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Abstract

Abstract

Polymeric networks are three-dimensional structures formed by crosslinked
polymers whose mechanical and chemical properties make them versatile for a
wide range of applications. Hydrogels are polymeric networks with a high water
retention capacity, which has made them very attractive components for various
biomedical applications, among others, the one addressed in this thesis focused
on the use of hydrogels as supports for non-aggressive detachment of cell
monolayers by temperature change. The objective of this thesis is to develop
resins that allow the formation of networks and hydrogels in both 2D and 3D
models, using photopolymerization techniques. These techniques include
photopolymerization in a UV curing chamber and, most importantly, 3D printing
using vat photopolymerization, the latter being one of the main additive
manufacturing technologies. Photopolymerization has significant advantages in
terms of the control of the reaction rate and the homogeneity of the resulting

polymer network.

In the context of Industry 4.0, additive manufacturing is a core technology that
allows the production of complex and lightweight structures, optimizing weight
and material expenditure. It also allows a reduction in the number of parts in stock
and the decentralization of activities, as this technology makes it possible to
manufacture where and when you want, reducing logistics costs and promoting

the economic development of areas with low population density.

In this work, firstly, resins have been developed that allow the printing of both
sacrificial parts and readjustable networks through the hydrolysis of hydrolysable
crosslinkers synthesized and used as polymerizable components in the resins.

This hydrolysis is pH-dependent.

In addition to resins that allow the printing of pH-sensitive parts, resins that allow
obtaining temperature-sensitive hydrogels have been developed during this
thesis; both types of hydrogels are promising candidates for specific biomedical
applications, such as cavity fillers for regenerative medicine, implantable
systems, controlled drug release systems, or as supports for cell culture and non-
aggressive detachment as mentioned above. Temperature sensitivity was

achieved by incorporating vinyl-lactams such as N-vinylcaprolactam into the resin

11



Abstract

formulation, allowing reversible changes in the hydrogel structure in response to
temperature variations in the medium. Finally, the properties of the vinyl-lactam-
based hydrogels were modulated by loading them with functionalized carbon
nanotubes, thus improving their mechanical and conductive properties without

compromising their ability to be printed by vat photopolymerization.

In conclusion, temperature- and pH-sensitive 2D and 3D hydrogels prepared by
photopolymerization represent a versatile and promising platform for a wide

range of applications, such as biomedical applications.

12



Resumen

Resumen

Las redes poliméricas son estructuras tridimensionales formadas por polimeros
entrecruzados, cuyas propiedades mecanicas y quimicas las hacen versatiles
para diversas aplicaciones. Los hidrogeles son aquellas redes poliméricas con
una alta capacidad de retencion de agua, lo que los ha convertido en
componentes muy atractivos para diversas aplicaciones biomédicas, entre otras,
la abordada en esta tesis centrada en el uso de hidrogeles como soportes para
despegado no agresivo de monocapas celulares por cambio de temperatura. El
objetivo de esta tesis es desarrollar resinas que permitan la formacion de redes
e hidrogeles tanto en modelos 2D como 3D, utlizando técnicas de
fotopolimerizacion. Entre estas técnicas, se incluyen la fotopolimerizacion en
camara de curado UV y sobre todo la impresién 3D mediante fotopolimerizacion
en cuba, siendo esta Ultima una de las tecnologias principales de la fabricacion
aditiva. La fotopolimerizacion presenta ventajas significativas en términos de
control de la velocidad de reaccion y la homogeneidad de la red polimérica

resultante.

La fabricacién aditiva, en el contexto de la Industria 4.0, es una tecnologia
principal que permite la fabricacion de estructuras complejas y ligeras,
optimizando el peso y gasto de material. Ademas, permite reducir el nUmero de
piezas almacenadas y la descentralizacion de las actividades, ya que, con esta
tecnologia, es posible fabricar donde y cuando se quiera, reduciendo los costes
logisticos, lo que fomenta el desarrollo econdmico de zonas con baja densidad

poblacional.

En este trabajo, en primer lugar, se han disefiado resinas que permiten imprimir
tanto redes sacrificables como redes reajustables mediante la hidrdlisis de
entrecruzantes hidrolizables sintetizados y utilizados como componente

polimerizable en las resinas. Esta hidrélisis es dependiente del pH.

Ademas de resinas que permiten imprimir piezas sensibles al pH, se
desarrollaron durante esta tesis resinas que permiten obtener hidrogeles
sensibles a la temperatura; ambos tipos de hidrogeles son candidatos
prometedores en aplicaciones biomédicas especificas, tales como rellenos de

cavidades para medicina regenerativa, sistemas implantables, sistemas de
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liberacién controlada de farmacos, o como soportes para cultivo y despegado
celular de manera no agresiva, mencionada antes. La sensibilidad a la
temperatura se obtuvo al incorporar vinil-lactamas como la N-vinilcaprolactama
en la formulacion de las resinas, permitiendo cambios reversibles en la estructura
del hidrogel en respuesta a variaciones de temperatura en el medio. Finalmente,
se modularon las propiedades de los hidrogeles basados en vinil-lactamas
cargandolos con nanotubos de carbono funcionalizados, mejorando asi las
propiedades mecanicas y conductivas, sin comprometer su capacidad de ser

impresos mediante fotopolimerizacion en cuba.

En conclusion, los hidrogeles 2D y 3D sensibles a la temperatura o al pH
preparados por fotopolimerizacidn representan una plataforma versatil y
prometedora para una amplia gama de aplicaciones, como pueden ser las de

uso biomédico.

14



Contents

Contents
ADSTIaCE ... 11
=T 1] 1 = o PP 13
List of abbreviations ......coo o 21
LISt Of FIQUIES e e e e 25
LISt Of tADIES e 33
Chapter 1. INtrodUCTION ....c.eooiie e 35
1.1. Conventional free radical (photo)polymerization: general
PIINCIPIES ..ottt eee e nneas 35

1.1.1. A particular type of monomers for radical polymerization:

methacrylates with hydrolysable side chains...........cccoooeiiiiciccc e 38

1.1.2. Compositional and crosslinking density heterogeneities related to

reactivity issues. Vinyl-lactams vs methacrylate’s .............c.ccccooevcionioennnnne. 39
1.2. Hydrogels: crosslinked networks with high water affinity ......... 40
1.3. From the use of thermoresponsive polymers to the fabrication of
smart hydrogels: iIFABCell TeChNOlOgY. ..cccoooiiiiiiiiiiieee e 43

1.3.1. Tissue engineering applied to the fabrication of cell monolayers:

design of thermosensitive support surfaces for cell manipulation.................. 45

1.3.2. iFABCell Technology: thermoresponsive polymeric platforms for cell

growth and non-aggresive monolayer detachment. ............ccccoccovvevivieiieneen, 48
1.4. Additive manufacturing: as tool to create customized freeform
parts: definitions and teChnNolOgies ..., 49

