation (162) using the COMSOL® (COMSOL Inc., Burlington,
Massachusetts, USA) multiphysics package. The simulations were performed
using the Secondary Current Distribution physics and considered the gold (Au)
electrode structure in KCI 0.2M (Annex 7)

14.3 Modification of the gold electrode with a coating of PEDOT/kC/Dex.

Firstly, the surfactant dispersion was prepared according to a previous work
(123), briefly: kC at micellar critical concentration (0.2% wt.) and KCI electrolyte
(0.2 M) were added to deionized water previously heated at 50 °C and
magnetically stirring at 150 rpm for 1 hour. After that, the samples were sonicated
using 140 Joules in a Sonifier QSonica (Q700, Ultrasonic Corporation, Danbury,
CT, USA), before and after adding the monomer EDOT (10 mM) and Dex at three

different concentrations: 1 mM, 5 mM, and 10 mM.

Once the dispersion system was established, the solution was electropolymerized
on the electrode surface under galvanostatic conditions using an Autolab
Potentiostat. The gold electrode (Figure 6) was used as a working electrode, a
platinum sheet as counter electrode, and Ag|AgCI (KCI 3.0 M) worked as
reference electrode. The electrical polymerization was carried out by a
potentiometry method, applying a constant current of 102.45 pA (current density:
0.5 mA.cm™), a potential limit on a range of 1400 mV to 1700 mV during 360 s
(ca. 180 mC-cm™2 of charge density). Next, the electrodes were intensively rinsed

with deionized water and stored at 4 °C before their use (1 week maximum).

14.4 Evaluation of the stability and size of the dispersion systems.

The characterization of the particle size and ¢-potential was performed using

triplicates of six dispersions, prepared in deionized water, namely: (1) kC 0.2%
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wt.; (2) Dex 10 mM; (3) EDOT 10 mM/kC 0.2% wt.; (4) EDOT 10 mM/Dex 10 mM;
(5) kC 0.2% wt./Dex 10 mM; and (6) EDOT 10 mM/kC 0.2% wt.:Dx 10 mM.
Measurements were performed in a Zetasizer instrument (Nano ZS, Malvern
Panalytical Ltd., Worcestershire, UK) at 25 °C and 173° angle. Finally, dispersions
were sonicated using a high-power ultrasonic bath (Bransonic®, Merck
corporation, San José, Costa Rica) for 6 min to promote their homogenization.
Two additional formulations of EDOT/kC/Dex were prepared to reach lower

dexamethasone concentrations into the conductive layer.

14.5 Analysis of the Topography and Composition of PEDOT/kC/Dex
Coating by Profilometry and p-Raman Spectroscopy Methods.

Electrode topography was studied by profilometry analysis (Bruker, model:
Dektak TX Advance, AZ, USA). The arithmetical mean roughness of the surface
(Sa) was calculated to describe the topography of the materials by using a 2 pm
tip radius and a force of 1 mg in a 300 x 300 um? and a scan area rate of 2.5

um-s™1,

To analyze the coating composition, Raman spectroscopy analysis was carried
out using a confocal p-Raman microscope (Alpha300 R WITec, GmbH, Ulm,
Germany) with a 532 nm excitation laser, using an exposure time of 0.5 s, and
105 accumulations. The Raman stack scan was obtained using an integration
time of 4 s in 4 um? of area, a total of 200 measurements per line were recorded,
reached 20 lines in each stack. Oversampling was used to improve the image
quality, which was done in case of the cross-sectional scan. The scan depth was
fixed at 5 pm and a total of 10 stack scans were achieved. The intensity of the
relative wavenumber at 1435 cm™ and 1625 cm™' were extracted from each
acquired spectrum, corresponding to PEDOT (163) and Dex/kC (135, 165),
respectively and plotted as 2D image. The intensity counts are related to the

presence of the functional group, and it is presented as bright yellow areas.
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14.6 Dexamethasone-21 phosphate release experiments from the
PEDOT/kC/Dex film.

The drug release from the modified electrode was carried out in a continuous
flow cell (Figure 7) using cyclic voltammetry (CV) sweeps with a three electrodes
system (PEDOT/kC/Dex, Ag|AgCIl, and a gold film as working, reference, and
counter electrodes, respectively). The buffer solution was injected with a constant
flow of 250 pL-min~" using a syringe pump (New era pump systems, NE-1002X).
The active release of the drug was performed in 1 mL of fresh ammonium acetate
solution (0.10 M) pH 7.2 (166), by scanning of CV from —600 to 1000 mV with a
25 mV-s~! scan rate, over a period of 300 min (5 samples total) at room

temperature.

In order to analyze the amount of drug released by diffusion events, the same
procedure but, without electrical stimulation, was performed. For the experiment,
1.0 mL of 0.20 M ammonium acetate was injected through the cell containing the

electrodes, a total of five samples were collected during 300 min of analysis.

Reference electrode <+—— Outflow

Inflow
> J

\\\ N\
%4— Modified electrode

Figure 7. Schematic representation of the polymethylmethacrylate (PMMA) continuous flow cell
used in electrochemical stimulation of PEDOT/kC/Dex modified electrode. Designed by Eng.
Jorge Sandoval.

Finally, Dex containing samples were filtered using a nitrocellulose 0.2 um filter.
The concentration of drug for the active and passive release events, was
determined using a Xevo G2-XS quadrupole time of flight (Q-tof) mass

spectrometer (Waters Corporation, Wilmslow, UK) coupled with an Acquity UPLC
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H-Class. For the analysis, a 10-uL injection of the sample was separated with an
Acquity UPLC® C18 column (2.1 mm-50.0 mm). The mobile phase consisted of a
solution of water:formic acid 0.05% and methanol:formic acid 0.05% and they
were supplied under not isocratic conditions with a constant flow of 0.3 mL-min™"
(Table 2).

Table 2. Gradient elution method for the mobile phase using during dexamethasone-21 phosphate
analysis. Solvents were H20:0.05% formic acid (A) and methanol:0.05% formic acid (B).

Time (min) Flow (mL-min=?) % A % B
0 0.3 95 5
1 0.3 95 5
2 0.3 5 95
10 0.3 5 95
12 0 50 50
15 0.3 50 50
16 0.3 50 50

Configuration of the mass spectrometer was set according to the parameters in a
previous work (167), with the following modifications: Capillary voltage of 2 kV, 40
V sampling cone and a source offset of 80 V. Source temperatures were
stablished at 130°C and 280°C for the desolvation temperature. The cone gas
flow was set at 9 L-h™' and 792 L-h=! for the desolvation gas. Finally, for the
identification of the Dx, MS mode under negative polarity was used with a mass
range from 50 to 500 m-z1. Quantification was carried out using Multiple Reaction
Monitoring (MRM) acquisition method with the optimized transition of 471.1584
m-z-1for the precursor ion and 78.9585 m-z* for the product ion, with a collision
energy of 35 eV. Concentration in each sample was calculated using the Software
MassLynx™ (V4.1, Waters Corporation, Wilmslow, UK) and an external
calibration curve between 0.5 ppb to 1000 ppb of Dex (R? = 0.9965).
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14.7 Preparation of three-dimensional scaffolds based on polysaccharides
and dexamethasone-21 phosphate.

Aqueous solutions containing starch, kCa and Dex were prepared using
continuous magnetic stirring for 2 hours or until no appreciable lumps were
observed. The concentration of each component is showed in Table 2.

Table 3. Polysaccharide-based cryogels notation regarding the initial content of the polymers
(expressed in weight percentage of initial blend solution for the cryogel formation).

Sample Starch (wt. %) k-Carrageenan (wt. %) Dexamethasone (wt. %)
St 9 0 0
St/kCa 9 0.5 0
Dex 0.00005 % 9 0.5 0.00005
Dex 0.0002 % 9 0.5 0.0002
Dex 0.0004 % 9 0.5 0.0004
Dex 0.0010 % 9 0.5 0.001
Dex 0.0018 % 9 0.5 0.0018

Each dispersion was autoclaved at 121°C and 1.1 bar for 7 minutes used an
autoclave Raypa AES-12 (Spain). Then, the autoclave was quickly depressurized
until atmospheric pressure was reached (at 95°C). Immediately, the resulting
viscous solution were poured into 12.9 £ 0.2 mm diameter cylindrical molds and
were subsequently stored at 4°C during 48 hours for starch retrogradation. After
that, the resulting hydrogels were frozen at -80°C overnight and finally, the frozen
samples were freeze-dried for 24 hours using a freeze-dryer (Telstar, LyoQuest
Plus -85/ECO,Spain) at -65° and 0.025 mbar. The resulted cryogels were then
UV-irradiated for 2 hours to induce sterilization.

14.8 Physical characterization of polysaccharide/Dex-based cryogels.

Skeletal density of polysaccharide-based cryogels (pske;) Was determined
using a He pycnometer (Quanta-Chrome MPY-2, Spain) set at room temperature
and 15 psi. A total of 5 replicates were used for each measurement. Cryogels bulk

density (ppux) Was calculated by weighing and measuring individual cryogels
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dimensions. Finally, equation 1 and equation 2 were used to calculate cryogels

overall percentage porosity (¢) and total pore volume (), respectively (168).

e=1— £k » 100 (Equation 1)
Pskel

1 1
V, = — Equation 2
p Pbulk Pskel ( q )

On the other hand, mass gain analysis after water exposure was adopted to
monitor the swelling behavior of the synthetized cryogels according with a
previous work (169). Swelling ratio were calculated by triplicate using equation 3.
Firstly, the initial mass of the dried composites was determined, after that, the
samples were immersed in 3 mL of deionized water, and were incubated at 37°C.
Later, samples were taken out and then, the weight of the swollen samples were
immediately recorded. The swelling kinetics were determined based on the mass

changes at 24 hours of analysis.

The data analysis was carried out by one-way analysis of variance (ANOVA)
method with a confidence level of 95% using IBM SPSS software.

S, = % X 100 (Equation 3)

Where S, is swollen ratio, W, is the weight of the swollen sample and W; is the

weight of the dried samples.

Degradation ratio of cryogels was determinate by their weight loss after
phosphate saline buffer (PBS 0.1 M, pH 7.1) exposure according to equation 4.
For the analysis, the weight of dried scaffolds was recorded. After that, samples
were transferred to 1.5 mL tubes containing 1 mL of PBS and incubated at 37 °C
at 60 rpm for a maximum of 7 days. Finally, samples were washed three times
using distilled water, frozen at -80 °C and dried at -62 °C under vacuum conditions

and weighed at regular time points.

w X 100 (Equation 4)

i

DD =
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Where, DD is degradation degree, W; is the weight of the dried cryogel and W is

the weight of the cryogel after water exposure.

Finally, micrographs of the prepared cryogels were recorded by scanning electron
microscopy (SEM, Zeiss FESEM ULTRA PLUS, Oberkochen, Germany).
Samples were gold-sputtered prior to imaging to minimize charging and to

improve the contrast of the images.

14.9 Dexamethasone-21 phosphate release experiments from the
polysaccharide-based cryogels.

Dex at diverse concentrations (Table 3) were added during the synthesis of
cryogels to induce their subsequent release from the samples. Scaffolds pieces
of 100 mg were immersed in 24-well dishes containing 4.5 mL of ammonium
acetate solution (0.1 M, pH 7.2). The plates were placed in a thermoblock
(EchothermTM, Torrey Pines Scientific Inc) at 100 rpm and 37°C during a period
of 96 hours. For the analysis, aliquots of 0.3 mL were sampled at selected times,
and the withdrawn volumes were replaced with fresh medium. All samples were
centrifuged during 10 minutes at 14000 rpm to avoid interferences in the drug
guantification analysis due to the presence of scaffolds debris. Finally, the amount
of Dex released from the scaffolds was determined using mass spectrometry

method, according with method described previously.

A second analysis using micro infrared spectroscopy was carried out to
monitoring the presence of the drug before and after the release events. Firstly, a
group of dry scaffolds were triturated to collapse the structure, in parallel, another
cryogels samples were immersed in ammonium acetate buffer during 24 hours at
37°C and 100 rpm, after that time, samples were dried at 40°C under vacuum
conditions and finally, them were triturated. Micro-FTIR spectroscopy
measurements were performed using a Spotlight 400 FTIR Imaging System. The
analyses were performed individually, measurements were obtained for a range

of 4000-750 cm! with a resolution of 16 cm™ and studying the intensity of the
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relative signal at 1625 cm™ (130, 170, 171). Molecular micrographs were obtained
for randomly selected areas of 50-100 um? on the sample surface, using 128
scans-pixel’* and was plotted as 2D image. The absorbance intensity was related
to the presence of the drug.

14.10 Osteogenic differentiation of human mesenchymal stem cells.

hMSCs were purchased by ATCC. Firstly, cells at density of 5000 cells-cm?
were cultured in a T75 cm? flask, removing non-adherent cells after 24 h of
incubation. Cells were expanded in vitro using basal medium (BM), constituted by
non-nucleosides a-Minimum Essential Media (a-MEM) with L-Glutamine, and
supplemented with 10% fetal bovine serum (FBS) and 1% of penicillin (10 000
Ul-mL1) and streptomycin (10 000 Ul-mL?), and maintained at 37°C in a
humidified atmosphere of 5% CO2. Passage 4 and passage 5 were used.

14.11 Biocompatibility test for the electrodes and cryogels system.

Biocompatibility test for the electrodes and cryogels was performed
according to the International Standards Organization (ISO 10993-5:2009).
hMSCs (passage 5) were seeded in 48-well plates using a-MEM culture media in
a density of 14000 cells-cm?. After 24 hours of culture, a monolayer of adherent
cells was obtained, and the culture media was replaced by fresh media. In parallel,
prior to seeding, materials were sterilized by UV-light for 120 minutes. After that
time, polymerized electrodes were place around the well and the cryogels pieces
of 13 mg and 1 mg containing dexamethasone 0.0005% wt. and 0.018% wt.
respectively, were placed in self-made stainless steel trans-wells and transferred
to the culture plate (Figure 8). A culture of cells without the scaffolds and other of
cells with the trans wells were maintained as negative controls. All analysis were

carried out by triplicate and maintained at 37 °C and 5% of COx.

Finally, biocompatibility determination was performed by cell proliferation analysis
after 24 h and 48 h, using Cell Counting Kit-8 (CCK-8, Roche, Basel, Switzerland),
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according with manufacture’s protocol: test compounds were removed and
replaced by 180 pl of fresh culture medium containing 20 pL of a solution of water-
soluble tetrazolium salt (WST-8). The plate was protected from the light and
incubate for 2 hours at 37°C, after that time, absorbance was determined at 450

nm using a plate reader. Statistical analysis was carried out using SPSS software.

Figure 8. Squematic representation of a gold electrode (left) and a stainless steel homemade
trans well containing a Dex-based cryogel (right) adjusted to a well of a 48-wells culture plate.
Designed by Eng. Sebastian Ledn-Carvajal.

14.12 Effect of high molecular weight heparin on hMSCs differentiation to
osteoblast.

HMSCs (passage 5) were culture in 96-well plates in a density of 14000
cells-cm2, after 24 hours, cells were exposed during 14 days to osteoblastic
differentiation conditions. Cells were exposed to culture medium consisted in BM
containing B-Glycerophosphate (10 mM), ascorbic acid (50 pg-mL™1), Dex 100 nM,
and Hep at several concentrations (0.025 Ul-mL™ to 25 Ul-mL™) (Table 4), the
same culture medium without heparin was used as positive control. Cells in basal
media were used as negative control. and lastly, a control containing basal media
containing B-Glycerophosphate (10 mM), ascorbic acid (50 pg-mLt), and Hep 0.5
Ul-mL* was used. Finally, in order to evaluate the differences between the type
of dexamethasone used, a comparison between Dx and Dex containing culture
medium was carried out. The culture medium was changed every 3 days.

Samples were analyzed at 3, 7 and 14 days.
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Table 4. Culture media composition used during osteoblast differentiation of hMSCs.

Culture medium Culture medium composition
Negative control Basal medium (aMEM + SFB + antibiotics)
Dx BM + B-Gly + AA + Dx 100 nM
Dex BM + B-Gly + AA + Dex 100 nM
Dx + Hep 0.025 U-mL*! BM + B-Gly + AA + Dex 100 nM + Hep 0.025 U-mL?
Dx + Hep 0.25 U-mL™? BM + B-Gly + AA + Dex 100 nM + Hep 0.25 U-mL™!

Dx 21-ph + Hep 0.5 U-mL™? BM + B-Gly + AA + Dex 100 nM + Hep 0. 5 U-mL?

Dx 21-ph + Hep 2.5 U-mL* BM + B-Gly + AA + Dex 100 nM + Hep 2.5 U-mL?

Dx 21-ph + Hep 25 U-mL* BM + B-Gly + AA + Dex 100 nM + Hep 25 U-mL™?
Hep 0.5 U-mL? BM + B-Gly + AA + Hep 0.5 U-mL™*

14.13 Alkaline phosphatase enzymatic activity measurement.

Differentiation potential to osteoblast of hMSCs using Dex and Hep was
guantitative evaluated by the enzymatic activity of ALPL (172, 173). Prior analysis,
a standard calibration curve of the enzymatic activity product, p-nitrophenol, in the

range of (0 to 25 nmol per well) was analyzed.