1.4.1. AM materials and technologies...........ccccovevieieiieii e 51

1.4.2. Vat photopolymerization: from the pioneer development to the current

AIEINALIVES ... e 53
1.4.2.1.StereolithOgrapiy .......coo e 54
1.4.2.2.Digital LIt PrOoCESSING .....ceiiiiiiiieiiiiiie ettt 55
1.4.2.3.Liquid Crystal DIiSPlay .........ccoucueeieiiiiiiee e 56

1.4.3. Design of photosensitive resins for vat photopolymerization:

components and their FOIES ... 56



Contents

1.4.3.1.Fundamental printing parameters in vat photopolymerization................... 59
1.4.4. Workflow of a 3D printing ProCeSS .......cccereeirreereeeseese e .61
1.5. Organization of this PND WOTK ...oeuieiiiieeieeeeeeee e e 63
RETEIBNCES 64
Chapter 2. Hypothesis and ODbjJecCtiVes ..o, 79
2.1 HYPOTNESIS ..o 79
2.2. (@] o] [T o4 £ 1V4 ST S USSR 79
Chapter 3. Experimental SECHION ... 81
3.1. MAEETTAIS ... 81
3.2. Synthesis, polymerizations, and fabrications (excluding vat
PROLOPOIYMEIIZALION) ...cciiiiie e 82
3.2.1. Synthesis of hydrolyzable crosslinkers HCL(jef) and HCL(pip)........ 82
3.2.2. Synthesis of poly(2-hydroxyethyl acrylate), polyHEA ....................... 82
3.2.3. Synthesis of linear polyvinylcaprolactam, polyVCL ..........cc.ccocveenene. 82
3.2.4. Photocuring of VCL/VP-based hydrogels in UV chamber................. 83
3.2.5. Fabrication of (pVCL@ICA) nanoparticles..........ccccevererviirenininnnenn. 83
3.2.6. Manufacture of screws by the use of sacrificial molds....................... 84
3.3. Vat photopolymerization 3D printing ......cccccceeeeeevieve i, 85

3.3.1. Designing of the resins for the preparation of either sacrificial or

readjustable NEIWOIKS. ... 85

3.3.2. Photosensitive mixtures for the preparation of VCL-based

070 0o =] 86
3.3.3. 3D printing of the photosensitive resins ...........ccccocveveeieiicce e, 87
3.4. MEENOUS ... 88
3.4.1. Nuclear magnetic resonance (NMR) .........ccccooveviiieiicie e, 88
3.4.2. Rheology of photoSensitive reSins ..........cccoeeeieneneneseeeeeeees 88
3.4.3.  JAacobs WOIKING CUIVES........c.cciiiiieiecieeie ettt 88

16



Contents

3.4.4. RaAMAN SPECIIOSCOPY .. uueieiiiieiiiieeiiieesieeesteeeseeeesseeessseeeanseeessaeesnseeeasees 89
3.4.5. Transmission electron MICTOSCOPY .......ccivrereerierierieiesiesiesieeieseeeeeens 89
3.4.6. Fourier transform infrared (FT-IR) SpeCtroscopy ...........ccccevvevveeveennene. 89
3.4.7. Thermogravimetry .. ... 90
3.4.8. Scanning electron MICrOSCOPY ......ccccvveieeiieiieieeie et 90
3.4.9. Dimensional accuracy analysSiS..........ccccoiiiririiienene e 90
3.4.10. SOlUDIlIZAION TESTS ....eviiiicieeieeeee s 90
3.4.11. Extractable analysSis..........cccoiiiiiiiii e 90
3.4.12. SWEIIING SIS ....ccuiiciiceeceecee et 92
3.4.13. MeChaniCal tESIS ......ccoiieieee e 92
3.4.14. Oscillatory rheology ........cccoviiieiiciececcec e, 93
3.4.15. CONAUCTIVILY TESTS .. .ooeiiiiiiee et 93
3.4.16. Ultraviolet-visible SPeCIrOSCOPY ....ccovvevveeiiiiesie et 94
3.5. Biological characterization of the hydrogels: Cell culture on
hydrogels based 0N VCL-VP........ccoiiiieee e 94
3.5.1. Biological evaluation with C166-GFP cells. General overview......... 94
3.5.1.1.Hydrogel sterilization and SEediNg ...........ccouiiiiiiiiiiiie e 95
3.5.1.2.Quantitative analysis of cell adhesion by image analysis..............c.c........ 95
3.5.1.3.Cell sheet detachment using a controlled temperature decrease ............. 95
3.5.1.4.Cell proliferation study, quantify dsDNA. Fluorimetry assay ..................... 96
3.5.1.5.Metabolic activity. Alamar BIUE ............cceiiiiiiiiiiiiiec e 96
3.5.2. Neural culture evaluation..............cccccouevieiiiieii e, 96
3.5.2. 1. Cell CURUIE ...t e e 96
3.5.2.2.Cell VIability @SSAY ... ..uveeeiieeeeiieiiiiiie e 97

3.5.2.3.Video Time Lapse analysis of proliferation, differentiation, and migration.97

RO O N C S oo e e e 97

17



Contents

Chapter 4. High-resolution molds, sacrificial in agueous media,

obtained by vat photopolymerization 3D printing ....ccccceuvvveeeiiiennnn 101
4.1. INTFOAUCTION .o 101
4.2. Results and diSCUSSION ......c.ccucieiiieiice e 102

4.2.1. Synthesis of hydrolysable crosslinkers............ccooeiiiiiniiicienne 103

4.2.2. Initial tests and adjustments using a binary system comprising HCL

AN PEGMEA . ...ttt nre e enes 104
4.2.2.1. Analysis of the VPP printability of HCL/PEGMEA resins............cccvveee.... 104
4.2.2.2. Properties of parts 3D printed using HCL/PEGMEA resins...........ccccuuu... 109

4.2.3. Evaluation of other HCL(jef)-based photopolymerizable resins.
Modulation of the properties of the printed parts ..........ccccoceeveveiveciececee, 115

4.2.3.1.Design and evaluation of HCL(jef)-based binary photopolymerizable

FESINS . . .. ettt e e e e e e e e e e e e e e e s b e e e 116
4.2.3.1.1.Analysis of the VPP printability of HCL(jef)-based binary resins ....................... 117
4.2.3.1.2.Properties of parts 3D printed using HCL (jef)-based binary resins.................... 117

4.2.3.2.Incorporation of two monofunctional monomers to the photopolymerizable

resin. HCL(jef)-based ternary SYStemS..........ccuviiiiiiiiiieiiiiiee e 121
4.2.3.2.1.Analysis of the VPP printability of HCL(jef)-based ternary resins...................... 123
4.2.3.2.2.Properties of parts 3D printed using HCL(jef)-based ternary resins.................. 124
4.2.4. Dimensional accuracy analySiS.........ccccocuiiiriiniieiene e 128

4.2.5. Proof of concept of the use of photopolymerizable resins for the

preparation of high-resolution sacrificial molds .............cccccoovvveviiiiiiccieee, 128
4.2.5.1.Use of sacrificial molds to photocure VCL-based hydrogels................... 130
4.3. CONCIUSIONS <. 132
R I BINCES . 132