After 3, 7, and 14 days of analysis, culture medium was removed from culture
plates, and 200 pL of distilled water was added to each well. After that, cells were
exposed to three continuous freeze-thawed cycles (120 minutes at -80°C and 120
minutes at room temperature) to induce their lysis and the subsequent protein
release (174, 175). Immediately, cell lysates were added in a culture plate and
finally, the enzymatic substrate p-nitrophenyl phosphate 5 mM dissolved in
diethanolamine buffer (pH 9.3) was added. Enzymatic reaction was carried out at
37°C, and the reaction product p-nitrophenol was quantified in a plate reader
(Synergy HTX multi-mode reader, Biotek) using a wavelength of 412 nm every 5
minutes until 60 minutes. The enzymatic activity was calculated according to the

product formation in comparison with the standard curve.

Finally, ALPL activity assay was normalized by the whole protein content,

determined with the bicinchoninic acid (BCA) assay at 562 nm using
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BCA Protein Assay Kit (Pierce™, ThermoFisher Scientific), according with
manufacturer’s protocol, with some modifications: 25 uL of each standard protein
concentration (0 to 250 pug-mL™) or each sample replicate were added into a 96-
wells microplate well, after that, 200 pL of the working reagent were added to each
well and the plate was mixed thoroughly on a plate shaker for 30 seconds. The
plate was incubated at 37°C in a dark chamber and was cooled to room
temperature before each measure. Measurements of the absorbance were
carried out at 562 nm on a plate reader. The incubation time was extended to 1.5
hours for all samples. Finally, whole protein concentration was calculated in
comparison with the standard curve, and ALPL activity content was normalized

with the whole total protein content data.

14.14 Qualitative analysis of osteogenesis by immunofluorescence
analysis of osteoblast cell markers.

HMSCs (passage 5) were seeded in Nunc™ Lab-Tek™ culture plates in a
density of 14000 cells-cm. After 24 hours, cells were exposed to differentiation
medium, containing Dex 100 nM and Hep 0.5 UI-mL. Cells in basal medium were
used as negative control and differentiation medium without heparin as positive
control. After 7 and 14 days of differentiation, culture medium was removed and
cells were fixed with 4% paraformaldehyde for 10 minutes and then,
permeabilized for 10 minutes using 0.1 % Triton-X100 in PBS (PBST) at room
temperature. Bovine serum albumin 1% wt. in PBST was used as blocking buffer,
where cells were exposed at room temperature for 30 minutes. ALPL expression
was determined with ALPL recombinant rabbit monoclonal antibody 1:200
working solution (BSA 1% wt. in PBS) for 60 minutes at 37°C, after that, cells were
washed three times 5 minutes each with PBS and lastly, cells were stained with
goat Anti-Rabbit 1gG (Alexa Fluor® 594) secondary antibody 1:400 working
solution at room temperature for 60 minutes and washed 3 more times using PBS.
To finish, the same samples were incubated with recombinant Alexa Fluor® 647
Anti-Collagen | antibody 1:200 working solution at room temperature during 60
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minutes in a dark chamber, washed 3 times with PBS and finally, nucleus were
stained using 1 drop of mountain medium with DAPI and then, observed under a
confocal microscope.

A second immunofluorescent analysis using anti-OPN and anti-ALPL antibodies

was carried out for samples containing cryogels and electrodes.

14.15 RNA isolation from hMSCs.

HMSCs (passage 5) were culture in 24-well plates, with a cell density of
14000 cells-cm. Culture media consisting in BM, B-glycerophosphate, ascorbic
acid, Dex 100 mM, and Hep 0.5 UI-mL* was changed every three days, all the
controls were included in the analysis. RNeasy mini kit (Qiagen) was used during
RNA isolation, according with manufacture’s protocol: cells were detached from
the culture plate using TrypLE and centrifuged at 6000 rpm for 10 minutes to
obtain a pellet. After that, 350 puL RLT buffer (lysis buffer) was added to the pellet
and vortex 1 minute, immediately, 350 uL of 70 % v/v ethanol was added to the

lysate and mixed by pipetting.

Sample was transferred to a RNeasy Mini spin column, placed in a 2 mL collection
tube, and centrifuged for 15 seconds at 8 000 RCF. Subsequently, 700 pl of Buffer
RW1 were added to the RNeasy spin column (centrifugation 15 seconds-8000
RCF1), after that, 500 ul of buffer RPE was added to the RNeasy spin column
(centrifugation 2 min-8000 RCF?). The column was placed in a new 1.5 mL
collection tube and finally, 30 pL of RNase-free water was added directly to the
spin column membrane and centrifuged for 1 minute at 8000 RCF to elude the
RNA. Total RNA concentration was determined by spectrophotometric

guantification and finally stored at -80°C before their use.

14.16 Quantitative analysis of osteoblast differentiation by qPCR.

Total RNA (80 ng) was reverse transcribed into cDNA using Power SYBR™
Green RNA-to-CT™ 1-Step Kit (Applied Biosystems) according  with
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manufacture’s protocol (Table 5). cDNA was immediately analyzed in the same
reaction, using the primers to amplify the following genes: RunX2, ALPL, and
OPN. Thermocycling reactions were carried out at 48°C during 30 minutes for
reverse transcription, and at 95°C for 10 minutes for DNA polymerase activation.
Finally, reaction was followed by several cycles at 95°C for 15 seconds
(denaturation) and 54°C for 60 seconds (annealing). Glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) was employed as housekeeping gene. The ACt values
were calculated for each sample by subtracting the threshold cycle value (Ct) of
GAPDH from the Ct value of gene of interest. Lower Ct and ACt values indicate
higher gene abundance. Finally, data were normalized to obtain AACt values,

which was directly related with the percentage of gene expression.

Table 5. gPCR reaction components using for the analysis of osteoblast markers.

Master mix component Volume/concentration
Power SYBR® Green RT-PCR Mix (2X) 10 pL
Forward primer final concentration 200 nM
Reverse primer concentration 200 nM
Enzyme Mix (125X) 0.16 pL
RNA template 80 ng
RNase-free H20 to complete 10 pL

All primer sequences and qPCR temperatures are reported in Table 6.

Table 6. Primers/probes used for real-time polymerase chain reaction during the osteoblast
differentiation of h(MSCs.

Gene  Primer sequence (forward/reverse) T Cycles Product Reference
annealing size
(°C)

GAPDH 5 GAGTCAACGGATTTGGTCGT'3 54 50 192 (176)
5 CATTGATGACAAGCTTCCCG'3

ALPL 5'ACACTGAAATATGCCCTGGA'3 54 50 177 (176)
5 GAAGGGGAACTTGTCCATCT'3

OPN 5 CATGAGAATTGCAGTGATTTGCT'3 54 50 186 a77)
5CTTGGAAGGGTCTGTGGGG'3

RunX2 5 AAGCAGTATTTACAACAGAGGGTACAAG'3 54 50 124 (178)

5GGTGCTCGGATCCCAAAA’'3
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14.17 hMSCs differentiation using dexamethasone 21-phosphate
controlled released systems.

HMSCs (passage 5) were culture in 24-well plates, in a cellular density of
14000 cells-cm. Culture media consisted in BM for negative control, BM, B-
glycerophosphate, ascorbic acid, Dex 100 nM, and Hep 0.5 UI-mL* for positive
control. On the other hand, culture medium containing BM, B-glycerophosphate,
ascorbic acid, and Hep 0.5 UImL* were used for the test, where Dex was added
from the electrodes and cryogels delivery systems.

For the experiment, a PEDOT/kC:Dx electrode specifically designed to be
adjusted to 24-wells plates and previously sterilized by UV-radiation, was put into
a well and was immediately electro-stimulated during 6 minutes, using an
electronic device to generate custom waveforms for stimulation. The device
consisted in a 12-bit Digital-to-Analog (DAC) converter from Visgence, Inc (USA),
adjusted to a potential range from -0.6 V to 1.0 V. Finally, the electrode was

removed from the well. Four replicates were used during the analysis.

For the cryogels test, a total of 25 mg of Dx 0.00005 % scaffold was used.
Cryogels were put on a homemade stainless steel trans well into the well, and 2
mL of culture media was used. Cryogels were replaced every three days, four

replicates were used during the test.

To confirm the effect of the Dex controlled-delivery systems on hMSCs, ALPL
enzymatic activity, immunofluorescence analysis of ALPL and OPN proteins, and

gPCR test were carried out as was described previously.
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15 Results and discusiodn

15.1 Evaluation of the stability and size of the dispersion systems.

The dispersions used to electrodeposit the monomer and the Dex on the
electrode were evaluated by their -potential values and particle size distribution
in order to determine its stability in aqueous medium. (-potential data was
obtained for the six prepared dispersions, and they are shown in Table 7. It is
possible to observe that EDOT/kC/Dex system has an appropriate stability (-48.70
mV), which is dominated for the kC micellar system (-43.30 mV). Values of (-
potential over -30 mV are considered stable assuming that an electrostatic charge
is the main stabilization mechanism, and the colloidal system is in the range of
hundreds (179, 180). The anionic nature of the kKC and Dex avoids aggregation
due to the negative values obtained in the (-potential analysis, which are
comparable with previously reported results for these molecules (123, 181, 182).
A stable dispersion prevents aggregation or deposition of the particles that carried
the monomer during the electrochemical deposition. Additionally, the stable
system may allow a homogeneous dispersion of kC and Dex in the

electrodeposited film as seem by Raman spectroscopy.

Table 7. -potential values of dispersions used in the fixation of the drug on the electrode.

System ¢-potential (mV) SD (mV)

Dex -69.40 1.14

kC -43.30 3.31
kKC/Dex -42.63 1.67
EDOT/Dex -70.83 1.09
kC:EDOT -48.46 1.70
EDOT/kC/Dex -48.70 1.21

Particle size measurements of the main three dispersions were performed to
determine the dimension of their aggregates after the sonication process. Figure
9a shows the size distribution for the kC 0.2% wt. solution, it is possible to observe

a single population for the surfactant. Some authors have reported previously that
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KC solutions are polydisperse (two or more populations), because it increases the
gel behavior due to its polysaccharide nature (183, 184). Nevertheless, they
emphasized that the main signal for the kC aggregates has an average size in the
range of 800 to 1000 nm (184), which agrees with our results. The intensive
sonication process before the measure and the low concentration of KC used in
the analysis may explain why only one population were observed in Figure 9a,

similar to a previous report (123).

On the other hand, once the Dex was added to the dispersion, a polydisperse
behavior was found in the kC/Dex system and two populations were detected
(Figure 9b). Dex solutions are characterized by a single population with a particle
size average of 100 nm (185), which is consistent with our result. Eventually, it is
possible to observe that the stability of the system has remained when the
monomer was added (Figure 9c¢). The stability of the dispersions depends mainly
on the used surfactant, and it has an important influence in the physical and

electrochemical properties of the electrodeposited films (186).
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Figure 9. Size distribution (d.nm) of a. KC; b. kKC/Dex and c. EDOT/kC/Dex dispersions, measured
by dynamic light scattering (DLS) method.

15.2 Analysis of the topography and composition of PEDOT/kC/Dex coating
by p-Raman spectroscopy and profilometry methods.

The PEDOT/kC/Dex composite was obtained from an EDOT/kC/Dex
dispersion by electrochemical deposition under galvanostatic conditions (Annex
2), as it was established in a previous work (123, 163). Then, the topography of
the PEDOT/kC/Dex coating was characterized before (Sa: 0.270 + 0.005 pm,
Surface area: 1361 mm?, Negative volume 0.1562 mm? and Volume 1.695 mm?)
and after (Sa: 0.250 + 0.005 um, Surface area: 1337 mm?, Negative volume
0.1707 mm?3 and Volume 1.690 mm3) releasing the Dex from the conductive
coating. The roughness data of both surfaces did not show significantly
differences between them (see Figure 10a and 10b). The volume ratio between
peaks and valleys describes the symmetry in the surface topography. A negative
value is indicative of more distinct valleys and positive is more distinct peaks about
the average plane. Our samples were dominated by peaks and low negative

volume (around ten times) and those values are consistent with a previous report
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for PEDOT/kC coatings (123). It is suggested that rough surfaces in comparison
with smooth surfaces improve cell attachment due to the formation of specific
surface-cell contacts by increasing the expression of different integrins subunits
(187, 188). Although, diverse authors have reported that surface roughness
values higher than 0.5 um are desirable to ensure the maximum attachment and
proliferation of cells, large rough surface also stimulates more anti-inflammatory
responses because the activation of M2 macrophages and the subsequent
release of anti-inflammatory cytokines (124). The PEDOT/kC/Dex surface
roughness value and the lack of their significative variation during the delivery of
Dex may indicate the reliability of electroactive composite for cell culture studies,

since no additional mechanism may be seemed due to the topography changes.

Figure 10. Profilometry images obtained for PEDOT/KC/Dex films (a.) before and (b.) after 160
cycles of Cyclic Voltammetry in a 0.10 M ammonium acetate solution.

The qualitative composition of the conductive film was determined using Confocal
pu-Raman spectroscopy before (Figure 11a and 11c) and after (Figure 11b and
11d) 160 sweeps of electrical stimulation in a 4 um? area and 5 pum depth inside
the composite. The analysis was performed to determine the presence of PEDOT,
Dex and kC inside the electroactive composite. The signal was obtained and
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plotted in a 2D image that allows the association of the signal (counts) to the

presence of the corresponding functional groups for each component.

PEDOT shows a strong signal in the spectral range of 1421-1442 cm™, associated
to the thiophene symmetric Ca=Cp stretching (123, 163, 189) and its oxidation
state. The corresponding signal was obtained from the composite (Annex 3)
before and after 160 cycles of electrical stimulation and it was mapped at 1430 +
25 cm ! (Figure 11a and 11b), where bright yellow dots corresponded to presence
of PEDOT. A homogeneous distribution of the conductive polymer was detected

in both samples.
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Figure 11. 2D confocal Raman map of the 1430 cm™! band a. before release process and b. after
160 release cycles. Raman mapping of the 1625 cm-! band intensity c. before release process
and d. after 160 release cycles at 0.5 um depth inside the conductive layer.

Additionally, a relative intense band at 1625 + 30 cm™ was detected, corroborating
the qualitative existence of Dex and kC in the conductive film (Figure 11c and
11d). This signal is distributed through the conductive matrix. The result is similar

to previous studies (111, 190), which reported the characteristic spectral signals
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of Dex in the ranges of 3200-3500 cm, 2850-3000 cm™ and near to 1650 cm™%,
as is verified in Annex 4, corresponding to hydroxyl, methyl and carbonyl groups,
respectively. Dex and kC act as doping agents, so, there is a consistent
association of the respective signal for both molecules and the PEDOT band. The
identification of the band at 1625 cm* overlapping with PEDOT signal, confirmed
the presence of the doping agent before and even after electrochemical
stimulation, as is shown in Annex 3a and Annex 3b, respectively. Adding kC in
the formulation provides a proper doping agent during the release of the Dex,
reducing the degradation by overoxidation and eventually delamination as is
shown in Figure 6 (123).

15.3 Dexamethasone-21 phosphate release experiments from the
PEDOT/kC/Dex coating.

Drug loading into the conducting polymers films is based on the fact that this
kind of polymers are electrically oxidized during the polymerization processes,
generating charge carriers (134, 135, 164). The doping agent (e.g. Dex and kC)
Is incorporated to the oxidized polymer to maintain charge neutrality (128). In this
work, Dex and kC are used as doping agents, the presence of sulfate and
phosphate groups imparts negative charges in the polysaccharide and the drug,

respectively.

The electrochemical controlled release studies from PEDOT/kC/Dex coating were
performed within a potential range of -600 to 1000 mV to evaluate intrinsic redox
processes of the film (111, 134, 182). Figure 12 shows the characteristic oxidation
and reduction potential signal ranges at 0 to 500 mV and -100 to -400 mV
respectively, after different number of voltammetry scans. According to some
authors, the voltammetric behavior of dexamethasone shows a reduction signal
at the potential of -350 mV (111, 134), which indicates the release of the drug
from a stimulated electrode. The corresponding CV signals are shown in Figure
12, this signal decreased gradually according to the sweep number, disappearing
completely after 160 cycles of electrical stimulation. Electrochemical reduction of

a conducting polymer results in the migration of small doping molecules from the



52

conducting composite to maintain the electro neutrality of the matrix (128, 135).
Thus, the application of alternating positive and negative potentials during cyclic
voltammetry analysis caused the release of the Dex from the PEDOT coating.
Spontaneous release of the dopant from the PEDOT structure is an instant
process, but the Dex release is slow since it is driven by diffusion from the inner
film to the surface. kKC is a large molecule, this type of dopant is more attached
into the polymer coating and it is not leached out during the electrical stimulation,
granting to the polymer greater electrochemical stability (111, 128, 191), as was

confirmed by raman spectroscopy.
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Figure 12. Cyclic voltammograms for the PEDOT/kC/Dex recorded at 25 mV-s after 10, 60 and
160 cycles of electrical stimulation in ammonium acetate 0.10 M.

The release profile of the Dex was investigated under passive conditions
(unstimulated) and under active electrically stimulation using an ammonium
acetate 0.10 M solution as supporting electrolyte. The surface area of the

electrode is associated to promote larger amounts of passive drug release
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according to the second Fick’s law of diffusion (192, 193), yet, in our case, the
electrode surface and total area are maintained virtually constant. The
quantification of Dex from the PEDOT/kC/Dex modified electrodes was achieved

using HR-mass spectroscopy (Figure 13).
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Figure 13. a. The passive release profile of Dex as a function of square root of time, over 300
minutes from unstimulated electrodes. The active electrically controlled delivery process by
stimulation events (columns) compared to the passive release profile (line).

The active release profile was performed with a total of 76 CV sweeps in five
release events, taking around 300 minutes to be completed. Accordingly, the
passive release profile from unstimulated electrodes were evaluated over the

same period.
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Figure 13.a shows the passive release profile of Dex as a function of square root
of time according to the Higuchi model for the drug release from a polymer film
(5, 194), where pure Fickian diffusion is the dominant phenomena (192). The low
diffusion value, in the beginning of the process, may depend on the slow
penetration of supportive electrolyte into the polymeric film (193). The pattern
changed after 80 minutes, and a higher diffusion value reflects the diffusivity of
the passive Dex release process. The three systems (1 mM, 5 mM and 10 mM)
showed analogous Fickian diffusion behavior.

On the other hand, the Figure 13.b, 13.c and 13.d showed a remarkable
dependency of the released Dex concentration during the electrical stimulated
events (bars) compared to a passive unstimulated electrode (line). Some authors
have studied controlled drug release systems using conductive polymers such as
polypyrrole and PEDOT, where the anionic molecule is used as doping agent and
their subsequent release is mainly determined via diffusion (24, 111, 133-135).
Nevertheless, for a controllable release system, it is desirable to have a high
active release and low diffusion relationship (24, 127), as shown by our system
(see Figure 13). For instance, the initial concentration of 10 mM released in the
passive process ca. 2% of the delivered Dex in stimulated process. This is
probably associated with the use of KC as second doping in the matrix, which

granting the film stability and integrity during stimulation cycles (123, 128).

The therapeutic dosages of dexamethasone in mesenchymal stem cells cultures
are effective at levels of 100-1000 nM to promote their differentiation to osteoblast
or in order to be used during anti-inflammatory treatment (17, 114, 195). In this
work, the accumulative concentration of the released Dex using 1 mM and 5 mM
initial formulations (Figure 13.b and 13.c) were 300 nM (0.66 pg-cm) and 600
nM (1.60 pg-cm), respectively. Even though, these values are at therapeutically
relevant levels, they are in part determined by the Dex amount released via

diffusion.

Instead, when 10 mM of drug was poured in the initial formulation, a total of 3700

nM (8.89 pug-cm2) of cumulative Dex was detected. This concentration range far
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in excess of the quantity of Dex released from similar systems using an identical
initial concentration of drug for the coating preparation, for which values are even
lower than 5.03 pg-cm (24, 127, 133). Such concentrations surpass the amount
of drug needed in cell cultures and it is not recommended to apply in biological
systems. Nonetheless, using a specific electrochemical stimulation profile may be

allowed to provide an adequate quantity of drug to different biological applications.

Finally, based on the previous characterization, the quantity of initial drug to be
immobilized on the electrodes designed for 24-well plates was adjusted to 250000
nM. It was because the electrodes used during cell culture presented a total area
approximately 3.5 times bigger that electrodes in Figure 6. After that, the number
of stimulation cycles were also studied to determine the amount of electrical
stimulation events needed to release the adequate drug concentration in the cell

culture.

According with the above, electrode was stimulated six times in total, the first two
events of stimulation released an excess of drug in the well, after, it was obtaining
the desirable concentration of drug (approximately 110 ng in each event) in the
next four events. Because of that, during cell culture, once the electrode was
prepared, it was cycling 2 times to release the excess of drug and finally, electrode
was applied in the cell culture plate, where it was stimulated 4 more times (1 event
per well). The obtained results are shown in Figure 14, arrows indicate the cycles

of stimulation where the electrode was applied into the culture well.
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Figure 14. Dexamethasone 21-phosphate release profile from PEDOT/kC/Dex electrodes after
electrical stimulation events. Arrows shown the events where the desirable Dex concentration
was released.

15.4 Physical characterization of starch based cryogels.

Cryogels were obtained in a cylindrical shape, and had a whitish color,
regardless polysaccharide content used. Data from physical and textural
characterization of cryogels are shown in Table 8. The volume rate before and
after samples lyophilization is reported as shrinkage percentage and was directly

obtained from geometric measurements of the samples before and after drying.

In general, the volume shrinkage was lower than 40% for all cryogel samples and
is in accordance with those informed for starch-based aerogels with similar
amylose content (139). Hydrogels drying method may affect the final gel structure
due to the liquid-gas surface tension and liquid-solid adhesive forces.
Furthermore, shrinkage of porous structures based on starch and other

polysaccharides is very common due to their hydrophilic nature (196).
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Furthermore, all samples presented very low bulk densities (p,,,;x) and there were
not apparently differences between samples according to initial formulation (p<
0.05), the obtained values are comparable with previous reports using a similar
concentration of corn starch (139). Similarly, not significant differences were
determinate between skeletal density sample values, which were in the range of
native starch (1.50 g-cm) (197), see Table 8.

Finally, porosity was determined using equation 1, which is directly related to the
geometrical scaffold density. The obtaining values were higher than 90 %, which
represent high porosity and compiles the requirements for synthetic scaffolds to

be used for tissue engineering applications (151).

Table 8. Textural and physical properties of the polysaccharide-based cryogels.

Pbulk Pskel
Sample Shrinkage (%) € (%) Vp (cm3)
(g:cm?®) (g-cm?)

St 39.94+401 0.14+0.011.47 £0.0190.22 + 0.016.26 + 0.01
St/kCa  33.58+8.12 0.13+0.011.46 £ 0.0191.08 + 0.016.95 + 0.01
Dx 0.00005 28.79 +4.84 0.13 +0.011.45 + 0.0291.02 £ 0.016.58 +£ 0.01

Dx 0.0018 36.43+8.38 0.13+0.011.48 + 0.0290.51 + 0.016,82 + 0.01

15.5 Analysis of polysaccharide-based scaffolds microstructure.

Scanning electron microscopy (SEM) was used to analyze the
microstructure of all the cryogels samples (Figure 15). As result, SEM images
revealed a three-dimensional porous structure with interconnected pores,
showing an attractive porosity for tissue engineering applications. Similarly, pores
presented a diameter in a range of approximately 50 to 100 nm for all cryogels
formulations, this pore size is in the range to be used for hMSCs culture
applications (198, 199). Besides, according with (200), this type of porous
structure facilitates their usage as drug delivery systems due to the water

circulation efficiency.
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Generally, the presence of KC and Dex in the cryogel formulations did not show a
significant impact on the porous morphology and pores size in the fibrous network,
demonstrating that the main contribution in the scaffold structural organization is
attributed to the starch presence.

Figure 15. SEM images of the textural appearance of a. Starch, b. Starch/kC, c. Starch/kC/Dex
0.00002% wt., and d. Starch/kC/Dex 0.0018 % wt.

15.6 Cryogels swelling ratio test.

Swelling kinetic studies were performed for all the different cryogel samples,
determination of swelling percentage gives indication about the porosity and
stability of scaffolds (201, 202). The profiles of the swelling kinetics presented on
Figure 16 indicate that the water uptake capacity for all samples increased quickly
at the first 15 minutes at 37°C. The fast water uptake is a characteristic behavior

of cryogels, while hydrogels swelling is lower (203).
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Additionally, as it was presented in the same figure, the maximum swelling ratio
was observed for the pure St/kCa/Dex cryogels, nevertheless, there were not

significant differences in comparison with St/kCa and St samples.

According with (203), a porous structure containing high starch percentage leads
to an increment in the hydrophilicity of the scaffold, increases water absorption,
and favors the water transport through the porous matrix, as was perceived on

the analysis of structural organization of the scaffold (Figure 16).

Finally, it is of our best interest that Dex-based cryogels showed a quickly
maximum swelling ratio above 900%, this result is similar to some research, which
confirm that an elevated swelling ratio may allow a fast transport of solute
molecules, nutrients and waste products on the cryogels structure, favoring their
use as drug release system and for biomedical applications, as will be explained

in the next section (169).
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Figure 16. Swelling ratio of St, St/kC, St/kCa/Dex 0.00005% and St/kC/Dex 0.0018% based
cryogels after 120 minutes of water exposure at 37°C.  ** Significant differences (p < 0.05),
letters are grouping statistically equal treatments.
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15.7 Cryogels erosion studies.

The erosion test of scaffolds was carried out to study the removal of the
cryogels surface layers due to the polymer-solvent interactions to determinate if it
is depended on the chemical composition of the surface.

A kinetic analysis of the weight loss after saline buffer immersion at 37°C was
used to obtain the erosion percentage after 7 days. Figure 17 shows the
comparative degradation profiles of St, St/kCa, and St/kCa/Dex based cryogels.
All the samples showed the maximum degradation at third day of analysis (except
for St), where the weight loss was determined between 12% and 25%, this is also
related with the hydrophilicity of the starch based-cryogel. Not significant

differences were detected between treatments.

Some authors have report that erosion test promotes information about
the possible in vivo degradability of the matrix, this is important because could be
correlated the kinetics of drug release (202, 204). In fact, drug delivery systems
can be described such as diffusion-controlled, swelling-controlled, erosion-
controlled, and stimulus-controlled, some of these properties make polymeric
biomaterials adequate to deliver drugs to human body. In general, kinetic studies
have shown that the general drug release behavior of cryogels is controlled by
diffusion, swelling, and erosion control (205). These properties confirms that the
formulated polysaccharide-based cryogels could be employed as Dex delivery

systems.
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Figure 17: Erosion profiles of St, St/kC, St/kCa/Dex 0.00005% and St/kC/Dex 0.0018% based
cryogels after 6 days of water exposure at 37°C.

15.8 Drug release experiments from the polysaccharide-based cryogels.

Results obtained for the in vitro release of Dex from the polysaccharide-
based cryogels produced by the freeze-drying method are shown in Figure 18.
Generally, all Dex cryogel formulations achieved accelerated drug release rates
during the first six hours of analysis, followed by a sustained release in the
following 24 hours, releasing an approximate of 28% to 35% of the total drug after
4 days.
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Figure 18: Dexamethasone release profiles from St/kC/Dex porous materials containing
0.00005 wt.% to 0.0018 % of dexamethasone-21 phosphate in ammonium acetate 0.1 M, pH 7.2
at 37 °C and 100 rpm for 24 hours.

As it was previously reported, the dosages of Dex to promote the differentiation
of mesenchymal stem cells to osteoblast during in vitro culture are effective at
levels of 100—-1000 nM (206, 207). In this work, the amount of released drug for
the cryogel containing Dex 0.00005 wt. % were of 1.85 + 0.55 ng of drug-mg* of
porous scaffold, so that, approximately 225 mg of cryogel is necessary to release

cells appropriate concentrations (100 nM) of drug in 24-well culture plates.

Similarly, when 0.0018% of Dex was used in the initial formulation, a total of 55.55
+ 7.21 ng of drug-mg* of scaffold was released. Diverse authors report that this
amount of drug may be used during human in vivo Dex administration in order to
obtain an anti-inflammatory potential response (208, 209). Consequently, the

cryogel system containing Dex at high dosages may be useful as drug delivery
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scaffolds for biological applications or could be used as a potential model to

design strategies for in vivo drug administration through diverse routes (210).

On the other hand, the composition of the cryogels was determined using micro-
FTIR spectroscopy before and after 24 hours of Dex delivery to monitoring
qualitatively the drug released. Dex presence was confirmed by the analysis of
the signal at 1625 cm™ (12), corresponding to the presence of the carbonyl
functional group on the drug and represented as light-blue and green zones in the
2D graphic. As is showed by Figure 19, the signal is distributed through the matrix
confirming the presence of the drug before and even after 24 hours of delivery,
nevertheless, it is potentially reduced after delivery process in all Dex

formulations.

Figure 19: 2D micro-FTIR map of the 1625 cm™ signal before (a-d) and after (e-h) 24 hours of
Dex release from the polysaccharide-based cryogel using 0.0002% wt. (a; e); 0.0004%wt. (b; f);
0.0010% wt. (c; g), and 0.0018% wt. (d; h) of drug in the initial formulation.
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15.9 PEDOT/kC/Dex electrodes and polysaccharide-based cryogels

biocompatibility analysis.

Cytotoxicity and biocompatibility assays are extremely important during
biomedical applications, because of that, viability assays were carried out using
Cell Counting Kit-8 to study the ability of cells to survive in the presence of the

PEDOT/kC/Dex films and polysaccharide-based cryogels.

Figure 20 shows the results for all the samples after 24 and 48 h of incubation,
not significant differences on cell viability between control and samples were
detected. It is well known that according to 1ISO 10993-5:2009 a material is
consider biocompatible when the standard cell viability is = 70%, which is in
accordance with our results, confirming the biocompatibility of the scaffolds and
films (211-213).

Biocompatibility of starch and kC based porous structures at several
concentrations has been extensively demonstrated in previous studies (214-219).
Biocompatibility, in addition to excellent mechanical and physical properties, and
versatility for modification with other polymers make those cryogels promising
candidates in recent and future studies as carriers for drug delivery, implantable

tissue systems, and as extracellular matrices for cell colonization (28, 117, 121).

The low rate of decrease in cell viability for cryogels samples at 24 h (85.0 % of
viability compared with the control group), could be attributed to the cryogel
degradation at 24 h (section 15.7), it is important to mention that those cryogels
were partially dissolved during the first 24 h of culture, degradation of
polysaccharides samples could trigger the increase of the culture medium
osmolarity and viscosity, as it was demonstrated in previous studies (170).
Hypertonic conditions generate variations in cell metabolism, causing a decrease
in their proliferation rate (220, 221), nevertheless, not cell viability effects were

detectable at 48 h of incubation.
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Finally, biocompatibility of PEDOT nanostructures has been demonstrated with
SH-SY5Y human neuroblastoma cell line (109) and C3H10 mouse embryonic
fibroblasts (222). Porous and non-porous electrical systems polymerized with
PEDOT are proposed as potential structures during electrical stimulation of cells
for tissue regeneration and as drug delivery systems (222—-224), making this one
excellent conductive polymer to be incorporated in MSC cultures to induce their

differentiation to osteoblast.
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Figure 20. Biocompatibility analysis of starch-based cryogels and PEDOT/kC/Dex modified
electrode using the CCK-8 assay on hMSCs culture.

15.10 Effects of dexamethasone 21-phosphate and high molecular weight

heparin on MSCs differentiation to osteoblast.

Differentiation process of hMSCs to osteoblast was monitoring by ALPL

enzymatic activity, immunofluorescence analysis and real time PCR.
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As was previously explained, the negative charges of the phosphate groups in
Dex make possible their incorporation in the PEDOT conducting film and their
subsequent release by electrical stimulation, nevertheless, traditionally, the in
vitro process of MSCs differentiation has been controlled using media containing
specific biomolecules (e.g., Dx, ascorbic acid, and B-gly) (225), because of that,
the study of the effect of dexamethasone 21-phosphate on MSCs culture in

comparison with dexamethasone base was carried out.

Figure 21 shows the obtained results, confirming that not significant differences
(p>0.05) according with ALPL activity-mint were determinate between
treatments, namely, Dex in comparison with Dx influences in a similar way the

differentiation of hMSCs to osteoblast.
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Figure 21. ALPL enzymatic activity-min*-ug? total protein of hMSCs at 3, 7 and 14 days of
analysis. C-: Basal media; Dx: Basal media + Dx 100 nM; Dex-21 ph: Basal media + Dex 100 nM.
**Significant differences (p < 0.05), letters are grouping statistically equal treatments.
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Since it was demonstrated that Dex is entrapped in human erythrocytes to be
dephosphorylated to diffusible Dx (226—228), most scientific reports have limited
the use of this drug during in vivo studies (229), and Dx as the in vitro
differentiation factor on MSCs, nevertheless, as it was mentioned, not differences
between drugs were identified in this study, which is in accordance with some
recent reports (225, 230, 231). The obtained results are important because
confirms that the developed controlled released system of Dex could be employed
during MSCs in vitro applications, the same conclusion was obtained for some

researchers in the controlled released systems field (225, 232-235).

As was mentioned, Dx is bind to the nucleus corticosteroid receptor and acts
through Notch/Hedgehog, ERK, and p-catenin signaling pathways, inducing
RunX2 expression which upregulates ALPL gene, inducing differentiation (112,
113). In general, several studies have demonstrated that Dx induces an increase
in the global metabolic hyperactivity of MSCs at day 7, increasing levels of
glutamine, cholesterol, glycerolipid precursors, and osteoblastic markers, some
of which are subsequently reduced at day 14, and continuing to be reduced until
day 21 (114, 236, 237), which is in accordance with the results obtained in Figure
21.

On the other hand, Hep has been used in many biological applications due to its
specific affinity to a wide variety of cellular important signals (238—-240), because
of that, in a similar manner, Hep concentration in response to hMSCs osteoblast
differentiation was stablished in accordance with ALPL enzymatic activity

normalized with the total protein content at day 3, 7, and 14 (Figure 22).
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Figure 22. ALPL enzymatic activity-min-t-ug? total protein of hMSCs culture on culture media
containing different concentrations of hep at 3, 7 and 14 days of analysis. Negative control: Basal
media, Dex-21ph: Basal media + Dex 100 nM, Dex-21ph + Hep 0.025: Basal media + Dex 100
nM + Hep 0.025 Ul-mL™; Dex-21ph + Hep 0.25: Basal media + Dex 100 nM + Hep 0.25 Ul-mL™1,
Dex-21ph + Hep 0.5: Basal media + Dex 100 nM + Hep 0.5 Ul-mL-; Dex-21ph + Hep 2.5: Basal
media + Dex 100 nM + Hep 2.5 Ul-mL1; Dex-21ph + Hep 25: Basal media + Dex 100 nM + Hep
25 Ul-mL1. ** Significant differences (p < 0.05), letters are grouping statistically equal treatments.