Chapter 5. Vat photopolymerization 3D printing of hydrogels with re-

adjustable SWelliNg ..., 137

5.1. INEFOAUCTION et 137

18



Contents

5.2. ReESUIES AN AiSCUSSION ...t 138

5.2.1. Design of the photopolymerizable resin and optimization of the 3D

PriNtiNG PAraMELEIS .......ocuiiiveeiece ettt ereas 138

5.2.2. 3D printed part swelling: Toward a selective rupture of the

hydrolysable crosslinking agents...........cccceiieiicie s 143

5.2.3. Proof of concept of the methodology: Preparation of 3D printed

hydrogels with tunable swelling and complex structures............ccccccceveevennen. 155
5.3. CONCIUSIONS ..ot nne s 158
[ =T = o =L P 158

Chapter 6. Vat photopolymerization 3D printing of VCL-based

thermosensitive hydrogels for cell harvesting........cccocooveeiiiicccne 163
6.1. INEFOTUCTION e 163
6.2. Results and diSCUSSION ......ccocciiieiieece e 165

6.2.1. Development of printable photosensitive resins based on VCL using

A SOIVENT (SrALEY 1) .eieieiiee ettt ens 166

6.2.2. Preparation of 3D printed parts using photosensitive formulations

comprising a hydrolysable methacrylic crosslinker (strategy 2) .........c......... 178

6.2.3. Producing structurally homogeneous photopolymerizable resins

using another vinyl lactam, i.e., incorporation of VP (strategy 3) ................. 184
6.2.3.1.Influence of VP on the properties of VCL-based hydrogels .................... 184
6.2.3.2.3D printing of VCL-VP based hydrogels .........cccccccviviiiiieiiii e 189

6.2.4. Comparative global analysis ............ccccooiiiiiieiicc e, 195

6.2.5. Preliminary biological characterization of selected printed

RYATOQEIS. ... et 197

6.2.6. Preparation of thermoresponsive hydrogels based on VCL-VP loaded

with icariin: analysis of the drug release as a function of the temperature ...... 198
6.3. CONCIUSIONS ..ot e e nne s 201
REIEIENCES ..o 202

19



Contents

Chapter 7. Thermosensitive hydrogels based on Poly(VCL-co-VP)

loaded with carbon nanotubes for tissue engineering .............cc......... 207
7.1. INTFOAUCTION .o 207
7.2. Results and diSCUSSION ......ccooiiiiiiieeee e 208

7.2.1. Dispersion and loading With CNTS ........ccccociiiiiiiiiieeeeeeeeen 208
7.2.1.1L.CNT funCtioN@liZAtION ........c.vveieiiiiiiie e 209
7.2.1.2.CNT dispersion and photOCUMNG...........uuruiuiuiiimiiiiiiiiii.—.. 212

7.2.2. Biological evaluation of the hydrogels...........ccocooeiiiinniin, 217
7.2.2.1.Biological evaluation of the hydrogels with endothelial cultures ............. 217
7.2.2.2.Biological evaluation of hydrogels with neuronal cultures....................... 218

7.2.3. 3D Printing by vat photopolymerization.............ccccccooeviiieieiceeeneen 221

7.3. CONCIUSIONS ..o 225

] =T =T o P 225

Chapter 8. Overview and final conclusions ..........ccccccecceiviviccccecn, 233

Scientific CONtHDULIONS ..o e 239

20



List of abbreviations

2D: Two-dimensional

3D: Three-dimensional

3D CAD: Three-dimensional computer-aided design
AIBN: Azo-bis-isobutirenitrile

AM: Additive manufacturing

ATR-FTIR: Attenuated total reflectance-infrared spectroscopy
BAPO: Phenylbis(2,4,6-trimethyl benzoyl) phosphine oxide
BJ: Binder jetting

CAD: Computer-aided design

Cad: Cure Depth

CEA: 2-Carboxyethylacrylate

CNTs: Multi-walled carbon nanotubes

DED: Directed energy deposition

Di-Me: Dimethacrylates

Di-V: Divinylurea

DLP: Digital light processing

DMACc: Dimethylacetamide

DMD: Digital micromirror device

DMEM: Dulbecco's Modified Eagle Medium
DMF: N, N-Dimethylformamide

Dp: Penetration depth

DVI: 1,3-divylimidazolidin-2-one

Ec: Critical energy for polymerization

ECM: Extracellular matrix

EGDMA: Ethylene glycol dimethacrlylate

Emax: Irradiated light energy on the surface

FBS: Fetal bovine serum

FDM: Fused deposition modeling

FEP: Fluorinated ethylene propylene

FT-IR: Fourier transmision infrarred spectroscopy
FUPOL.: Polymer functionalization group

G: Gage length

Abbreviations

21



Abbreviatons

G’: Storage/elastic modulus

G”: Loss/viscous modulus

GFP: Green fluorescent protein

GMM: Glycerol monomethacrylate

HCL: Hydrolysable crosslinker

HCL(jef): Hydrolysable crosslinker based on jeffamine
HCL(pip): Hydrolysable crosslinker based on piperazine
HCPK: 1-hydroxyl cyclohexyl phenyl ketone

HEA: 2-Hydroxy ethyl acrylate

HF-CNT: High functionalization

HIPS: High impact polystyrene

I*: Primary active center

IAM: Isoamy! nitrite

ICA: Icariin

IPN: Interpenetrating network

IR: Near-infrared

L: Length of narrow section

LCD: Liquid crystal display

LCST: Lower critical solution temperature

LEDs: Light-emitting diodes

LF-CNT: Low functionalization

LVR: Linear viscoelastic region

M: Monomers

MAA: Methacrylic acid

MAPTAC: Methacrylamidopropyltrimethyl-ammonium chloride
Me: Methacrylates

MeCN: Acetonitrile

MEX: Material extrusion

MF-CNT: Medium functionalization

MJ: Material jetting

MTT: (4,5- dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
NaOH: Sodium hydroxide

NIPAmM: N-isopropyl acrylamide

NMP: N-methyl-2-pyrrolidone

22



NMR: Nuclear magnetic resonance

NP: Non postcured

P: Postcured

P/S: Penicillin, streptomycin

PBS: Phosphate-buffered saline

PBF: Powder bed fusion

PCL: Poly (e-caprolactone)

PEG: Poly (ethylene glycol)

PEGDMA: Poly (ethylene glycol) dimethacrylate
PEGMEA: Poly (ethylene glycol) methyl ether acrylate
Pn: “Dead” polymer chain

Pn*: Active growing center

pNIPAM: Poly N-isopropy! acrylamide

PVA: Poly (vinyl alcohol)

pVCL: Poly N-vinyl caprolactam

R: Radius of fillet

RM: Regenerative medicine

RT: Room temperature

S: Swelling

SCL: Stable crosslinker

SEM: Scanning electron microscopy

SL: Sheet lamination

SLA: Stereolithography

SP: Spheres

STL: Standard template library

Sudan I: 1- (Phenyldiazenyl)naphthalen-2-ol
T: Transfer agent

T*: Active moiety after the transfer step

TE: Tissue engineering

TEM: Transmission electron microscopy
TERM: Tissue Engineering and Regenerative Medicine
Tg: Glass transition temperature