Results demonstrated that Hep in combination with Dex promotes osteogenic
differentiation of hMSCs, which is dependent of drug concentration. ALPL
enzymatic activity increased at the third day of stimulation at concentration of 2.5
Ul-mL?, nevertheless, the most remarkable difference was obtained at seventh
day, where only 0.5 Ul-mL"! of Hep were enough to induce a significant difference
between Dex containing culture medium and treatment. On contrary, significant
differences were detected for the assay containing only heparin in comparison
with Dex treatment (Figure 23), which confirms that the Hep has an effect only
when is added on dexamethasone containing culture medium, which is in

accordance with previous reports (241, 242).



69

200

180 Il Negative control
c | Dex-21ph
£ 1604 Hep 0.5
o
= -
= 140
- i
i )
2 420
= 120
=
£ 1004 i
E |
2 80-
> 1
E=1 * *
S 604 i Rl

* ¥

-l b NN
o N
% 40 a N
< 1

R

0 . , . , . ,
3 7 14

Time of analysis (days)

Figure 23. ALPL enzymatic activity-min-t-ug? total protein of hMSCs culture at 3, 7 and 14 days
of analysis. Negative Control: Basal media, Dex-21ph: Basal media + Dex 100 nM + ascorbic acid
+ B-Glycerophosphate, Hep 0.5 Ul-mL1: basal media + ascorbic acid + B-Glycerophosphate +
Hep 0.5 Ul-mL?. ** Significant differences (p < 0.05), letters are grouping statistically equal
treatments.

In this work, although a concentration of 25 Ul-mL* of Hep caused hMSCs
differentiation at the third day of stimulation, the concentration of 0.5 Ul-mLtwas
selected for the subsequent experiments. This selection was based on previously
reports (18). Some researchers determined that low doses of Hep (0.03 Ul-mL™1)
modestly could change hMSCs behavior in terms of proliferation, whereas cell
culture for long periods under high drug concentrations (18 Ul-mL™) cause the
expression of senescence markers, and result in significantly larger cells and
nuclei, which are morphological features consistent with a senescent cellular state
(18, 243).
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Several scientists have analyzed the changes in gene expression profile of
hMSCs upon Hep treatment and concluded that this drug alters expression of
genes related with cell cycle control, specifically, CDKN1B (p27) and CCNG2
(cyclin G2) are upregulated at high Hep concentrations, these genes are
associated with cell growth inhibition, thus, high doses of drug could be prejudicial
for h(MSCs viability in long term cultures (18). Therefore, as was demonstrate in

this work, drug concentration is an important factor to consider.

On the other hand, researchers revealed that Hep could stimulates expression of
several cell surface proteins and nuclear effectors, due to its biochemical activity
as a multivalent co-ligand, in fact, the most striking effect is the major induction of
members of the TGFB/BMP superfamily and Wnt and FGF, precisely, these
factors and biochemical pathways are the most important on osteoblast
differentiation of hMSCs, which justifies the results obtained in this work (18, 244,
245).

Finally, the study of the Hep effect on stem cells culture are important in the field
of tissue engineering and regenerative medicine, specifically for the study and the
development of functionalized scaffolds with cell signaling epitopes, such as
proteins, drugs, and growth factors that could influence outside-in signaling, in

order to elicit specific biological responses such as differentiation (156).

Hep is a protein-binding GAG, because of that is an attractive drug to modify
scaffolds for regenerative medicine and cell culture applications, some similar
studies were carried out for some researchers previously, obtaining interesting
results in terms of colonization and differentiation of cells into the scaffold (246—
248).

Equally, once Hep was added, the effect of Dex in comparison with Dx was
confirmed through the analysis of ALPL, OPN, and RunX2 genes by real time
PCR. As was mentioned, these genes are the main markers during hMSCs
differentiation to osteoblast. Figure 24 shows the obtained results at 7 and 14
days of analysis. ALPL gene presented the maximum expression at day 7 of
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biochemical stimulation, decreasing significantly at day 14 for both treatments,

confirming the results obtaining in Figure 21. Nonetheless, unlike the ALPL

enzymatic activity analysis, relative ALPL gene expression was higher for

treatments containing Dx in comparison with Dex, suggesting that there could be

some differences in stimulation pattern according with the type of drug used.

To confirm that, OPN gene expression was also analyzed, in that case, not

significant differences were determined between treatments, although a little

increasement at day 7 in Dx treatment was identified, demonstrating that possibly

this treatment experiments a shorter differentiation time in comparison with cells

exposed to Dex, which explains that OPN gene were expressed until day 14 in

Dex containing treatments. The same result was obtained for the RunX2 gene,

both treatments expressed the marker at 7 days of analysis, nevertheless a higher

expression percentage was identified for Dx treatments, decreasing at day 14. On

contrary, RunX2 gene expression in Dex exposed cells continued to be identified

until day 14, as is part of the common differentiation process of hMSCs to

osteoblast.

Despite the obtained results related with the type of drug used, it was confirmed

that Dex treatments induced the differentiation of hMSCs, which supports that this

drug could be used in drug delivery systems to be applied in hMSCs cultures.
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Figure 24. Comparisons of gene expressions of ALPL, OPN, and RunX2 among Dex-21ph 100
nM and Dx base 100 nM treatments after 7 and 14 days of analysis. ** Significant differences (p
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Lastly, the osteogenic proteins ALPL and type | collagen (Col-1) were qualitative
studied by immunofluorescent staining at day 7 and 14, specifically, Col-I is the
most abundant extracellular protein in bone and is expressed during all stages of
osteoblast development, while ALPL is commonly found to precede the bone

matrix mineralization (249).

Figure 25 and Figure 26 shown the results obtained at day 7 corresponding to
ALPL and Col-I analysis respectively. In that figures it is possible to observe that
the expression of ALPL were higher in heparin containing culture media in
comparison with positive control, which confirms the results obtained previously,
contrary, Col-l is expressed in all treatments and not apparently differences were
determined between Dex and Dex + Hep treatments. Additionally, ALPL is also
expressed in negative control assay, which is in accordance with the result
obtained during ALPL enzymatic activity. Researchers have determined that this
protein is always expressed in hMSCs at basal levels and are upregulated after

biochemical stimulus in osteogenic culture media (250).



Figure 25. Immunofluorescence analysis of hMSCs using anti-ALPL antibody during hMSCs
osteoblast differentiation induced by dexamethasone 21-phosphate and heparin: a. Negative
control, b. Dex 100 nM, and c. Dex 100 nM + Hep 0.5 Ul-mL™1.

Similarly, some researchers have described that Col-I and ALPL expression is

higher between the first and the seventh day of analysis, nevertheless, their
presence was also appreciable by IF assays at day 14. Both proteins are primarily

involved in the early stages of osteogenic differentiation, after that time, proteins
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are downregulated, and cells continue with the mineralization of ECM and OCN

expression. In fact, OCN is regarded as the hallmark in the final stages of
differentiation and maturation of stem cells into osteoblasts, nevertheless it was
not tested in this assay (250).

Figure 26:Immunofluorescence analysis of hMSCs using anti-Col | antibody during hMSCs
osteoblast differentiation induced by dexamethasone 21-phosphate and heparin: a) Negative

control, b) Dex 100 nM and c) Dex 100 nM + Hep 0.5 ul-mLL,
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Sun and collaborators (251) carried out research to determine the collagen
deposition by pre-osteoblastic cells. It is well known that Col-l is a typical
component of ECM, because of that, deposition of this protein is a natural process
of homeostatic metabolism of cells, nevertheless, during osteoblastic
differentiation cells are stimulated to produced large amounts of Col-l, these
collagen fibrils are densely banded, causing the cells assemble in an aligned
orientation, continuing with extracellular matrix biomineralization, and ending in a
matrix with compositionally and morphologically similar features to the in vivo
bone tissue microenvironment, this explains the results obtained for Col-I staining,

which was deposited in the ECM of all treatments.

15.11 hMSCs differentiation using dexamethasone 21-phosphate controlled
released systems.

ALPL enzymatic activity was used to test the released drug capability
caused by electrical stimulation and from porous systems on the differentiation of
hMSCs to osteoblast. Recently, the application of systems to deliver proteins,
growth factors, and other therapeutic agents to induce stem cells stimulation has
attracted much attention (225, 229, 230, 232, 233, 235, 252-257).

Based on the analysis of ALPL enzymatic activity (Figure 27), is possible to
conclude that the controlled release of drugs from both systems induced
osteoblast differentiation of cells. In fact, not significant differences were obtained
between positive control and treatments, which signifies that the systems are

efficient to be applied during hMSCs culture.

For the electrodes system, Dex was release after electrical stimulus on the cell
culture well, after that, the electrode was removed. The same method was carried
out every three days, during two complete weeks. It is well known that traditional
drug release systems are based on diffusional events from three-dimensional
scaffolds, nevertheless, currently the use of electrical systems to trigger certain

biological responses has drawn attention (258, 259).
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Figure 27. ALPL enzymatic activity-min-t-ug? total protein of hMSCs culture on culture media
containing at 7 and 14 days of analysis. Negative : Basal media, Dex-21ph: Basal media + Dex
100 nM + Hep 0.5 Ul-mL%, Cryogel 0.00005%: Basal media + Hep 0.5 Ul-mL* + 25 mg Dex

0.00005% cryogel; Electrode: Basal media + Hep 0.5 Ul-mL?! + Electrode. ** Significant
differences (p < 0.05), letters are grouping statistically equal treatments.

In 2013, researchers designed a conductive system using graphene-conductive
materials containing a drug to be applied to induce cell differentiation (260).
Additionally, researchers mentioned that is possible to control the differentiation
of hMSCs using only the electrical stimulation, nevertheless, the stimulation
cycles must be at high frequencies, using high voltages and should be continuous
during all the experiment (258, 259, 261), because of that, the effect of the

electrical stimulus caused during Dex released in this work is negligible.

Similarly, St/kC cryogels were proposed as Dex delivery systems to induce
hMSCs biochemical stimulation, as was mentioned, the release profile of drug
from scaffolds resulted in an initial burst release due to the hydrophilicity nature
of drug and starch, completing the total release of drug after 24 hours.
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Researchers have proposed the use of this type of three-dimensional scaffolds
based on biomaterials to be employed as ECM to cause mechanical stimulation
of cells, more recently, the use of these systems have drawn attention as vehicles
for drug delivery, which is important for tissue engineering applications, to be used

as implantable systems to induce tissue regeneration.

In conclusion, the controlled released of Dex obtained from both systems were
useful for differentiation of hMSCs and provided valuable information for the
preparation of innovative Dex loaded systems for bone regeneration, focused on
the strategy on preparation of three-dimensional matrices with conductive

materials to create smart systems for controlled drug delivery.

Additionally, a real time PCR analysis to study the expression levels of ALPL,
OPN and RunX2 genes after Dex controlled released was carried out. Figure 28
shows the obtained results for electrode system, nevertheless, it was not possible
to determinate the effect of cryogels system at molecular level, it is possible that
cryogels erosion cause a contamination of the RNA, as was determinate for the
relation 260/230 and 260/280 obtained by the UV-analysis reported in Annex 5.

The obtained results in Figure 28 are in accordance with the obtained for Figure
27. ALPL gene presented the maximum expression at 7 days for both treatments,
decreasing at day 14, as the normal osteoblast differentiation process of hMSCs
reported previously. Nonetheless, the most important results are shown for OPN
and RunX2 genes, unlike the ALPL, these genes were expressed at 7 days in the
treatments containing the electrode system for controlled Dex release in
comparison with the positive control, which experimented the higher gene
expression at 14 days.

As was mentioned, the differentiation of hMSCs by the effect of electrical
stimulation, needs several stimulation cycles during a long time applied at high
frequencies, and under high voltages, because of that, the observed effect related
to the earliest differentiation in cells exposed to electrode could be not attributed
to the electrical stimulus. Nevertheless, as it was observed in Figure 14, there are
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some variations in relation with the drug released between stimulation events.

These variations cause differences on the amount of drug in each well, some

researchers reported that hMSCs differentiation profile depends on the Dex

concentration, little variations could affect the cycle of differentiation, causing an

earliest or later expression of osteoblast differentiation (253, 262, 263), which

could justifies the obtained results. Therefore, a good strategy to consider is to

increase the number of samples in the gPCR analyzes for future tests.
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Figure 28. Comparisons of gene expressions of ALPL, OPN, and RunX2 among Dex-21ph 100
nM and Dex-21ph controlled released treatments after 7 and 14 days of analysis. ** Significant

differences (p < 0.05), letters are grouping statistically equal treatments.

Immunofluorescence analysis was carried out to confirm the results obtained in

Figure 27 and Figure 28 in accordance with hMSCs differentiation caused from

Dex released. In this case, the osteogenic proteins ALPL and OPN were

qualitative studied by immunofluorescent staining at day 7 and 14. As was

expected, ALPL enzyme was detected in all samples during all times, which is in

accordance with the results represented on Figure 25, where the protein was

expressed in all samples, including the negative control, related with the protein

basal levels, the results may be consulted in Annex 6.

OPN protein, which is a soluble extracellular matrix-associated glycoprotein, was

studied by immunofluorescent staining to confirm differentiation of hMSCs to

osteoblast caused in treatments containing the cryogels and electrodes (Figure

29). Some authors (264) reported that OPN is mainly secreted by osteoblasts
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and by osteogenesis progenitor cells, such as hMSCs. In fact, OPN is secreted
once cells undergoing changes behavior such as differentiation (265), to aid their
biological activities and functions. Once hMSCs secrete OPN, their proliferation
and migration are increased, causing in vivo bone resorption (264). At molecular
level, OPN activates the FAK/ERK signaling, which are related with the complete

process of osteogenesis, as was described previously (264, 265).

Results in Figure 29 showed that OPN was expressed in all samples under Dex
stimulation at day 14, including the negative control, confirming osteoblast
differentiation, which is in accordance with qPCR obtained results. This assay
makes possible conclude that like electrodes, cryogels influence differentiation of
hMSCs, increasing the expression of master osteoblastic regulation markers as
the OPN protein.



Figure 29. Immunofluorescence analysis of hMSCs using anti-OPN antibody after biochemical
stimulation induced by dexamethasone 21-phosphate and heparin: a. Negative control, b. Dex
100 nM + Hep 0.5 UI-mL, c. 25 mg Dex 0.00005% cryogel + Hep 0.5 Ul-mL1, and d. electrode
+ Hep 0.5 Ul-mL1,
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16 Conclusions

Dex was successfully included into a polymer formulation and
subsequently released at therapeutic doses by electrically-controlled
triggering and diffusion from a gold-PEDOT electrode system. The total
released drug was achieved controlling the initial amount of Dex and the
electrical stimulation events. The chemical composition inside the
conductive film was confirmed by 2D Raman and electrochemical cyclic
voltammetry analysis. Concentrations of drug obtained are recommended
ideal to be applied during mesenchymal stem cells culture to induce their
differentiation.

Cryogels formulation and preparation protocol allowed Dex impregnation,
showed adequate physical properties in terms of porosity, porous size,
degradation, and swelling kinetics to be used as controlled drug release
systems to be applied in vitro and in vivo and as three-dimensional
extracellular matrices for cell culture.

The porous and conductive non-porous systems used for Dex
immobilization showed excellent biological compatibility during hMSCs
culture, confirming their potential use as drug release systems during in
vitro MSCs culture.

ALPL enzymatic activity, qPCR, and immunofluorescence analysis
confirmed that Hep in combination with Dex is critical to cause an earliest
osteoblast differentiation on human mesenchymal stem cells, showing
significant differences between treatments and controls even at 3 days of
analysis. Concentrations in the range of 0.5Ul-mL™* to 25 Ul-mL may be
used during MSCs differentiation protocols; this is of relevance in clinical
trials and cell therapy to accelerate hMSC differentiation and in tissue
engineering applications during three-dimensional scaffolds preparation.
Diffusive and electrically controlled release of Dex using porous and
conductive  non-porous scaffolds respectively, induced MSCs
differentiation to osteoblast in basal culture media combined with Hep as

was confirmed by ALPL enzymatic activity, immunofluorescence, and
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gPCR analysis. These results have potential for future applications that use

these types of scaffolds during tissue engineering and clinical trials.
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18 Annexes

Annex 1. Code used for the configuration of the electrode stimulator

#include <SPIl.h>

//Use direct port write for aditional speed over DigitalWrite
#define SSO (1 << 4) //Slave Select 0 PORTB
#define SSOPORT &PORTB

#define SS1 (1 << 6) //Slave Select 1 PORTH
#define SS1IPORT &PORTH

#define SS2 (1 << 5) //Slave Select 2 PORTH
#define SS2PORT &PORTH

#define SS3 (1 << 4) //Slave Select 2 PORTH
#define SS3PORT &PORTH

/IPins needed for Soft SPI
#define MOSI 11
#define CLK 13

int i

void setup() {
I set the slaveSelectPin as an output:

pinMode (MOSI,OUTPUT);
pinMode (CLK,OUTPUT);
pinMode (10, OUTPUT);
pinMode (11, OUTPUT);
i=0;

}

void loop() {
if (ciclos > 0){

// Onda ciclovoltametria (-0.6 V hasta + 1 V):

for(i=1912;i<2275;i++) {
writeMCP492x((int)( (i) ),SS0,SSOPORT);
delay(steptime);

}

for(i=2275;i>1912;i--) {
writeMCP492x((int)( (i) ),SS0,SSOPORT);
delay(steptime);

}
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ciclos--;

}

else{
I/ poner la salida en cero:
writeMCP492x((int)( 2048 ),SS0,SSOPORT);

}

//Method to write to the DAC
void writeMCP492x(uint16_t data,uint8_t ss,volatile uint8_t* slave port) {

I/l Take the top 4 bits of config and the top 4 valid bits (data is actually a 12 bit number) and or
them together

uint8_t top_msg = (0x30 & 0xFO0) | (OXOF & (data >> 8));

I/l Take the bottom octet of data
uint8_t lower_msg = (data & OxO0FF);

/I Select our DAC

*slave_port &= ~ss;

/I Send first 8 bits
shiftOut(MOSI,CLK,MSBFIRST,top_msg);

// Send second 8 bits
shiftOut(MOSI,CLK,MSBFIRST,lower_msg);
*slave_port |= ss;
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Annex 2. Galvanostatic curve of the electro-polymerization process from an EDOT/kC/Dex
dispersion onto a bare gold electrode.
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Figure 1. Galvanostatic curve of the electro-polymerization process from an
EDOT/kC/Dex dispersion onto a bare gold electrode using a constant current of 102.45
microamperes.
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Annex 3. Raman spectra of the PEDOT/KC/Dex coating.
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Figure 1. Raman spectra of the PEDOT/kC/Dex coating (a) before dexamethasone release
process (inset: PEDOT/KC/Dex electrode surface) and (b) after 160 release cycles (inset:
PEDOT/kC/Dex electrode surface). The signals at 1435 cm~ and 1625 cm~ were used to identify
PEDOT and kC/Dex, respectively.
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Annex 4. u-Raman spectral measurement of the dexamethasone 21-phosphate disodium salt.
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Figure 1: p-Raman spectral measurement of the dexamethasone 21-phosphate disodium
salt.
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Annex 5. RNA concentration values.