TGA: Thermogravimetric analyzer

TPO: Diphenyl(2,4,6-trimethyl benzoyl) phosphine oxide

Abbreviations

23



Abbreviatons

Tu: Tubes

UCST: Upper critical solution temperature
UV: Ultraviolet

VA: 4-Vinylaniline

VCL: N-Vinylcaprolactam

VP: 1-Vinyl-2-pyrrolidone

VPP: Vat photopolymerization 3D printing
VPTT: Volume phase transition temperature
VTL: Video time-lapse

W: Width of narrow section

Z: Layer thickness

24



List of figures

List of Figures

Figure 1.1. Scheme of a free-radical polymerization process. I* = primary active
center, M = monomer, Pn* = active growing center, Pn = “dead” polymer chain,
T = transference agent, T* = active moiety after the transfer step, capable of

FEINTTIATING. ..ttt ettt e bt be e be e ineenbee s 36
Figure 1.2. Michael selective addition scheme for amines. .............cccoccveiiins 38

Figure 1.3. Scheme of the crosslinking process of VCL-based iFABCell
Y AIOQEIS. ...t e e e e e ra e 40

Figure 1.4. lllustrative scheme of a cell sheet monolayer prepared using a
temperature-sensitive cell culture surface. The pNIPAm surface allows the
cultured cells to detach as a continuous sheet by simply lowering the

TEMPEIALUIE ®.... ...ttt ettt et e steeteereeneas 47

Figure 1.5. Scheme of the procedure of the technology underlying iFABCell to
produce and recover cell sheet monolayers............ccoceiiiiiiiie e 48

Figure 1.6. Overview of the existing process categories within additive
manufacturing using poylmers, ceramics and metals. (According to EN ISO
L7296-2). ..ot et e e ta e e ta e aaeanaeenrae s 51

Figure 1.7. Diagram showing the main methodologies employed to apply the UV
light of typical vat photopolymerization bottom-up 3D printers: SLA, DLP, and
O I SO UR USSR 53

Figure 1.8. Scheme of a typical production process by vat photopolymerization
1D I o ] 011 T PP P U P PR 62

Figure 3.1. Digital designs of the molds of screws with two different thread
PItChES (1 aNd 2 MIM) ereeie et r e s e e e e e e s s e s e s e ranseneen 84

Figure 4.1. Strategy to prepare sacrificial (in water) 3D printable polymeric
materials from resins containing HCL(jef) as hydrolysable crosslinker and
PEGMEA as monofunctional monomer. After polymerization (3D printing), a
polymer network is obtained, which is sacrificial in basic water because the

crosslinking bridges are hydrolysable thus leading to soluble linear chains. ... 102

25



List of figures

Figure 4.2. Synthetic procedure to obtain the hydrolysable crosslinkers HCL(jef)
and HCL(pip), by using two different diamines. The colors in this figure are related
TO FIQUIE 4. L. oot e et e e e ebae e eare e e enaeaeanes 103

Figure 4.3. Viscosity values as a function of shear rate and a) HCL(jef)/ PEGMEA
ratio, b) HCL(PIP)/PEGMEA FatiO........ccoiuireiiiie et see e 105

Figure 4.4. Viscosity values for a shear rate of 1 s for the different
HCL/PEGMEA ratios. Error bars are contained inside the symbols, hollow points

AFE TNEIETOIE USEU. ...ttt 106

Figure 4.5. (a) Printed specimen prepared in this study: 2.0x2.0x0.2 cm? (left
image). (b) and (c) samples for compression and tensile tests (center and right
images respectively). The dimensions of the last two specimens are described in

the Experimental SECHON. ..o 107

Figure 4.6. SEM images of a piece printed from resin without UV absorber (left)

and a piece printed from resin with UV absorber (Sudan I, right). ................... 108

Figure 4.7. FT-IR spectra of the ink and of a printed and post-cured part of
HCL(JEI)15PEGMEASS. ......coiiiieiieeie ettt 109

Figure 4.8. 'H NMR of the solution resulting from the hydrolysis of
HCL(jef)1sPEGMEAS5 IN DASIC WAL . ......ceeeiieiiieiieeeee e 110

Figure 4.9. Hydrolytic mechanism of the HCL(jef)xPEGMEA100-x system....... 111

Figure 4.10. Photograph of a reference sample after 24 hours in basic water: In
this reference sample HCL(jef) has been replaced by polyethylene glycol
dimethacrylate (PEGDMA) in the same percentage by weight (15%). ............. 111

Figure 4.11. Tensile (a) and compression (b) results of HCL(abc)xPEGMEA100-x
as a function of the HCL(abc) content in the resin...........cccccoevveiieiie e, 113

Figure 4.12. Viscosity values as a function of shear rate for the
HCL(jef)1isPEGMEAss, HCL(jef)1sHEAss, HCL(jef)1sCEAss, and HCL(jef)1sMAAss
resins. Error bars are contained inside the symbols, hollow points are therefore

(F1ST<Yo PP SUPPRRRUPRIN 116

26



List of figures

Figure 4.13. Mechanical characteristics of the 3D printed specimen resulting
from tensile-strain tests for the following systems: HCL(jef)1sPEGMEAss,
HCL(jef)1sHEAss, HCL(jef)1sCEAss, and HCL(jef)1sMAASS. .......coovvvvveiieeieeee. 118

Figure 4.14. Thermograms of the different binary systems investigated using
HCL(jef) as crosslinking agent and the monomers PEGMEA, HEA, CEA, and
YA SRR URUPRURSPRSRPN 120

Figure 4.15. Viscosity values for a shear rate of 1 s for the different resins.
Please note that the wt. % of HCL is always 15%. Error bars are contained inside
the symbols, hollow points are therefore used............ccccoovviiiiiiie e 123

Figure 4.16. Parameters from tensile tests of ternary systems as function of the
HEA CONENL. ...t e e e e 125

Figure 4.17. Thermograms of a) HCL(jef)isHEAXPEGMEAssx, b)
HCL(jef)1sHEAxCEAss-x, and c¢) HCL(jef)1sHEAxMAAss.x respectively. ............ 127

Figure 4.18. Screw’ molds printed from HCL(jef)1sHEAss,
HCL(jef)1sHEA40PEGMEA4s, HCL (jef)1sHEA40CEA4s formulations, from the left to
TNE TIGNT. ettt 129

Figure 4.19. Scheme of the proof on concept to prepare PCL or silicone screws
using the sacrificial molds described in this work. a) Digital design of the mold. b)
Printed mold. ¢) Printed mold filled with the molten PCL (100 °C). d) Printed mold
filled with the two components liquid Sylgard 184 (please note that in this case
the print support columns have been removed). e) Printed mold filled with the
VCL-based liquid resin. f) Final PCL screw. g) Final silicone screw. h) Final VCL-
based NYdrogel SCrEW. .........cc.viiiiiii et 131

Figure 5.1. Scheme of the strategy used in this work for printing re-adjustable
hydrogels via VPP. (A) A 3D printed part obtained directly after printing and post-
curing. (B) Initial swelling in PBS. (C) A 3D printed part upon swelling in basic
media due to the HCL hydrolysis. The jeff tag refers to the spacer of the Jeffamine
(R Of HaN-R-NH2) . o et e e e e e e e e 139

Figure 5.2. Viscosity values as a function of the shear rate for the
HCL(JEf)7.5HEAX SYSTEIM. ...ttt 141

27



List of figures

Figure 5.3. Working curves for the HCL(jef)7.sHEAXx series when exposed to 405
nm light (0.5 mW-cm™). Data correspond to (from right to left in each group of
data) exposure times of 35, 30, 25, 20, 15 and 10 s. Linear regressions are
1 Tod 18 o =T OSSPSR SUSSRR 142

Figure 5.4. Red circles: swelling at equilibrium in PBS. Black squares: swelling
after 24 h in water with 2 wt. % NaOH; in both cases, data are for samples of the
HCL(JET)7.5-HEAX SEIIES. ..ottt 144

Figure 5.5. Viscosity values as a function of the shear rate for the
HCLJENXHEABD SYSIEIM. ...ttt ee et e e e e aneee e 146

Figure 5.6. Jacobs working curves of the HCL (jef)xHEAso series when exposed
to 405 nm light (0.5 mW-cm™2). Data correspond to (from right to left in each group
of data) exposure times of 35, 30, 25, 20, 15, and 10 s. Linear regressions are
1 Tod 180 =T 1SS OPS SRR 147

Figure 5.7. Red spheres: swelling at equilibrium in PBS. Black squares: swelling
after 24 h in water with 2 wt. % NaOH; in both cases, the samples correspond to
the HCL(jef)xHEAso0 series. Error bars are contained inside the symbols, hollow
POINtS are therefore USEd. ..........cociiiiiiiiie e 148

Figure 5.8. Swelling vs. time (from 1 h up to 20 days) in water with 2 wt. % NaOH
for the (a) HCL(jef)7.sHEAx and (b) HCL(jef)xHEA®o0 Series. .........coceevveeeuneenen. 149

Figure 5.9.1. Scheme of the polymerization and hydrolysis of the
HCL(jef)xHEAes0 or HCL(jef)7sHEAeso systems. 2: Scheme of the preparation of
reference structures carrying GMM. The jeff tag refers to the spacer of the
Jeffamine (R of HaN-R-NH2). ....oooiie e 150

Figure 5.10. a) *H NMR spectra of polyHEA in D20 with 2 wt. % of NaOH at time
0. D) @t TIME 24 N. o 152

Figure 5.11. (a) Swelling of HCL(jef)13-HEAso in different media or temperatures.
(b) Scheme of the hydrolytic process from a B to a C network. The blue and black

knots represent, respectively, the knots corresponding to HCL and PEGDMA...

Figure 5.12. Swelling vs. time (from 1 h up to 20 days) of the spheres (a) and
tubes (b) in pH 10 buffer at 60 °C..........coooiiiie e 157

28



List of figures

Figure 6.1. Synthetic strategies proposed in this work to achieve printable VCL-

based lIQUIA reSINS.....cuieiei e r e e e e e e eas 166
Figure 6.2. Jacobs working curves for VCLgoSolventio[90/10] formulations.... 168

Figure 6.3. Jacobs working curves of VCLooCyreneio[90/10] with different
amounts of PROTOINITIALON. ...........oiiiiiii e 171

Figure 6.4. Jacobs working curves of VCLooCyreneio[65/35] and
VCLooCyrenei1o[90/10] FormuIatioNS. ..........ccceeiiieiiiiie e 171

Figure 6.5. Viscosity values as a function of shear rate for the solvent-hydrogel
resins using two different EGDMA/DVI ratios. .........cccceeiiiiieeiiieiiienie e 172

Figure 6.6. a) 3D printed parts (1x1x0.4 cm3) obtained from
VCLgoCyrene10[90/10] shown as an example. b) Swelling ratio in PBS vs
temperature of VCLooNMP10[65/35] 3D printed hydrogels. ..........cccccovverinennnne 174

Figure 6.7. UV-Vis absorption spectra of VCL, Cyrene, and pVCL at different

WAVEIENGLNS. ... 174

Figure 6.8. Jacobs working curves of VCLooNMP10[90/10] and
VCLooNMP10[65/35] fOrmuIatioNS. .........cooviiiiiiiieii e 175

Figure 6.9. Viscosity values as a function of the shear rate for HCL(jef)xVCLu1oo-x

FOMMUIALIONS. ...t et neeenree s 180
Figure 6.10. Jacobs working curves of HCL(jef)xVCLioo-x Systems. ................. 181

Figure 6.11. a) Swelling ratio in function of time during the hydrolysis of HCL (jef)
at RT. b) Swelling ratios of thermosensitive HCL(jef)xVCLioo-x hydrogels at
different temperatures. Please note that hydrogels were used after hydrolysis in
NaOH at 2% by weight for one Week. .............cccovviiiiiiiii e 184

Figure 6.12. a) Swelling ratio in PBS of the hydrogels prepared using variable
amounts of VCL/VP as a function of temperature. The number in the label
indicates the amount of VP (mol %) incorporated within the hydrogel. b) Rheology
curves of VCL-VP based hydrogels. ..........coooviiiiiiiie e 186

Figure 6.13. (a) Fluorescence images of C166-GFP cell cultures on the pc-
VCLssVP15 and pc-VCLsoVPso hydrogels 48 h after seeding process (scale bar:

29



List of figures

200 pym). (b) Fluoreporters dsDNA assay on the transplants after 48 h of the

SEEAING PIOCESS. ...vviie ittt e e et e e et e e et e e e e b e e e st e e e s te e e s aeeesbaeeeataeeennneeeanes 189

Figure 6.14. a) Viscosity versus shear rate for the vpp-VCLxVP1o00x formulation.

b) Jacob’s Working Curves of the vpp-VCLxVP100-x formulation. ..................... 192

Figure 6.15. Swelling ratios of thermosensitive vpp-VCLxVPi00-x hydrogels at

different temperatures in PBS..........coooiiiii e 193

Figure 6.16. a) Swelling comparison of the VCL-VP hydrogels. b) Mechanical
properties comparison of the VCL-VP hydrogels...........ccccooviiiiiiniiiiiieece 195

Figure 6.17. Swelling ratios of representative thermosensitive hydrogels at
different temperatures. Please note that HCL(jef)sVCLgs hydrogel was used after

hydrolysis in NaOH at 2% by weight for one week. ............cccccoooveiiiiiiiie e, 196

Figure 6.18. a) Fluorescence image of C166-GFP cell cultures on the control
hydrogel after 24 h after seeding stage. b) Fluorescence image of C166-GFP cell
cultures on the vpp-VCLssVP1s hydrogel after 24 h after seeding stage. c) Bright-
field image of C166-GFP premyoblastic cell transplantsat 24 h after
process corresponding to control hydrogel. d) Bright-field image of C166-GFP
premyoblastic cell transplants at 24 h after cell transplant corresponding to vpp-
VCLssVP1s hydrogel. e) Metabolic activity (Alamar Blue) of cell transplants at 24
o SRS 198