Sample Time RNA (ng/uL) Abs 260/280 Abs 260/230
C- 7d 9.200 2.120 0.160
C- 7d 12.400 2.110 0.120
C- 14d 8.724 2172 0.068
C- 14d 11.211 2.078 0.079
Dex 7d 12.300 2.240 0.300
Dex 7d 12.000 2.090 0.290
Dex 14d 17.932 2.041 0.253
Dex 14d 7.697 2.032 0.801
Dx 7d 10.060 2.130 0.100
Dx 7d 8.700 2.300 0.060
Dx 14d 29.387 2122 0.136
Dx 14d 28.956 2.023 0.661
Cryogel 7d 8.800 2.040 0.070
Cryogel 7d 8.800 2.320 0.040
Cryogel 14d 14.050 2.011 0.646
Cryogel 14d 8.691 2.061 0.046
Electrode 7d 10.800 2.100 0.160
Electrode 7d 9.200 1.930 0.050
Electrode 14d 20.533 2.064 0.493

Electrode 14d 17.517 2.062 1.176
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Annex 6. Immunofluorescence analysis of hMSCs using anti-ALPL antibody after biochemical
stimulation induced by dexamethasone 21-phosphate and heparin: a. Negative control, b. Dex
100 nM + Hep 0.5 UI-mL1, c. 25 mg Dex 0.00005% cryogel + Hep 0.5 Ul-mL1, and d. electrode
+ Hep 0.5 Ul-mL1,
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Annex 7. Paper 1. Design and simulation of flexible thin-film electrodes for cell culture

stimulation
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I= this work, we present the simulation and real data of self-
made electrodes to be use in electric cell-substrase stimulations
and ¢} hemical impedance sensing. The collected results
mfmedhxlhcimuhlmdhwbevah&lhecﬂumfﬂe
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ehecrical signal mesurements. Therefore, systems that ane
maore complex may be sdied in the fumre by means of
compauational ok, in order w0 understnd and describe
biologice] sysiems.

0. MATERIALS AND METHODS

A, Elecwrode Fabricarion and Characterization

The 1 h coal & I F T o :Eli'l
measurenzenis oo electrical stimulation were prepared on 12.5
um thick polyimide film (Kapron®, Dafon™) sebemics
{American Durafilm, Holliston, Ma, USAp with gold {Au)
9955 % pure (Goodiellow Corporstion, Comopolis, PA
1500%-9302, USA) in an high vacwam chamberj. In bried, o
coating thickness of 42.0 = 4 nm of gold was deposiled in

order w avoid the wse of & buffer layer to improve adh.

Impedance spectra were colleciad by scanming the frequency
range fromn 1 po 10 000 He Interdiziesed coaled electrodes (see
the et of Fig. la were ussd o the working asd couster
elertmdes, while an AglagCl (in 5 M KCT) electrods was med
s the reference elecirode. The Kramers-Kmonig iest was
performed using the soffeare MOVA w214 (Utrecht.

Metherlamd<).

. Finire- Elem o Method Stmason

The clecwode smalysis system is modeled using de
COMSOLE (COMSOL Inc., Burlington, Muosachusens,
USA) Mukiphysics packsge, a software designed o sinvalate
ey phvsical process. The sinvalarions spe perfiomed using the
Secondary Current  Distribution  physics. The COMSDL
sinvalations conciders o gold (Aw) electrode strucvare with

and redece delamination. The coaiing wos deposited by means
of electron beans evoporation with & base pressure of the order
of 2.2 x107* Tarr, ypical deposition rates of (38 = 0,03 nm's
were wed The el des were passivaied snd eched by
photolichogropdy  methods usmg a S1803™  pholoresis
{Microposit. Philodelphiz, USA). The photoresist wes hard
baked o mpan sihiliy and inemeess 1o the polymer. 51805
photoresist wis used as the 500 nm-thick costing. Finally, the
connections were made wsing Flexible Flan Cable (FFC)
connectors (Mouser Elecwonics, Mansfield, Texss, USA).

Impedance Electrode Stimulation Electrode
i#) feb I

{bl

Fig. 1. Gold i 1 I d owera p (=
umd lor greseig the ool b divectly e the dop, clochmde fo} ia desgrad e apply
an clecne fidd from side io sde. Motallic contcis ame comecied weng o e
cabls comrciar jaoi showni Theee-drmemsieral model {8 and §d) of b
clecirades s be placed m a 8 e dimrier cell culiane well

B, Impedance Specrroscoy Measurastanrs

Electrochemical  impedomce speotrescopy (EIS)
measureents  for elecirodes  were  performsed  with an
alernating sinusoidal signal of 3 m' ampliude 1 open circan
polestizl in a potenticsat {AUTOLAR, model: PGSTAT-30E,
Umecht, Meherlands) combined with a FRAIIM module

FTE-1-TIEL-L044-R1E3 | 00 ©2020 IEEE

1l di ions of 3 om = 3 om im an elecwrolytic [ polassium
chloride] media.

NIL BESULTS AMIF DESCUSSION
The patiermned gold chorodes showed mechanical and
electrical stobility during the spplication. The elsctrodes may
be costed with differemt materials, in onder o imgeove the
1 h ioal I M'E. H g

[ | e i
A T =

L
The experimental Bode plots for the impedance dectrads
|=ee Fig. la) are shown in Fig. 20 ond Fig. 3. [ should be noed
thai the mped ai low fregeencies is high, spproxinaiely
10 k£ for | He, mainly due o the double-layer capacitance.
The dain is in agreement with previous reports [19], [20].

B. ﬂ I g’l—l "l o EL A

The elecorode of Fig. 1o was simulated with oo excitmion
signal of 30 mV. The simuluied Bode plots are shown in Fig.
2¢ and Fig. 3d. As expecied, the inspedance is high at 1 Hz and
decrenses with the fregeency, illestrating dhe effect of dhe
double-layer copacitance [15). These Bode plots edhibit a
frequency response similar os dat of Fig. 22 and Fig. b, which
indicates that the Fimite-Elemesa Method (FEM) is a powerful
technigee that may be used o replicaie experimeniz] resals and
could be usefial for the design of opimized elecinode
gecanctsics with high accuracy

Fig. 2e shows that the curremt dexsity @ the imerdigitated
elertrode surfoce is low and homogeseous, which are electrical
characienstics desived for the EIS sensors. The expected
incresse in cwvent density ol the: conneciing; bridges shows an
appanmunity 1o improve clectrode  performance ot higher
frequencies. Fig. 21 shows the electrolyte camen densiy at the
surface of the elecorode.

This mecsdel based on the moienal conductivity is & proctical
apticn o wndersiond deomical characienstics derived from
elertrode geometrics. The simulation results are consistent with
the measurensents performed in the previous secton.
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C Sowularion of Susswlarion Elecirodes

The electrode of Fig. ¢ is simulated using the same signal of
50 mV end considering the same elecwrolyse. Fig. 3a shows the
current density of the dectrode, where it may be scen that the
current density decreases with the length of the clectrode.

achieve electrical stimulation of biological tissue, that meay lead
to differentiation and maturation of cells [21}-423].

The Bode plots for magastude and phase for the sumulation
electrode are presented in Fig. 3¢ and Fig. 3d, respectively.

IV, Conclusion

() Q (]
: o TP T T
T g el
¢ 1 1008 \
s ; serd
4
3 L
? | iy, e
1 " T3
Py (W)
-
oss B U -
o4 | -
06 I -
nea o
» -
oo o'
- » T3

Fig. 3. Shmsbiion clecrode (3) cament danaty [pAmn’| 3ad (b) dectsolyts
potcatal (V], showing 3 sratoem fcld durbaxa. (o) Bode plot (magnends)
und (d) Bode phat |phuse ) of the armelated clacurods impedance.

The electrolyte posential distribution is shown om Fig. 3b,
where it is observed that the electric field reaches the s

[ [ P h.rm "l ‘h -4 A 3 p P
from e nterdigintod elecwode geometry. The simmlated
impedance matches the measurements performsed using KCl
solutions. Due to a charge density selection error, the polymer
film was compressed by the MFC, which lead 1o o change in
exposed electrode arcas preventing the companson of macro
and MFE system’s sensitivity. The self-made fexible dectrodes
may allow being use in cell culsare studies and 10 measure in
real-time the cellular properties during the i vitro study and by
chenucal modifications may be used in the charge molecules
comtrol release.
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may grow at the bomom of the experniment setup. placed on a
standard cell sebstrate. With our coafl jon, it is possible 1o
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Annex 8. Paper 2. Polysaccharide k-Carrageenan as Doping Agent in Conductive Coatings for
Electrochemical Controlled Release of Dexamethasone at Therapeutic Doses.
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Polysaccharide k-Carrageenan as Doping Agent in
Conductive Coatings for Electrochemical Controlled
Release of Dexamethasone at Therapeutic Doses
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Abstract: Smart conductive maserals are developed in reg: dicine to p a dled
reluase peofile of charged béoactive agents in the vicinity of implants. The lnmlpmwnnand the active
ehictrochemical selease of lhcd\nml compounds into the oqpnk conductive coating is achwsed

due to s intrirsic ol | The anti-infk y drug dexameth was added
during the polymerization, andns ey release at therap doses was reached by electrical
stimulation. In this woek, a Poly (3 4-ethyvlenedioxythiophene): x o de wth

il was propared, and « R was Incorp d to keep the electrochemical and physical
stability of the elctroactive matete. The p of x-carrag, and de: by in the
conductive film was confirmed by p-Raman spectroscopy and their effoct in the topographic was
stodied using prodiloesdyy. The dexamethasone selease process was evaluated by cyclic vol try

and High-Resolution mass spectromaetry. Inconclusion, xcarragoenan as a doplng agent improves the
whectrical properties of the conductive layer allowing the redease of dexamethasone ot theeapeutic leveds
by electrochemical stimulation, providing a stable system o be wsed in crganic bioelectronics systems.

Keywords: polysaccharide, k-carrage dexamwth, dlectrochemical active deliver system;
doping agent; charged molecule, conductive polymers

1 Introduction

Conductive poly are 3 new g of senart materials iy used in organic
bioedectronics, mastly in the develop of neural impl, b and active controlled release
systems [1-4]. Paly (3 4-ethylenedioxythiophene) (PEDOT) & a conductive polymer synthetized
from 3 A-ethyleredioxythiophene (EDOT), used as a coating in diy types of due to
is bh»cnmpmbuny conductivity, peocessing versatility, and stability [56). Moreover, PEDOT &

dasap i sterial foe the bilization of enzymes and other biologically active
m-:-kndoil‘”‘] Dhr ¥ of charged molecules into the PEDOT backbone & described
through an electrostatic mechanism due 10 the foemation of charge carriers and the doping peocess
during the el pol ation 9], The subseg release of the charged compounds was

¥
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ported to be dependent on the palymer thick and charge applied during the electrochemical
stimulus [10-13].
Diverse implants and scaffolds are developod in 1 dicine to serve as thul
matricos for coll colontzation [14-15). vaolhmamh&dmmummownlmpmww
therapeutic efficacy and safety of the drugs, playing | rokes in of several chrond

diseases, damaged tissues, Mp-wﬂmgapmmmddlﬂcm!!ypsdmﬁlh-lﬂ
nwmmmmpMMmmdmmhaermd

applications, those implants can elicit body resp YE which may
mhhhmmdwﬂmndmhmldﬂm@mm[l‘l‘.‘.\n,.ll(htnuhgylo
avoid o AN ants bi bocule (Le., dex by

lahovtu\nyolhmputlnn,n,_n I th mns. ynthetic gl d that

reduces inflammatson in the contral nervous system, acting through yucommmld eceplors found
In most newrons and glial cells. Due to being locally delivered, the specificity and efficincy of
Wm&ﬂymﬂmdhmmwllhu—.ﬂ

wCarrags (C) 8 a sl 4 harid tly used in aq scollar disperss
lunnpd)mmamnolﬂ)(n'dmu des an onv for the
mmmuammaWhMMle&ilthwmm
work, the electrochenmical properties of PEDOT are setatned when «C bs used as a doping agent [29,30),
avoiding a potential del tion during the reduction-oxidation p ded during the active
ﬁﬂ!\mpﬂm Biocompatibility of PEDOTC composite has bovn d d in p

thn«mWNMngﬂmpMM@m‘t&mdm
n 002 bar gold electrode by changing th f drug in the dispersion peioe
hpolynﬂuﬁm-&wx P d to the el ch | stability and bi wpatibility
of the PEDOT matrix and the subseguent drug selease using electrical i}
of »C and Dx inside the conductive film was confk ‘byuMAnspoamapvaMMM
inthe topography was studied using peofilometry. Dy hascne release was evaluated by cyclic
voltammetry and High-Resolution (HR) mass sp y. Th doses of & th

¥

were achieved durtng the electrical L of the biockectrunic device.

2 Resulls and Discussion

2.1. Evatsation of the Statility and Stze of the Dispersion Systems

The dispersions used t electrodepasit the and the Dx on the electrode were evaluated
by their Lp | values and particle size distrid In crder to o its stability in aquecus

medium. C-potential data was i’ d dor the six d di and they are shaomwn in Table 1.

lnspnnhhmnhmvolhlm&mhmmmﬂahuly(m-\mwmnw
for the xC micetlar system (~43.30 mV). Values of C-potential over ~30 mV awe considered stable
w that an ol charge is the main stabilization mechanism and the colloldal system is
hﬂwnn,dhm\dndsll..\sl mmmmdnmwmnmwmdm»m
negative valaes obtained in the Cpotential analysis, which are comp *me Iy
results for these mokecules [340,34,35]. A stable disp P At utdq»dlondlho
mmcmﬁmmamwww Additioeally, the stable
system may allow a homog) of C and dexamethy U edectrodepasited Blm as
soun by Raman spectroscopy.

¥
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Table 1. Lp 1al values of disper sod = the fixation of the drog on e dectrode.
System L-patential (mV) S0 imV)
Dx -69.40 L
oC -4330 33
oD -4163 167
EDOT:Dx o < 1.9
«C:EDOT ~4540 1
EDOTC:Dx —4570 bl
Particle sze mwasurements of the main threw dspersians wete purfs d o d the

mdemWIMMMpmleuladmsnmdhmm{mnu
&mmmntspm&bm»nm”mlaw“mSmannm!nv-
eparted peeviously that kC solutices are polydisperse (two ce moee populati it

the ged behavioe due to its palysaccharide nature |36.37) N holess, they enphy d that the main
signal for the «C aggrogates has an average size in the range of 800 to 1000 nm [ 37], which ageess with
our esults. The Intensive soaication process before the measures and the Jow concentration of xC

used in the analysis may explain why only one population were cbserved in the xC sz distribution,

similar 1o a previous roport [30)

FR RS . :

E - : :
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Figure 1. St distribetion (d. nm) of (a) «C; (b) «C-Dx; and (o) EDOToxC Dy dapenvions, mesamed by
dymamic Bght scattereg (DLS) method.