Figure 6.19. a) Drug release of different amounts of ICA-contained printed pieces
at 20 °C. b) Drug release of different amounts of ICA-contained printed pieces at

Figure 7.1. Tour reaction on CNTs with 4-vinylaniline and isoamyl nitrite....... 209

Figure 7.2. (a) Thermograms of the CNTSs: pristine, LF-CNT, MF-CNT and HF-
CNT. The dashed line marks the temperature of 600 °C that was used to calculate
the functionalized level. (b) Raman spectra (532 nm excitation) of pristine CNTs
and CNTs with different degrees of functionalization (i.e., LF-CNT, MF-CNT, and
HE-CNT) oo, 211

Figure 7.3. (a) Swelling (%) in PBS of the hydrogels prepared using variable
amounts of HF-CNT (from 0% or control to 0.3 wt. %) as a function of

temperature. Right: Oscillatory rheology at room temperature of the loaded

30



List of figures

hydrogels obtained by photopolymerization. (b) Stress sweeps. (c) Frequency

SWEEIS. .veeteeeeteee ettt et et e et et et et et et et e et e st et et ettt et e at et e at et e ne et ene et e e et eneateneateneas 215

Figure 7.4. (a) Fluorescence images of C166-GFP cell cultures on the hydrogels
after 4 and 48h after seeding process (scale bar: 200 um). (b) Fluoreporter
dsDNA assay on the hydrogels after 48h of the seeding process. ................... 218

Figure 7.5. Neuro2a culture on hydrogels. a-j) Details of the cells after culture on
the different hydrogels and the control (on plastic). a) VCL70VP3o after 12 hours.
b) and c) VCL70VP30CNTo.01 after 42 and 48 hours, respectively. d) and e)
VCL70VP30CNTo.1 after 36 and 48 hours respectively. f) and g) VCL70VP30CNTo.3
at 24 and 27 hours. h), i), and j) Culture on plastic at 48, 24, and 0 hours after
sowing. Except for the control images that were taken in the same field, all images
correspond to different wells or fields. k). Proliferation on the different hydrogels
measured as the number of cells in a field every 3 hours (for a total of 36 hours).
Values are expressed as percentage relative to sowing time. ) MTT values after
48 hours of culture on the hydrogels. Values were standardized to make values

comparable among the two independent experiments...........cccccevvvevenieenneene. 220

Figure 7.6. Viscosity values of the different % HF-CNT resins as a function of

S B AN TALC. .o 222

Figure 7.7. Working curves for the different % of HF-CNT series when exposed
to 405 nm light. Data correspond to (from right to left in each group of data)
exposure times of 90, 80, 70, 60, 50, 45, 40, 30 and 20 s. Linear regressions are
T3 0T [T o RS TROR R 224

Figure 7.8. Resin formulations before 3D printing by DLP............cccoooviiine. 224

Figure 7.9. Hydrogel samples printed by LCD 3D printing (vpp-VCL70VP30, vpp-
VCL70VP30CNTo.01, vpp-VCL70VP30CNTo.1, and vpp-VCL70VP30CNTo.3 samples,
from [€ft 1O FIgNL). oo 225

Figure 8.1. Scheme of the development of the thesis. .............cccccveeiiinc, 228

31






List of tables

List of Tables

Table 4.1. Data of the HCL(abc)xPEGMEA100-x systems. Data are plotted in

FIQUIE 4. L1, oo e et e e et e e et e e e et e e s enaeeeanraa e 114
Table 4.2. Data of the binary SyStemS. ........ccooovveiiiii i 119
Table 4.3. Data of the ternary SYStemMS..........oouiiiiiieiieee e 122
Table 4.4. Dimensional aCcCuracy data. ..........cccooeeriieriiiiieiii e 128

Table 5.1.Data concerning the HCL(jef)7s-HEAXx series, including the
penetration depth (Dp) and critical exposure (Ec) calculated from the Jacobs

WOTKING CUMVES......tiiiiieie ettt ettt ettt e bt e bt e e be e nbe e aneeentee s 140

Table 5.2. Data concerning the HCL(jef)xHEAso series, including the penetration

depth (Dp) and critical exposure (Ec) calculated from the Jacobs working curves.

Table 5.3. Data concerning spheres, tubes, and a seahorse printed from the
formulation HCL(JEf)13-HEABD. .....eeiueeieeiiee et 155

Table 6.1. Penetration depth (Dp), energy required to change from liquid to solid
(Ec), cured depth (Cq) for every system (data at 40 s of exposure time), viscosity

for a shear rate of 1 s1, and extractables’s analysis. .............ccccccovevveeeerennnne.. 169

Table 6.2. Comparative table of swelling at different temperatures, VPTT, and
mechanical properties of the pieces for the 3 strategies. ...........cccceevvveiiceeeinenns 177

Table 6.3. Penetration depth (Dp), energy required to change from liquid to solid
(Ec), cured depth (Cq) for every system (data at 15 s of exposure time), viscosity

for a shear rate of 1 s, and extractables analysis. ............ccccccevvevvierericninnen, 181

Table 6.4. Swelling, VPTTs, and mechanical properties values of the different
unloaded VCL-VP based hydrogels. .........cccviviiiiiiii e 187

Table 6.5. Penetration depth (Dp), energy required to change from liquid to solid
(Ec), cured depth (Cq) for every system (data at 40 s), viscosity for a shear rate
of 1 s, and extractables analysis. ..........c.ccccoeiiiieiccece e 192

Table 6.6. NMP-35/65 values of the Jacobs working curves (data at 60 s) and

viscosity for a shear rate of 1 s, and extractable analysis. .............c.cccceceevvenene... 197

33



List of tables

Table 7.1. Functionalization reaction conditions and characterization by Raman

spectroscopy and TGA. Representative TEM images are shown at the top ...... 209
Table 7.2. The dispersibility of the different CNTs at several wt. % is shown ....212

Table 7.3. Swelling at representative temperatures, VPTT, absorbance,
mechanical properties, and conductivity values of the different loaded hydrogels.

Representative images of the hydrogels are shown atthe top .......cc.cceeveneneee. 213

Table 7.4. Data concerning the vpp-VCL70VP3CNTx series, including the
penetration depth (Dp) and critical exposure (Ec) calculated from the Jacobs
WOTKING CUIVES ..eeeieeieeeeceaees e e s e s s e e s e m s s s e s sm s e s e s e s e s e s e na s enennsenns 222

34



Chapter 1

Chapter 1. Introduction

1.1. Conventional free radical (photo)polymerization: general

principles

Conventional free radical chain polymerization is the most extensively employed
method for the industrial production of commercial synthetic polymers because,
among others, this polymerization technique does not require stringent reaction
conditions (for instance, it is tolerant to environmental humidity) and can be
broadly applied to a wide myriad of monomers bearing different functional
groups!. Other advantages include high reaction rates, energy efficiency, and
mass polymerization that avoids the use of solvents. As a result, free radical
polymerization has been employed for applications in numerous engineering
fields such as the elaboration of polymer coatings, dental restoration, and 3D

printing®>, just to mention few of them.

Free-radical polymerization occurs following the steps schematically depicted in
Figure 1.1. The first step is the initiation, where radicals (I*) are formed by the
dissociation of the initiator. After this, I* react with the double bond of a monomer
(M) to start a chain reaction. These primary radicals can give rise to a chain
reaction, usually very rapid, in which tens, hundreds, or thousands of monomer
molecules are successively incorporated to the chain, in the stage known as
propagation to produce chain growth. This chain reaction is the defining stage of
polymerization and continues until the active chain end is deactivated for some
reason, forming a "dead" or a deactivated chain that is part of the final material.
Deactivation occurs when two radicals meet each other in what is called the
termination stage®. In this termination step, the involved macroradicals are
deactivated and no other event affecting the reaction takes place’. Alternatively,
another mechanistically very different type of deactivation, is the chain transfer.
In this case, a growing chain is deactivated by a reaction with a compound T
(transfer agent), but in this case, a new T-derived radical (T*) is formed capable
of initiating a new chain reaction process. The transfer process is very common
in conventional radical polymerization, and any species present in the medium,

such as the solvent or the monomer itself, can act as a transfer agent”2,
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Figure 1.1. Scheme of a free-radical polymerization process. I* = primary active center,
M = monomer, Pn* = active growing center, Pn = “dead” polymer chain, T = transference

agent, T* = active moiety after the transfer step, capable of reinitiating.

In the context of this thesis, when the monomer is di- or multifunctional, the
polymerization yields polymeric networks. Moreover, again to focus this
introduction on the thesis work, developed in the framework of photocuring and
3D printing by vat photopolymerization, it should be noted that in these processes
the initiation is always photoinitiation, i.e., the fragmentation of the initiator takes
place after the appropriate initiator is irradiated with a suitable wavelength.

The term photopolymerization, or photocuring reaction, therefore refers to radical
polymerizations in which initiation of the chain polymerization is triggered by light,
usually UV light. However, in a broader context, photopolymerization involves the
light-induced increase in polymer molecular weight and may also encompasses
the photocrosslinking of multifunctional macromolecules comprised within the
formulation. These processes rely on light absorption by the photoinitiator to
produce active species, which are then utilized to react and incorporate the
monomers and crosslinking agents into the growing chain. Vinyl polymerization
can be initiated both by photosensitive ionic species as well as by free radicals
photoinitiators. However, the majority of photopolymerization examples occur via

free-radical®.

Free radicals capable of initiating polymerization of vinyl monomers can be
photochemically generated from a diverse range of chemical compounds.

However, not all free radicals can initiate polymerization reactions. A radical must
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meet certain energetic criteria to initiate the polymerization of a vinyl monomer.
The chain radical formed must be stable enough compared to the primary radical,
thus requiring consideration of the bond energies and resonance stabilization of
the species involved. It is also worth mentioning that, in some instances,
photolytic decomposition of the monomer can also generate free radicals. This,
of course, requires that the absorption spectrum of the monomer falls within the
spectral range of the incident radiation and can also lead to a polymerization

reaction?.

During the curing reaction, the glass transition temperature (Tg) of the material
rises due to the increase in molecular weight and crosslinking density of the
polymer®®. Typically, higher conversion is expected to increase molecular weight
and crosslinking, thereby reducing free chain ends and restricting polymer chain
mobility°. The kinetics of the curing process are markedly influenced by factors
such as light intensity, temperature, type of monomer/crosslinking agent, and
resin composition (e.g., initiator concentration, use of solvents,...)!1. As a result,
the combination of all these factors will play an important role in the fabrication of
both 2D and 3D crosslinked materials. In general, higher light intensity,
temperature, or initiator concentration typically result in faster
photopolymerization rates, leading to higher conversions!®. Nevertheless, it is
imperative to consider that too much UV exposure time and intensity, or the
presence of an excessive amount of photoinitiator can lead to over-curing of the
liquid resin, a phenomenon also referred to as bleeding. This can result in
deterioration in the details of the cured pieces. In addition, in the case of 3D parts
overcuring can also produce a loss of sharp edges and poorly defined objects.
Besides, if the Tg of the final polymer is higher than the reaction temperature,
vitrification takes place. Vitrification refers to the formation of a glassy solid
material caused by an increase either in the crosslinking density and/or the
molecular weight of the polymer being formed during the polymerization. After
vitrification, the reaction rate significantly decreases as it becomes controlled by

the diffusion of the reactive species’.
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1.1.1.A particular type of monomers for radical polymerization:

methacrylates with hydrolysable side chains

Commercial resins for vat radical photopolymerization contain mainly di- or
multifunctional acrylics that after photopolymerization give rise to rigid and highly
crosslinked final parts. However, as will be indicated below, this thesis pioneers
the evaluation of novel monomers with labile side groups as precursors for the
formation of 3D printed parts that can be either solubilized by complete
degradation of the network or partially degraded to produce highly swellable

parts.

This approach is based on the group's extensive experience in the preparation
of new methacrylates by selective Michael addition on asymmetric divinyl
compounds!?13, Using acrylate/methacrylate-type divinyl compounds, Michael
addition of amines occurs selectively on the acrylate functional group (see Figure
1.2. Michael selective addition scheme for amines.), leaving the polymerizable
methacrylate intact. Furthermore, in the process, a 3-amino ester is formed which
is known to be activated for hydrolysis3-1°,

e
(0] R
o N
\ R3
R, .
/ — B-aminoester (o
0 Selective o)
o  Michael Addition \R
1
/

Figure 1.2. Michael selective addition scheme for amines.

Since commercial resins are limited to the use di- or multi-functional stable
precursors, in this thesis work the preparation of dimethacrylates with a

hydrolysable spacer based on the chemistry mentioned in the previous paragraph
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has been designed for the first time. These dimethacrylates will be incorporated

into the resins evaluated in 3D printing by vat photopolymerization.

1.1.2. Compositional and crosslinking density heterogeneities related to

reactivity issues. Vinyl-lactams vs methacrylate’s

Along this thesis, vinylcaprolactam (VCL)-based systems prepared by radical
photo polymerization will be extensively investigated for the preparation of
thermoresponsive materials. VCL is a vinyl-lactam (like vinylpyrrolidone, VP) and
belongs to the family of precursors with low activation for radical polymerization.
This means that if VCL is simultaneously copolymerized (via radical reaction) in
a closed reactor with other more activated monomers, such as methacrylates
(Me), compositional heterogeneity associated with the difference in reactivity will
occur. Taking as an example an equimolar copolymerization of VCL and Me, in
the early stages of the reaction very Me-rich chains are formed because Me is
more reactive. When Me is consumed, very VCL-rich chains are formed in the
medium. While this heterogeneity can be “a priori” seen as a drawback, it is also
an opportunity to prepare self-ordered systems in a single step. A more detailed

description of this process can be found in the literature®.17,

If difunctional, crosslinker monomers are used, this compositional heterogeneity
is transferred to the crosslink density. Thus, if VCL is radically polymerized (in a
closed vessel) with a small amount of dimethacrylate (di-Me), the di-Me is
preferentially incorporated at the beginning of the reaction because it is more
reactive and the result is that a first di-Me rich network will be obtained in the first
stages, and a very poorly crosslinked network (or simply non-crosslinked pVCL
chains) will be obtained in the final stages of the reaction.