On the other hand, ance the Dx was added to the dispersion, a palydisperse behavioe was found
in the «C:Dx system and two populations were detected (Figure 1b). Desamethasone solutions an
characterized by a single popul with a particle size average of 100 nm |35] and was consistont
with our results. Eventually, it is possible to observe that the stability of the system has remained
when the monamer was added (Figure 1¢). The stability of the dispersions depends mainly on the
used surfactant and it has an imp indl in the physical and eectrochemical p of the

eloctrodepasited films (39} )
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2.2, Analysis of the Topography and Canposition of PEDOT «C:Dx Coatiug by u-Raway Spectroscopy and
Profilometry Methods
mPﬂm&m“thw&Mmdlmaﬂmntmdkmbymw
d under gal ditices (Figure S1), as it was established o a previous woek [2,30)
Mlblapomphydmamd_lhmdmwxmuxmm(b. 0.270 + 0.005 um,
surface arex 1361 mm’®, ugan\‘emlmnw&m and volume 15695 mm’) and after (S, (1.250 =
1.006 jum, surface ara: larmm' mgaﬂwmhmﬂl'!ﬂmm and volt 1,69 mm’) reloasi
the Dx froe the conductiv The rough &udbothsudmdldmﬁshmd,vﬂlkam
mfhmstwnM(mHgmM).mvwmmhhmMWVahysm
the symmetry in the surface topography. A negative value is indicative of more distinet vallevs
and positive of more distingt peaks aboul the average plane. Our samplis were dominated by
peaks and low negative volume (around ten Bmes) and thase values are consistent with a previows
npumlmlmntcmmy.(\:!l 1t Is suggested that rough surfaces In comg with th
tach due to the foemation of specific surface-cell contacts by increasing
nwnpmﬂmoldlﬁnml integrins subunits [40,41]. Although, divesse authoes have reported that
surface roughness values higher than 05 um are desirable to ensure the maximum attachment and
proliferation of cells, Luge rough surfaces also stimulate moee anti-lndlanumatory responses bocause
the activation of M2 macrophages and the sub sedease of anti-ind] v cytokines [42)
'lleEDDTmemdmm@mvﬂmmmlmdmmmuwnmmdnm\gm
deltvery of dexamethascone may indicate the reliability of electroactive ontq)ndln foe coll cultuse
studies, since no additional mech may be d dus to the

r-r'. -

i e & m

o

ﬁ.-.r. Proflomutry images cbtined for PEDOT:C-Dx films (a) before and (b) after 160 cycles of
Ut y=alloM acwtate sob

The qualitati position of the condy film was determined using confocal u-Raman

m‘mpym|mum).ﬂdm(ngma,a)mmmpsammmmmmmum’
area and 5 pm depth inside the composite. The analysis was performed in order to determine the
P of PEDOT, dexamethy and w-carrage nside the ok tive comp The signal
was obtaired and plotted In a 200 image that allows the: tion of the signal 10 the presence
of the corresponding functional groups for each component.
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Figure 3. 2D confscal Raman map of the 1430 an™! bund (a) befure releaw proces and (b) after
160 relesse cycles. Ramam mappiog of the 1625 an™! band intvsity (c) befon: niase procuss and (d)
after 160 ndasse cycles at (L5 pm depth invade $w conductive layer. The ywlow amas anv nelated to the
prvemce of PEDOT and «C/Dx, respectively.

PEDOT shows a strong signal in the spectral range of 14211442 am ™, associated to the thiophene
symanetric Ca = Cp stretching [2,30,43] and its coddation state. The cormesponding signal was obtained
froen the composite befoee and atter 160 cycles of electrical stimvulation (Agure S2) and # was mapped
a 1430 = 25 cen! (Figure 3ab), where bright vellow dots comesponded 1o presence of PEDOT.
A bomogeneoes distribution of the conductive palymer was detected in both samples.

Additionally, a relative intense band at 1625 = 30 cm ™! was detectod, comroborating the qualitative
existence of Dx and «C in the conductive film (Figure Scd) This signal, in the 20, is distributed
through the conductive matrix. The sesult s similar to previous studies [13,26], which repartod the
characteristic spectral signals of dexamethasone in the ranges of 3200-3%00 cm ™", 2850-3000 e ™",
and noar 40 1630 cm ™', as is verified in Figure 53, carresponding to hydroxyl, methyl, and carbonyl
groups, respectively. Dexamethasone and «C act as doping agents, 5o there is a consistent assoclation
of the respective signal for both molocukes and the PEDOT band. The identification of the band at
1625 cm ! overlapping with PEDOT signal, confirmed the presence of the doping agend before and
even after electrochemical stimulation, as i shown in Figure S2a.b, sespectively. Adding xC in the
foemulation provides a proper doping agend during the release of the Dx, reducing the degradation by
overcddation and eventually delamination as is shown in Figure S4 {30).

2.3, Dexowethasone Release Experivents frem the PEDOTxC:Dx Coating

Drug Joading into the conducting polymers films & based on the fact that these kinds of polymers
are electrically axidized during the polymenzation processes, generating charge carrters {9,44,45)
The doping agent {¢.g., Dx and «C) is incorporated to the oxidized polymaer [46] to maintain charge
neutrality. in this work, dexamethasors 21 phasphate and «C are used as doping agents, the presence of
sullate and phosphate groups impans negative charges in the polvsaccharide and the drug, respoctively

The edectrochemical controlied selease studies from PEDOTC:Dx coating were performed within
a potential range of ~600 to 1000 mV to evaluate intrinsic edox processes of the film [13,3545)
Figure 4 shonws the characteristic oaddation and reduction podential signal ranges at () to 500 mV
and ~100 to ~300 mV, wspectively, alter a duf ber of volt y scans  According
o some authoes, the voltammetric behavior of dexamethasone shows a reduction sigeal o the
potential of 350 mV [13,45], which indicates the selease of the drug froe a stimulated clectrode. The
coerespanding CV signals are shown in Fgure 4, this signal gradually decreased accoading (o tw sweep

113



Molacale 200, 25, 219 ool Ey
haw g completely after 160 cyckes of dlectrical | El SR T R,
dnmmpd)mmdsmhﬂmolwlm decules from the conduct]

composite 0 maintain the electro neutrality of the matrix [34,46). ‘I’huﬁ.tlwapphaﬂandalhmﬂng
positive and negative potentials during cvdic voltamumetry analysis cased the release of the D from
the PEDOT coating,

s

0~

0l

Currers derelty {mA cu”)

R L T (] ll: ll’. o‘: % bs 03 19 2
Peertml (V) v AgiagCl

Figure & Cydt\ﬂ—-muhrﬂ-mmmddnanI'hneﬂ.
140 cycles of vlactracal al in acvtate 0.1OM.

Spantaneous release of the dopant froe the PEDOT 5 an instant p but the Dx
release ks show, stne (8 &5 driven by ditfusion from the inner film 1o the surlace. xC ks a lange moleculs,
this type of dopant is more attached info the poly ting and it & not Rached out during the
! d ! ® g Lo the polvmer greater ol by d stabdlity [13,36,47), a5 confirmed

by Raman

The release profile of the Dx was fhated under passive conditions (x lated) and
active electrically L using an acetade 010 M solution as supporting ol ly
Tha surface arca of the electrode is d with ting larger of passive drug release
accveding to the second Fick's law of diffusion [45,39], yet, in our case, the dlectrode surface and total
area are malntained virtually The guantification of Dx from the PEDOT:C:Dx modified
electrodes was achioved using HR-mass spectrometry (Figuse 5).

The active release profile was performed with a total of 76 CV sweeps in flve refease events,
taking around 300 min to be completed. Accordingly, the passive release profile from unstimulated
electrodes wore evaluated over the same period of 300 min.

Figure 5a shows the passive nedease profile of Dy as a function of square root of time according o
the Higuchi model for the drug selease from a polymaer film [27,50], whese puse Fickian diffusson & the
dominant phenomena [ 45). The low diffusion value, in the beginning of the process, may depend on
the slow p of dectrolyte into the polymeric film [39) The pattemn changed ater
mm“ammmvdmu“hmﬂydhm»mmm The thew
systems (1 mM, 3 mM, and 10 mM) showed analogous Fickian diffusion behavior.
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Figure & (a) Thw pavere releaw profile of Dx ax a function of squuare root of time, over 300 min fom

imulated ¢l don. The actave «l A1y Sod delvery procse by stemdabion events
(columes) compased 1o the pasive sdease profile (line) using: (b) 1 mM, (c) 5 mM, and (d) 10 mM of
Dx in the instial formulatice

On the other hand, Figuee "b-d showed a emarkable dependency of the sel 4 Do
during the eloctrical stimulated events (bars) compared o a passive unstimulated electrode (lne).
Some authoss have studied controlled drug release systems using conductive polymers such as
polvpyrroke and PEDOT, where the anionic molecule is used as doping agent and thelr subsequent
release is mainly determined via diffusion [11,13,34,4551). Nevertheless, for a controllable release
system, it Is desirable to have a high active wlease and Jow diffusion relationship [11,12], as shown
by our system {sew Figure 5). Foe instance, the initial of 10 mM released in the passive
process ca. 2% of the deliverad Dx in stimulated peocess. This is probably associated with the wse of
wC as second doping in the matrix, which grants the film stability and integrity during stisulation
cycles |20,46)

The therapeutic dosages of Dx in mesenchymal stem cadl cultures are effoctive at levels
of 100-10000M o p their difs i 0 ostecblast or In order to be used during

ti-infh tory treatment [52-53) In this work, the accumulative o of the wh d
D using 1 mM and 5 mM initial formulations (Figure 5,c) were 300 nM (066 g cm ™) and 600 aM
(160 g em ), respectively. Even though, these values are at therapeutically selevart kevels, they ane
in part d d by the Dx release via diffusion.

Instead, when 10 mM of the drug was poured in the initlal foemulation, a total of 3700 nM
(859 ugem ) of cumulative Dx was detected. This concentration range far in excess of the quantity of
dexamethasone redeased from similar systems using an identical itial concentration of the drug foe the
couting proparation, for which values ame even lower than 5.03 ug-cm=2 [11,12,51). Such concentrations
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whmdhmwwﬂmaﬂmmwnhm dod to apply in blcdogical
Naonetheless, using a specific ol ical k peodile may be allowed to provide

mdqmqmmdmdnglmdi&mbhk‘tauppm
3. Muaterials and Methods
31 Materials

M, 34-ethykenedioxythioph (mwmmy),n«mmn(&.ﬁmwn).
MMIKCL mm&pmyl. d h dium salt (Dx,

9E.0% purity ), amumonium acetate (NH,CH,CO,, 98.0% purity ), nllnpun waber MS quality, and MS
methanad were puschased from Sigma Aldrich (San Jost, Costa Rica). All chemical reagonts were used
without further purification.

32, Symtiesis and Preparation of the Madifiad PEDOTC.Dx Electonde

Eloctrodes (2049 + 042 pam?) were fabricated by the dey of gold an a polyimide sub
(mPngl)andMnﬂpﬁdnbﬂmﬁgnmn&kmhnvnwupodmhh
ehectrode [55). Prior 1o the p were cdeaned applying
(ytlk\mmm)mpsmnwd-Gﬂ‘)lo!nn\lwnhlm)m\'s"wmn» In KCl
02 M [%6], using an Autalib Potenti pplied by Metrohm (PGSTAT-3M@N, AUTOLAB, Utreche,
The Netherlands).

Thwe surfactant dispersion wis paepared d bnpmmwvl[m]brhﬂy;ﬂ(mum
and KC1 (0.2 M) were added to d d water p Mﬂal!l)‘c.‘tbnmphsmw
using 140 Joules In a Sonifier QSonica (Q700, Ul Danbury, CT, USA), before and

mm«.‘hmmm(mmmmnmmuu-ummm 1 mM, 5 mM, and
10 mML

The salution was electropolymerized oo the ¢ de surface using galvanostatic conditions in
the Autolab Po The gold ¢k de (see Fgure 54) s wsed &5 working eloctrode, platinum as
counter ehectrode, and AglAZCHKC] 3.0 M) woeks as seference eloctrode. The electrical polymerization
was carried out with a t of 245 mi density: 0.5 mA<m—3)
using a potential limit of 1300 mV during 360 5 {ca. lmmCan"old\updnﬂlv). Fallowing the
PEDOTC.Dx deposition, the ehoctrodes wene oy rinsed with deionized water and stored at
4 °C befoee their use.

33, Evafwation of the Statulity and Size of e Dispersion Systons
The ch of the particle size and C-potential was p d using six disp

d in & d water, ty a)‘conmmmlommmonnmu.cux
mmmwmwmmmmmnmm and (6) EDOT 10 mM-«C 0.2% ayzDx
10 mM. M s were perd d in a Z instrument (Nano Z5, Malvern Paralytical
Lad, Woecestershire, UK]MB“Candln’msb All the measuements were done by triplicase.
Finally, dispersions were sondcated using a high-power ultrasonic bath (Bransonic®, Merck corporation,
San José, Costa Rica) for & min to g thedr homogs Two moes foemulations of EDOT «C D

were peepared to reach lower d h nto the conductive layer.
34. Analysis of the Topograghy and Composition of PEDOT:xC.Dx Coatimg by Prefilossctry and p-Rawan
Spvctrescopy Methads

The eloctrode topography was studied by profilometry analysis (Bruker, nodel: Dekak TX
MvaW]Mthmmwdhm&)wumubm
the topography of the materiats by using a2 wm tip radius and a force of T eyg in 2 300 x 300 um® and
& scan area vate of 2.5 pmst,

116



Mclanie 2030, 24, 219 Yoty

Raman cpoctioccopy analyde was camriod out wilng a confocal i Raman mi (Alphasoo
R WiTee, GmbH, Ulm, Cermany) with a 532nm excitation laser, Wmdos‘.
and 105 accumulations. The Raman stack scan was ob d using an time of 4 5 in 4 us®

daumwwhmmhawdmmmmmmph‘
wis used 10 impeove the lmage quality, which was does in case of the cross-sectional scan. The scan
dopth was fixed at 5 um and a total of 10 stack scars wese achieved. The | y of the sel.
wavenumber at 1435 con- ' and 1625 cm~! weaw extracted from each acquired sp ding
to PEDOT [2) and Dx/aC [34,57), respectively and plotted a5 2D image. 'nnmu\mymmnuaﬂ
to the presence of the functional group and it & presentod as bright vellow aras.

35 Dy eth Release E Srom the PEDOT.wC.Dx Film

/2

The Dx release trom the modified electrode was carred out in a continuous flow cell using cyclic
wﬂunm&y(CV)wmpwlﬁaqum(mtm,MA‘dmdawnhls
and lectrod, P ty). The active welease of the drug was performed
lnlml.ollmhmmammhmnmwhnpl-ﬂ.zlmeyscMgdCV!mn-émm
1000 sV with a 25 mVs~! scan rate, over a period of 300 min (5 samples total) a room tempesature.
The second welease event, without electrical L was perf d in order to analyze and
bmﬂyhpﬂﬂ\vmdﬁammeglnnLo‘anmmhw
wis Infected through the cell % the edectrodes, a wtal of five samples were collected during
mmdamlvsk.

Desameth phosphate in the samples foe the active and passive redease ovents,
was deternined using a Xevo G2-XS quadrupode time of flight (Quof) mass spectrometer (Waters
Corporation, Wilmslow, UK) coupled with an Acquity UPLC H-Class. Foe the analysis, a 10.pl
Infaction of the sample was separated with an Acguity UPLC® CI8 column (2.1 mm x 500 mm).
The mebile phase daola of acid 0.05% 3y'e and methanol dormic acid
Q.05% 1y and they were supplied under not isocratic conditions with a constant flow of 03 mLmin ™"
(Table S1)1.

The mass spectromeder was configured ding to the | in a previous work [59],
mmmmummmmhwumsl Qmmwnmmdomm
Multiple Reaction M, % (MRM) acg: thaod with the d ol ATLISSE m

hcthpmmhnmdnmvluhpmdmwn,wm;mlkdmmrgdlsovCmannum
in cach sample was calcalated using the Software MassLynx™ (V4.1, Waters Corporation, Wileslow,
UK) and an external calibration curve betwoen 0.5 ppb to 5000 ppb of desamethasone phosphate
(R = 0.9965).

4. Conclusions
We have fully delivered th P tic doses of d h byan‘ ctl
dod system, adj the initial 1 ! and the electrical d events
M o, uslng I uwhmhﬂmn\dsadw‘mmh
posite, we avoided del. ges in the flm rough The chwanical composition
inside the conductive film was conlk ‘wmmwwmmhq:k
le G of d th in the range of 100 %0 1000 M wese
MMumgaMnmmoldehnm i Those
are ded to induce d thon in chymal coll cul and in anti-indl
Thewtore, an adequate & L MWuapmnwakWsmm
pnﬁkallowﬁthndnllvefyd herap doses of charged mokecal MMdml&umdnnp&h
mﬁhmmmrqpmmyhmd\lnm‘ op of di s and

v in the feld.

Lg
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Suppls Materiale: The Sollowing is available coline, Figure St Calvanostate curve of Sw
Wmmpmhmmiﬁmwchwm Figaorw 52, Rasvan
wpectra of the PEDOTxC Dx coating (a) before devamwthaone relese prooess (Inset: PEDOT:oC:Dx vlectrode
wurface) and (b.} after 160 release cyces (Inst- PEDOTxCDx ok e warfacy). Figare 53 o-R

wdmmhh-ﬁ*#-ﬂ‘ analyxia Soby were waker: O05%
acid h:SI Confiy ¥

formic acid (A) and mwthancl: 0.05% formic of the mas duzing
dexamethaone quanbfication
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Ab R ly, Ussue engl g and segp tive medicine studies have evaluated smart
Momateriaks as implandable scaffolds and their interaction with cells for biomedical applications.
Porous materials have bien used in tissue engi W as thetic extracellular matrices,
promoting the attachment and mipmonmh(nmthwm the Invitro egeneration of
difforent tissues. Blomametic 3D scaffold sy allow control over biophysscal and biochemical cues,

dulating the ddal through ssechanical, ehectrical, and biochemical stimulation
of cells, drt\hgwunmhmhlwpmgnmm Ins this review, first we outline the main advantages
of using polysacchanides as raw materiaks for porows scaffolds, as well as the most commen processing
pathiways 1o obtain the adequate textural properties, allowing the integration and attachment of cells.
The second approach focuses on the ble ch ristics of the synthetic matrix, hasizirg

'F

the effect of their mechanical peop and the modifi with conducting poly in the
ool response. The use and infly of polysaccharide-based porous materials as drug delivery
ysh {oe Boch al of cells ks also descried. Ovenall, engineered biomaterials an

proposed as an effective strategy to lmpeove in vitro tesue regeoeration and futurw sesearch dinectsons
of modified polysaccharide-based materials in thwe bomedical field are suggestod.

Keywords: biomaterials; porous materials; biomimetic; mults 1 tssoe englreoring;
conductive polymens
L Introduction

The number of publications related (o the tissue engd g fedd has | dd tcally in
ovent years, referring to the potential rege i cthods and Rie mmmmm
mgandﬂwhumhody?thahwnnx!ﬂb;&‘“n tion of d
froe cell béology, bamaterial sci and ﬁddslllsy«iﬂalh,ummﬂmrmlmolvm
the design and synthesis of theee-di lonal (31) matrices from bi rials to peovid

framework and to facilitate the attachment and migration of host cells, inducing a mmsd\i In vitro
andin vivo regeneration of thswes | 2-4). Biominsetic 30 scaffolds may allow the control and application
ol a multt dus to cells, includ chanical, electrical, and biochemical ! 0 order 0
mw&mm,mﬁndlmmaummdmmph]u]
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Thesuse negy is iy mediated by molocular p which direct gene expression
1o control rerwewal, restoration, and cell peoliferation [9). Nevertheless, normal regs Is adfocted
by aging, diseses, or accidents [10,11). Thus, the inaeasing incidence of skin, musscle, and boow disordess,
aibndbymnypoophamdhwcﬂ.hspmphdnaﬁdmdndwuhpqm

1o imp the and re thon of bological materials [11-13). While many
mpnlx chnig lu\vbnn, posed over rocont decades, mest of the surgical interventions have
bewn directed woward the of clinkcal symp Mmhmamﬂynwdmaﬂ
tssues [14]). Consequently, In recent years, tissue engimeering and nge dict
are focused on using the regenerative abilities of cells, in combination with enginoered bi wrial
1o create implantable scaffolds foe tssue gy thon and reparation [1,10).

Mumklmplywhwmwuammm(mnm&w
engineering In order to generate diverse types of cell I lon [15,16),

for irstance, in steen cells [17), mum(m;.mmm«m(mwmm
cells 20} In the biomedical field, aerogels froen different sources have found applications as
plartable devices, dressings foe wound healing, synthetic bone grafts, carrioss for differont drugs,
Nmndwmk 21}
%Mwwh%ﬁmlﬂ.mkhw%hwdwwhw

application fickds (23] Most ﬁo. chy |-based materials,
such as those used o peody n&am gels (23,2 l}" ly, large efforts have been
dedicated to prody mpeds using poly ccharid as raw rlaks. Relating them with inorganic
mmwmmwmwu}. sural pol charides are mose bl

Mmo-umc[ LW@hl:ﬁ]WﬂwthmMmﬂml
| of engimeering porows whals from polysaccharides have been developed.

Shmhud@ubnrogd&l%m@' pheres {30], and cellul chiskers [31) are
mlhdl&mlmmphslmdmﬂwulamMabﬂcmww.ﬂwap-.lq'h
dulate the bloematerial prog 40 comwey unique material chy allows thedr ap

mamwgmwmmhm:mummwd\w

Nunmwrous strategies have boen repoeted to obtain polysaccharide-based aerogels to guide
functicmal restaration to the site of injury. Control of the size and porosity in the scaffold mediates
cullular infiltration [32] and facilitates the part of mutrh 133], oxygen [34), and waste
products 35 Porosity also segulates the vascalarization by anglogenesis and cell attachment |30,36)
Mochanical erties of blomaterials, such as stiffness, structure, and topography, are also
mammummmmmumnumummm
through and Bular signaling [759.77). mdm.monhoum.uhvm
applhauoasn‘polynuhmm gels &5 the cap g drugs as lled

delivery i ‘“muaanmlmdmgmohmhlnudwbm
Msp&mﬂyhmcﬂsamm P their diffe and (63839}
&wﬂd&hmmdpd}mhmem'ﬂ\mkbm‘a
Myubmw“&amlummdhhhmdma&,nwxﬂam
and carbohydi tod poly in order to Impeove their application as therapeutics [0}
Alternativoly, conductive polymsers have been proposed in combination with aevogels as a system foe
electrical stimulation of cells and tssues in regenerative medicine [5,41].

Our review summarnizes the curment status of smart 3D scaffold systems based on polysaccharsdes

roganding their prod and p J appls in the bioedical fwld. Although those
wpuhvbmmﬁymhﬂhhmuwnnhwﬂlm;mhwwd
b ““JDM including the physical, mechanical, eloctrical, and bioch

of modified p charide-based pels and cryogels. M, %, novel ch directi MM
smart ks, inclod wios for the Rrath ammmmmm
mmm&mdmdl&mwﬂ\ e P wen d to be applied in the

bicesedical field.
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2 Owerview: Polysaccharide-Based Porous Malerials

anhnudu,w:lpn,mdhtshwﬂc srface arca rlals with d
d from a wet gel during a process wheee their Biquid phase is removed
“Mwm;&wMtbm&mdhmmlml

Theough time, acrogels have boen ob d by uring both ceganic and ! vrials
MIJMLWVW\MﬂMy&mmm[uLMW
awropids [23,45] are ameng the most used A dertak PO d for acrogel production.

However, despite several rek ! found foe iorgani 15, biopolymer-based aerogels
iuvnhwnﬂhobhﬂnlmmhwrd:hﬁlyawmehmulpmpoml-lﬁlmmﬁwlz‘L
and biocoenpatibility [21), all desirable properties in sy o be wsed In biomedical field |47].

Polysaccharide-based aerogels were sepoeted fiest by Kistlor |22, wsing cdllulose, nitrocellulose,
gelatin, agar, and egy albumin. Mone recent ch has reported the ob of gels from
polvsaccharides such & chitosan [45], ch lgs [45], cofdulese (50} stasch [13,30,51-53),
starchys-carragoenan (xC) [53], and pectin [27]

Conshdering that palysaccharides p bund, | from which they can be
obtained |27), aloeg with renewability and non-toxicity, they are excellent raw material candid
fowr el i regarding L y principhes, relying on renewabde raw material or
encegy sources [25,54).

2.2. Precessing Strategies for Polysaccharide- Based Aerogels

Diverse strategies have boun used 1o obtain polysacchanide-based avrogels. The sol-gel method &
commonly reported s an initial step in the peocessing pathways for arganic or incrganic materials | 28]
In the sol-gel p 2 hydrogel is induced by Linkiog of the base material. Once the
hydroged is formed, it Is necessary to select the drying method to be used; materiaks obtained from
supercritical drying ane commaonly known as acrogels, whereas materials dried by freeze drying

(Iynphlltmlonunhwwnuawgtl‘l[mmlﬂhkauwmmhrw&yugw
froeze deying, the most widely used method 1§ potous matertals [21).

) e || wnarge | e [ opmema|

|mm”||wm
""'""‘"‘l oot

Figure 1. Pathway for porous b duced by wap acal drying as well an froeae drymg,
Mf-dh_riumcwwﬁmmmk—-.

211 P ing Using Supercritical Flusd Technology
mmdwwmwm*umuapmawmm
marphology, ity, and linear arch [55). In addition, p dang with suyp

{SCFs) leads to a solvent-free end-prodoct with high purity. Thsammmmnly friendly lun.n
has been noted by other studies.  In fact, SCFs have boen regarded as “the green solvents for
the future” since they compress different ecological benedits, an emphasis i made oo their low awegy
consumption [21,57).

Cabon diendde (CO,) is the nwst widely wed supescritical fluid, in part due to the mild
operating conditions, 7.38 MPa and 304 K [56]. Supercritical drying (SCD) avaids the foemation of the
vapor-Jiquid inderface that occurs upon solvent tion. When tion of the solvent occurs,

T

thw capillary pressure gradicedt cn the pose walls may rn:huplolm-;‘.mw.l [25). Acrogels processed
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by means of SCD tend o show 2 mesoporous strucure (pores of a 2-50 nim diameter) and thiss requine
a templating technigue foe Inducing the formation of maceopores |56]. Finally, SCF technology has
bewn applied not only to obtain porous materials but also & a strategy foe the sterilization of palymers
scatiolds from acroges [19).

2.1.2. Cryogels Obtaleed by Freezw Drying

Frevze drylog (FDY, oe lyophilization, is a drying process in which the solvent oe the medium of
suspersion is crystallized at low bemyp and Is theroaftor subl ‘hwnlhnoﬁdmdmnly
Into the vapor state [56). It is repoeted as a simple, iy friendly and i g
hpmmmwywwmmmmlm

wu\wummmwmmwmwnwmwmauw

muterials and the recycling of water without pollution or bl
achieved [=9). wﬂﬂhy&mdhmlsmagmmop«aﬁonhmmmthmsmm
been remarked in the literature [27]. N hed drawback ny d for freeae drying

anbpnmnhkmmﬂmlobcmmpbﬂl”&] In addition, freeze-dried materials tend to
have larger macroporosity (pores >50 nm diameter) than SCD-peocessed materials [21]
Frwze drying requires froezing the hydeogels, transforming all the bquid that Glls the

I ted 30 tosolid. Then, at low pressures, the sublimation of the solid solvent
Is promoted, avoiding the formation of the vapar-liquid interface 51,54 The hotogy of the
porous isdet d by the muck Mhayﬂdmnﬁpmdh.dﬂnml"l.

producing cryogel pores due 1o sublimation of the ke crystals [60]. Large ke crystals are obtained
with low nucleation rates; this is eached by using small subcooling femperatunes, a5 close to the
oquilibrivm state as possible, between solution and ice crystals (0 °C) [5]

Two lnportant steps are found foe the crystallizat ! and loe crystal growth [27].
Since poees are formed due mwmmumuqmlmLhcwmmmmA
direct effect on the final pare moephology of the cryogel. The crystal morphaology can be related to
the freezing or and pre-frevzing conditions (emperature and rate), additives, suspended solids [60],

o the initial material concentration [27]. In addition, I ing the p at the fn g phase can
shorten the cooling time and form small segular jce crystals |27)

Direct rison b the porous materiak ob d by SCD o by FD results in an impoetant
wmmmmmnmmusu Hmmayoylihwm
poeosity values equal to or higher than SCD aerogels, with an important T ction that
may be suitable for different applications where porosity bs required. See detailed inf; th

inTable 1.
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Table 1. Properties np d in ch studies for porous malerials from beopolysen.
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Paly (e~<caprolactone) wlOy NR ] (5!
NR ¥ «C0;: Sop X; PO Poveunn Deying
3. Polysaccharide-Based Parous Materials for Tissue Engineering
In recent years, tissue engl g and reg; di studies have been based on the
combination of specific types of cells and 3D p diolds t induce a ful in vitro rege
of diverse tissoes [2-4).
The main efforts on eng d ECM in the bi dical field have been focused on the use and
L d plurip tem cells, which are special cells that bave the ability to perpetaate themselves
through a hanksm of seld I and 10 ge di types of cells through diffesentiation
F [15-17). N hel blasts [15], skelotal muscle colls [15], and endothalial cells {20)
have been also studied.

31, Polysaccharide-Basad Povous Malerials o5 Extracefiular Matrioes
An extracellular matrix is an d ) posed by a of cellular and

noo<ellular components. ¥ plays an important role in tssue and cegan morphogensis, coll function,
and structure malnterance. The biochemical and mechanical stimulus that cells seceive from the matrix
influences their growth, migration, difforentiation, survival, and hoaneostasis [ 73).
Astogels, as porous 30D matrices, p a that & able 10 nsimic the extraceliular
matrix of the natural tisue, providing a & bl t for the regy son of tissues and
organs [6.74). Coupled with high porosity, low densities, and high inner surface areas, poeous materials
<an provide appropetate marpbology engineering, opening the possibility foe their application as
h folds for tissue eng g [52)
A scaffold acts as a template for new tissue formaticn [75) and s 3D structuse guides the
L and colonization of cells, p g tssiw growth [56). An ideal synthetic ECM should
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exhibit a highly open and uniform porasity, over S0%, with micro- and mesopores that enable cell
ttachement and opores for proper ! [56) The condig of the scafiold wpology
Is entical in controliing celdular function, it should masch the endogenous topology of the cell membeane
hﬁchMiMMl\m[Jq
N ds ER! d on the eval of nowvel skeletal muscle
ticn strategies, which lve the prefabricats olmmmh\-nmbymnm
g of muscle p cells an a scaflold, peoviding the required for

4 )

and
diffe of the cultured cells |76} K chers are studying the incorparation of products

d from cellul bodisn in syrth mmmmkmmhlywmhdd
sy inoglycans, a group of polyasccharides that can modulate cdl activity by mimicking aspects

proliferation,
mdanm:ummﬁmmmmmammmummmtwﬁm;
Hyaluronic acid, heparan sulfate, and heparin are the most used gly in synthetic ECMs,
MNMAMMMMWIMMBM)(WI
The synthosis of al hydrogels for platelet-rich pl . a5 a coating for

Lo 4 ¥

polylactic acid porous devices ks another strategy used Lo 1, llular rosp anthetic ECM,
the hydrogel system allows for better cellul and infh the larization into
ummmmmwdmmwmnmmnmmmm
w&mmdmmhﬂmhwwmhﬂmkmdabﬂpm
oxygenation of cells, avoiding hy [54.55]. In a simdlar study,
cmmmwnwmmsmaammmmmwm»
achivve Vi and i fibroblast viabilsty under hypoxia conditions |56}

mw porosity, b spatibility, and proper scale of thwe ECM are sonw of the
mwmmmhawhmmmmm skin, bone, and mascle [76)
Novertheliss, several other factoes, such as mechanical and chemical modification
of scaffold iicantly infly mhh:hduvhlwl.famplo.nmswm'em
MMoﬂlmxbmmhsnnhﬂ hanscal respondent in coll ctility events because
of the theve-di dlular matrix restricts inducing deformation and
the of cells through the of dic phospholl A; and arachidonic acid,

34 ¥ ¥ L

which regulate myesin activity [55,59) (Figure 2).

-4.,"*_ {
‘ .t—-—n-—.—_— I

Figure 2 Sch 3 » dlhn-h--wbpldh

cell compressic (1}, which ki -l--., ,l; Ay acti and arachidonic acid

daction (2), foe th lation of (3) and the increasing of cell migratory capacity theomgh

thOm“l. wmlmlﬂ:s—nﬂwwﬁnﬁ(mm
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32, Inflsence of the Mechanical Propertics of the Scaffold be Cells and Tissues Boluotor

mmwumquwMMEhmmmwhm
defective tissue. The wse of p Holds as llul rices tries 40 mimic the In vivo host
conditions b restone oe im h lon of d d tissoes. An extracellular matrix requires
nmodypmsmmumlhhdummlmmnndmwdnumwumbmﬂm
the incoep of signal makecules, such as growth and differentiation factors, &5 well &5 a proper
matrix archi and mechanical ies o kewp the lmplanted cells alive [46,50-54)

mmmdlzﬂdlam“mormﬂvomﬂMmayulwy
mmmmmwwnmmw; In this regard, the architectun,

V. lopography, and phy 'r perties of the employ mﬁﬂdumﬁmm\mﬂu
and function of the g tssue. Cells ane ly subjected to physical forces
from their mi L Mochanical dlhpomumahrhhmhdspam&hlo
dnnmlmhnﬂl.lwofaMwﬂphynmdnﬂnmdmmwwwlﬂi
There are several types of cells that sespond to a mechanical ol
Inchude choadrocytes [55], cardiomyocytes [44], Slasts {95, muscle cells |u'|mdotbclhl¢dk|'w]
stem cells [7], and other tsswe connective cells.
mmmy(mmm Bt dastography (MRE), shear hy Y.
pip dion aw some tochng ly used 1o &
tic coll P duced by mwchanical of scafold 95]. Thwse methods cause
homnpuidm. bending, Mumﬂshﬁﬁudhu&ﬂd[ﬂ-mﬂ. inducing specific

cullular responses.
Cells may sense physical coes, such as osmotic pressure, shear foece, and compression Joading, as
Mandlmwnmwwmmmdhmmmghapmmm‘
d 195]. Thass, mech ponds 1o the cell capacity 1o transform a
chanical lus into blochemical signals. Thene are surface peoteins in ool membranes which
detect a force differential and then amplify and propagate this mechanical signal to elicit a change in
cull behavice [37,93).
Compression and shear stvess, caused by the synthetic ECM in a cell culture, transfer mechanical
muu»mmmmmummm mwmdw

ion and the changes in cellul bolism during mech, are
wmmwmmmmnmmmmmwm
the 1o bloch, d events, integ: pecifically 51 and aS5p1 integring, are the

best prodeins stadied so far [37).
wdmmmmmhnnﬂpmumammmmmmm
a5 cell adhesi toskaeleton igration, stem cell differentiation, and muscle oell
contractility [57). m;ﬂnﬁolmmhwaﬂmhmmthhd&mmnmwd
2 same cell type; it has beon reported that a soft matrix (01-1 kPa) enic difl
matrices with a medium stitiness (8-17 kPa) p ofte myogensc diss and matrices with
high stiffness (25-40 kPaj p the ost nic dith tion of chwmal stem cells (9}
WWMvWMMMd.q’nMKM' di chanical 1 of
culls and the subsequent expression of cellular dift s [43], tissue oy 7).
causes the synthists of fular matrix comgp [43), changes coll hology, ard Imp
thedr adh 1o syrthetic scaffolds [93,55]. wmly.mpunmwucmw
P 1o both son (Le., cal Ca**)and temp
of cardiomyocytes ase also rwported [94)

Complexity of the mechanotransd induced by integrirs is multifaceted 25 the proteins

mmumummlmmwmawmmmmmmm

’ ol plor proteins 4o dictate the interplay by béochemical and 4 olotal
b to their by 1o cellul ch P [37,93). m.h
well known that efficient force sfer and associated cytoskel ch are corselated with
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focal adh formation, as defined by the sk of talin, vinculin, and c-actinin to the

slated inbegrin; these focal adhesion p foem the molecular bridge that physically interlinks.
n\wmmmn 2,10
deletal changes caused by mwch d l d«ﬂnanmﬂummdbywvnnl
buhmlpmvmyﬁ It has beens rop d that tion of focal adbesions causes

of focal adhesion kinase (FAK): the scaffold protein, clated with adh, plague, triggerad the
mmammm(mnmmmm.mww
dmmmnuny(amuq ROCK protein lves several d sigrak,
i lated o (Elxs)amilhohlppopnwny.wud\lsnhhd
with }ismdahd pmhln 1 (YAN),M&:DM ¥ SO
o the nuckaus and clated with | lactors to regul edpmmmwm
mdmmnwmnmumm(mummpmmmmumm
lirgg ¥ v 10 p the production of BOM and ECM remodeling peoteins
hat stiffen the local mi and reind chancsigraling [95).
Experimwnts selated with the mechanical stimulation of cells have boen carriod out since 1538,
whmcmdmumwmwﬂmu&rymkdumhml Cells were grown on

of explanted in | mascle, to which pairs of neighboring ribs wen left attached [106)
menmdkwnmmpwwmhmwmdnwmeanimnuhausthn
musche tissue degenerated. Table 2 the main #hes o induce mechanical
of synthetic ECM and thelr effect in cultured cdlls.

The study of mechanical p of Ll Mrices Is 10 ensure
dmmmnmmoummmmum»nﬂmmwmuuun;
Celtular depend cn the magritude and du of the lus and P may
mwdnmplmbaﬂ b and nucleus, followod by indl, tory reactions due to tissue
becakdown In vivo [101]. Additionally, stiffness, rough and ! y are iy n
di the of cells. There 1T cell that act as mechanical

5 . L

% the T cells 40 discriminate bety a wide range of stilfness found in the body and respond
xmndhw['?) mwmmmwmm»wmmdemm
with low stifiness by drogeds, where the inflamesatory sesponse
hmpwmdnﬂmﬂ&manovml“mclomgwbodymmvm[?] The effect of the
on the invitro respanse of macrophages has been also studied
M(nﬁyhmg’;«nﬂWM[ﬁ Results showed that stiffiness did not impact the
thedess, i elicited diffen In their morphalogy:

POARE

3 1 ch estics of scalfolds can be adjusted using adoquate dynamic b riad
In order o create matrices with an ap MNMMMW
Mixch | th Hold: mﬁ:mdhwmmmhmh

muibdnhmo(mpaﬂwdwpmmmﬂymdhhmw
33, Podysaccharide-Basal Porows Materuals 25 Scafolds for Electrics! Stimulstion of Cals

Ancthy ch field of i focused on the peep of el | o induce
:pod&odhh:mmmmu[emm,mmmwmdm
electric fields (EF) to transmit electrical signals. The endogenously-gencrated EF exists in both
the cytoplasm and extraceflular space [112). lnnkmmahwmmumwphvmm
mlumlmpahmhlnkgu a they generale el foxce, q
electric potential, and allow some cedlular functioes [113,114). These bioelectrd sgmkm d
by gap juncticaal ctions and ion ch Is o¢ pumps moving sons, maindy p (K") and
chdarade (C17), across the membrane [113,115), and the sogul in celdular physiology s induced by
PH gradients, specific ton fows, and changes in by ¥ I|116).
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Table 2. Used mathods 10 sdece schanical stimulation of cells in synth e (ECM)
Rase Matrial Mechaaical ot [ Reteconie
ractaral
winadation Meoweuse sl il
Calatinjnnabyvin- “_..‘;‘m Sy b -n-l‘-b«::a-l:;;u &
Mam e wm
m:,:dah-nmu procyt e
Tnceth fu ke colle teaidSrg 3
el smeadid Ths bacogel coaaineng, coll
By ..-,ﬁannnwa—a e oo 14
Mpanth ot and luuce ) cwech devie ke LXK —_— :
The diveet Sl sbec il st
. mateidad olthe " od e
TR SH gt indhaced thei vabime pliaripuneee e colhs udrarnd 1 the
n;.”";u. TeSiation caadng argr s WAl Caumed 3 taater expaesion of e
cyoantld wgpewatin
w Cloriugrae Sfvartitan of Ws
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Collagon maeria rvadoacess s e o FoAattl Bt eatiis
itk g b ik B FERPIS SERNS i et colbiir ctemtathon, 1og
frbecka mat with s puet godd AMD_VC.\-‘“‘
aswdow flone wan canvied oot of ur;::n.
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Plurety pe erprosnan.
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WRer laws o0
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bttt e S
tacue modtied wity P W0 I bl sk tipogeess Lwages =
I asditane Mason et Pazkad vimmal,
ool type :_n-d:u:-m Saced I-.I . -
e O xddikom o€ VIGF ony
Flenslntik by caamnd by swehoniodd
m-lm
l-;n-z-m;‘:- - i '-“l o :' ad i
- o~ e o) of e colis adacent b
| asprpiorertert ':‘::‘:" -
B e R
O Oy e TR
Currently, exoge dectrical stimulation of cells is 4 widely used method to improve their
blodogical fu Many authors have reported the use of nerve [117], bone [115), muscle [119],
and nevral stem cells [120], b their ly gnized p tectric ch. T make

them attractive foe ch on the role of exoge edectrical L
prlhgdaadamum&bldwlthahvmﬂmmvhﬁddmmmw
& and in the cell brane [133) The application of an electrical stimulus to induce

cullutar responses depends maindy on the level and natuse of the eloctrse potential or current applied,

the frequency of the stisvalus, and the type of cell studied [115]. 1t is reportad that the appli of the

EF in a culture modium affects the migration [121), [122), peolis and diff

of cells [123,124). Neverthekess, in most cases, it ks used specifically to revive damaged or disabled

mmmmmmmmuwdlunmnhmmdmmdmw

tissues, such as borw, lig: ¢, and articul e [112)

1 this regard, bi Is may receive conid ) for thedr infe e e hadiavt
ability 1o mimic bological fursctions, and, mone uy, as ol ductive sy with a powntial
mummﬂnﬁtlsn‘s}

Soeve o ateials, stach 2 conductive polymens (CFs) fe, poly G dwthykenadiany thivpene)

(PEDOT)), which are a special class of polymesic materials that present electric and Sonic conductivity,
ane currontly being studied | b with acrogels or cryogels as a promising fiekd in regenerative
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mwdicine (Figure 3). Nevertheless, in the past, sesearch studices have extensively used this kind of
polymer to create organic conductive nterd, prosthetic devices, neural probes, and controlled
drug-dellvery systems |5,41,125].

Figure 3. Pcmnwmphvlm)whlﬂmvlwh‘n-

(b} and after d poly (e, paly(d d-ethyk h. (PEDOT)) modification

P

(). Reproduced from [52,57] under El-nuCupvr‘h Clc-nvC-nn (COC) B

Conductive polymwrs can be stroctused with porous systens using differemt sechniques |127-129)
Starch and stardy k-canmageenan aerogels have been waed as wmplates for the oblention of nanoporews
conductive materials [52,53). In the bi dical field, conductiv aerials have boen
applied not only as physical suppoet but nlh:.uamadlumwpnnkkektml stimulation of a
cell culture. Electrical stimulation in neural cells has shown great potential for furction restoring and
wound healing [130).

On the other hand, the incorporation of anlonic drugs and x.camageenan on the structuse of starch
poeous materials ks particularly Interesting since both compounds may act as dopant agents for the
conductive matrix, a5 it was shown secently [39,53,151). Dexamethasone, 2 well-known glacocarticold
andonic drug, has secendly been the object of ch from an el chemical point of view, regarding
Its doping properties oo conductive mateices [ 132 and foe 1ts ability to be redeased by electrochemical
stimulation froe a PEDOT s <carmageenan film |39). The abone opens the possibility to create scaffolds
from conductive poeous materials and the incorpoeation of specific drugs in their structure to be
applied a5 stimulation systems in tssue englowering.

34. Polyseccharide-Basat Porous Malerials 25 Drug-Delivery Sustems

One of the main approaches and most selevant applications of blopalymer-based aerogels & thaelr
wse as drug-delivery systems [6,35). The application of these materials & contralled drug-release
matrices has gained inteeest in the last years due to sroged properties, such as its high surface area,
high porasity, and biocompatibility [32]. Aerogels can act as a carrier for bioactive compounds,
showing high loading capacity, enharncod stability upon storage, and acosderated drug release,
If roquired [45). Alang with the high loading capacity, blopolynwe-based acrogels akso show an
Impeoved dissolution rate of poorly water-soluble drugs [<].

The biocampatibility of natural polymers alorg with the di ordy oo of ek
& carriers for active compounds, such as drugs, have promoted lh-rs\'dmaumllnldsm body

1 10 accek tissue | tion by providing a suitable porous structure that peomotes cell
mhnuauﬂn [62,133]). Diverse authoes have also studied the | tion of drugs and growth

factors to p the attach protiforation, and differentiation of colls, in crder %0 peovide both
subﬂllum. for damagn.i tissues and therapeutic schemes that reduce post-impl il ts
and infections [12,133-135).

Controllable drug-mlmf-c Y may be categorized as mechanical methods, which are
mainly in vivo implantable pump delivery sy butlt feoe b ible nanomaterials [136,157],
and as polymeric drug delivery systems. The Last cow makes use el biopolymers, i which the
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delivery of drugs i mainly d d via diffy and Iy by el e 1 mwthod [11"].
Hemww, thw iceporation of drags within thase knds of porcous soafiolubs T b 1 ly
uma&mmmmmmw;mmmdmﬂm[uus;

34.1. Diffusive Ph on the C Ued Rel of Drugs on Polysaccharide-Based Acrogels

mmum;wmammuMuanW
muuhlmmpolyundundm critical technology employ umhsbunﬂnodu
the most ducing polymer/drag posite systenss for ph
applicatioes [135). wmaswmmwwdwm
with drugs such as ketoproden was achieved [62]. This process consists of plicing aetoged particles and

ketopeaten i a closed lave under tion, the ketopeoben was dissolved in scCO; and adsarbed
in the aerogel mateix [62). mmpcmdmw&npmdmdlocommwﬂyuﬁpnimv)
(PCL) scaffolds loaded with ketopralen |72] and for 2l based acrogel microparticles for
Wﬂylmllnmmmﬂm‘*nd ! gk ks werw impeegnated
with different idal ant y drugs, such as lide, ketoprofen, and dicke
sodium [135]).
wamw-mwumummmamwummm

with five different active comgp ramely loeatads 1

and howi h d relcast M&M&MMWMW
qum(m; MMMMMMWMNMWIM
awrogel and the active substance mvust be high so that the active compound leading will be high enough
to provide an i in the dissalution rate and by Lability |139).

Mmmmnhm;w”uawswwmhmvmm
(Wnommmhachmmsdmnﬁmuwﬂ@tnum thus ob

arogel particles, which are peop nas)m(utnlxnmumnlmm
for wound dressings [45) Admﬂupcnmdmw&pndumndby%'] where mescoporous starch
arogels were loaded with celecoxib by adsorption during the solvent exchange steps.

Three steps an considered for the diffusion moded: first, the fiim diffusion; the second step &
the slowest, thus contralling the kinetics of the phencmenan, and it ks called intraparticle diffusion;
finally, the List step & the adsorbate release on adsorbent active sites [140). Several works have boen

wgarding the release of drugs by means of diffuskon phenomena [38,45,62,71,72,139,141)
The first mechanisen when a drug-Joaded polymeric material meots an ag L i the filling
of the pores near the surface; then, drug diffusion i initiated by the dissolution of the solute in the
water-filled pores and the continuous diffusion in water {142). Theough time, the polymeric network
starts swelling, inducing several structural changes that are affected by the cross-linking density and
mmuwmquwmmmmmmuwmamdmsmm
[142). By analyzing the selease profile of drugs, conclusions can
ummwmmmmﬁw;mummmmpmu}

¥

Wmvdmddwynmmmedy died to lonp ¥ in dafferent
tssiwes but as a strategy that develops § and e devices for selective delivery
dmmmmmumnmumd for the maintenance of
appropriate doses, and 1o kmp individual therapy. To mwet this denand, many drugs have
been reformulated in new drug dalivery sy o provide enh, d efficiency and moee beneficial
therapies [136,137]

34.2. Controllad Drug Release by Electrical Stimul Employing Conductive Posous M. d

hodnbpmmhwﬂwo&muﬂmhmwhh@ﬂpddw
local ek lly ed redease of phy mp PE
a5 a proesssing option [145) Drugs anchoeed inside the condsct ‘Mvh—l ported using
eritical tochnology and o ™ 126,146}
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Electroch I methods involve the use of conductive poly which are electrochemically
axadized during the p P e w, charge carriers, and, thes, allowing lonic drugs’
hindon interactions [ 147). There ae two matn dectrochemical methods to
Mthmd&mhhﬂmm,mwmw&yM)muam
agent and its anchorl i\ ly withs the process of matrix formation, comvmonly named

Mmu«mmmnwwm Drug fixation is the result of the
ion-exchange processes during, polymes ossdation. mdmmmnmmhhmﬂ,
charged centérs In the growlng polymer chain [149). Anti-cancer drugs, anti %)
mmm«munmmNmmmqmmhm
development of newral devices [150-152)

The second method coerespands 10 the two-step oe e st lmobilizatson. Th incorporation of
umumuumywqmmummmwmmpmmmu

their surlace. Flest, the p film ks synth d from a soluth

amllhnkmhmlaasdopln.mwﬂhunih&ug. mmmuhmmm
ddized by an e d stimalus [135,149). Red the d of the dopant from the (im;
mwanwhile, the drug, which acts s the secand daping agent, is Incoep d during the p of

matrix oxidation [149). This approach allows 4o p the Enterd of drugs during the growth of
polymer matrix and their subsequent release does not have much impact on thedr phiysicochemical
propesties [148,149).
thhhabmmm&nupsddmgﬁuummmdmﬂwmlymum!wo
mmmmmwbmupmdmmm;m—" dl Loy drugs d
and were mrmmmwunu
immobilizaon. Aftor film oxidation, £C was main ined o6 the matrix, granting the film greater
stability and indegrity even after drug release |35].

Dirug delivery & caused by electrochemscal dation of the conductive matrix, which induces the
axidation and or reduction of the film. By applying a negati ,‘—"".2'_,“ matrix ks reduced
and the cationic charge of the paly backbone is lized, W the release of the ansonic

mwmmmnm s a sienilar peoceduse, applm:qdwmdpcﬂanm
¥ d covidation of the polymeic film, respectively; meanwhile, the matrix

o and contraction, which foece the release of the drug. Although cvelic stimulation
m;;mmmlddm‘mmmmmwmwmw
that the ap of the lus may cause crachs, and breakdowrs of the matrix,
mainly lnnnotup immobilization systems [126,153,155)

The controlled release of drugs using electrical 1 from ducti
fibms [39,126,151) opens the door foe a different ap h ding the appli of poly
nmﬁmdngddlvuy Smmmmkmhmndwﬂhm Al ducts terial

P % active comp those ites may be wsed in the controlled release of
bloactiy docudes by electrical V! [1565157] These blochemical redease systems ane the
mhmdmmdm&gmpmdtmm“wmummkmmmm
proenote smarnt scaffolds that merge mech, al"-"md““‘ ical
mimicking the in vivo ECM conditices, in ander 1o p te spevific cell behy uammlnng-v&

I
| o J
42 rid

133



AATAN B, S 0 [EL

s

Figure 4. (1) Flexoek v induced by L (A) plays an =g role

in bone sepair and duling by inducing bl igration (B) and mineraliteation (C)

w‘mll"‘lmﬁmwf Astributi L'nn-‘(bﬂ:‘—-‘ acatice and

medox-trggened § "'*‘U'EDO'D roen fam liznd with hyd

& sches and phosphory icholi 13) Sciy o of the active

Mﬁddlvnthdbym*thnlhh.(‘)ndm'm-mdundbyﬁm
ly=sezic saatrix (B). Repoodaced from [ 151,156] under Elsevier Copyright

&mmC-nh-«IOhc-u-.

4 Conclusions

The current status of bioeimetic scatfold systems based on polysaccharides has been eviewed
regarding multistimulation, mechanical, eectrical, and biochemsical, in order to trigger specific
responees I cells during growth and differentiation, specifically in the biomedical ield. Somw details of
thedr production and properties have been summarized, Including modification with conductive

polynwes and strategies for controlied drug mlease from porous materials, such as wel
Therefore, future studivs of modified polysaccharide-based aerogels foe tissue eng i could

der p ting physacal, machanical, eloctrical, and blochemical malt 1 with the aim o
mimic in vivo conditions
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