If in addition to di-Me another crosslinker with low activated groups such as a
divinylurea (di-V) is added to the medium, the resulting structure is somewhat
more complex (see Figure 1.3). A first di-Me rich network is still formed, and
when di-Me is mostly consumed, a second di-V cross-linked network started to
be formed. As a result, even though it is all a VCL network, it is a pseudo-ordered
structure with a tendency toward an interpenetrated network type structure, IPN.
The di-Me/di-V ratio can define the characteristics of the two networks and the
asymmetry in crosslink density between both of them. It is worth mentioning at
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this point that this latter structure is the basis of the IFABCell technology
hydrogels described in detail in the literature'®. Part of this thesis will be focused
on the preparation and evaluation of 3D hydrogels belonging to the iFABCell
technology, which is described in Section 1.3.2 of this Introduction. These
hydrogels, which are being sought to be transferred to society, offer advanced

cell manipulation capabilities.

—
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Figure 1.3. Scheme of the crosslinking process of VCL-based iFABCell hydrogels.
1.2. Hydrogels: crosslinked networks with high water affinity

As mentioned in the previous section, if the precursors used in radical
polymerization contain crosslinkers, i.e., monomers possessing two or more
functional groups, referred to as di- or multifunctional monomers, such
polymerization yields are capable of forming polymeric networks. Polymeric
networks, in any case, can be prepared by other methods and can have very
different architectures. When hydrophylic monomers are employed, those
networks are capable of absorbing water and are the so-called hydrogels. Part of
this thesis is focused on the preparation and evaluation of hydrogels. In this

section, a global vision of this type of structure will be attempted to be given.

A polymer network is, therefore, a three-dimensional structure in which polymer
chains are interconnected via covalent or non-covalent/supramolecular
interactions, creating a macroscopic material that, unlike conventional isolated
macromolecules, polymeric networks are no longer soluble, but rather only
capable of swelling in certain solvents®2°. These networks are formed through a
process called crosslinking, where the functional groups of the difunctional

monomers (crosslinking agents) react with each other, resulting in a vast network
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of interconnected chains. Crosslinkers are the key feature of polymer networks
that differentiate them from other types of polymeric structures?®21, Polymeric
networks play a critical role in various applications, including the development of

hydrogels.

Hydrogels constitute a class of materials capable of retaining a significant amount
of water due to their structure, formed by hydrophilic crosslinked polymeric
chains??. These crosslinked hydrophilic matrices facilitate the flow of oxygen and
nutrients, possess mechanical properties similar to many soft tissues, and are
capable of supporting cell adhesion and protein sequestration?®. These materials
were the first polymeric biomaterials crafted for implementation within the human
body?42°, Upon swelling, the high water content of hydrogels, their elastic nature,
and the smoothness of the polymer networks are responsible for their excellent
biocompatibility, minimal inflammatory response reactions, reduced adverse
effects, working with specific compositions, and made them patrticularly suitable
for bio-related applications?6. Hydrogels can be crosslinked through chemical
(such as click chemistry, radical polymerization reactions, Michael additions, etc.)
or physical mechanisms (including entangled chains, crystallization,
stereocomplex formation, hydrogen bonding, hydrophobic interactions, ionic
interactions, etc.)?”28, The structure of hydrogels becomes highly influenced by
the synthetic procedures employed, the solvent utilized, the types and ratios of
monomers/crosslinking agents, and even the history of the polymer (degradation
and mechanical stress suffered, among others)?°. Furthermore, hydrogels can be
chemically modified with precise functional groups to exhibit specific stiffness,

porosity, biodegradability, and cell compatibility?”.

Hydrogels can be classified as physical or chemical based on the chemical nature
of the crosslinking?®3°. On the one hand, physical crosslinks result in reversible
hydrogels. Although these physical crosslinks may not be permanent, they are
still capable to render hydrogels insoluble in aqueous media3t. Chemical or
permanent hydrogels, focus of this thesis, are, on the other hand, formed through
the covalent crosslinking of polymer chains?®. Chemical hydrogels can be
synthesized in numerous different strategies?®3?, being the most extended the
polymerization from monomeric precursors that include crosslinkers (employed

in this PhD thesis). Usually, these types of polymerizations to obtain hydrogels
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are by radical chain polymerization, initiated either thermally or using a
photoinitiator33-37. Thermal polymerization occurs when monomers are converted
into polymers solely through thermal energy32. In contrast to the hydrogels
obtained by thermal polymerization, in the case of the hydrogels prepared by
photopolymerization, as mentioned before, the initiation of the chain

polymerization process is triggered by using light.

Hydrogels have numerous biomedical applications including, for instance, as cell
encapsulation matrix or for drug delivery. These applications focused on
implantable systems are based on their high biocompatibility, high permeability
to oxygen and nutrients, manufacturing flexibility, adaptable composition, and
favorable physical properties resembling physiological conditions, independently
or in conjunction with cells313°, Therefore, these materials can be used as 3D
supporting structures, scaffolds for tissue engineering, carriers for cell
encapsulation®® or drug and gene delivery*!, as well as adhesives or barriers
between tissue and material surfaces*>*3. They can also act as temporary
carriers for the formation of cell sheets controlling the cell attachment in a
reversible manner?®44. In addition to biomedical applications, polymer hydrogels
have been explored for domestic uses such as diapers or watering beads for
plants, agriculture industry, molds, contact lenses, food packaging industry,
enhanced oil recovery, separation technology, plastic surgery, and environmental

applications such as treatment of water source*4.

In addition to the variety of crosslinking method and the type of monomers
employed, hydrogels can exhibit diverse final shapes and morphologies. They
may exist, for instance, as amorphous, semicrystalline, supramolecular, or

colloidally aggregated structures*®49,

Hydrogels can be also categorized based on their polymeric origin as natural,
synthetic, or hybrid (semi-synthetic). Natural hydrogels are derived from
biological sources, encompassing polysaccharides (such as chitosan, dextran,
etc.), proteins/peptides (including gelatin, elastin, collagen, alginate, fibroin, etc.),
and decellularized extracellular matrix-based polymeric networks®°51. Comparing
to synthetic biomaterials, natural biomaterials have good biocompatibility and
bioactivity®!. In general, natural hydrogels exhibit biocompatibility (low toxicity),

bioactivity (promoting cell activity), and high availability. They mimic the
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microstructure, biochemical, and biophysical characteristics of native tissue,
facilitating growth and tissue reconstruction®?. However, their extraction and
purification can be costly, and as natural products they exhibit high batch-to-batch
variability, thus significantly limiting their reproducibility®3. Alternatively, the
category of synthetic hydrogels comprises polymers prepared from fossil source
chemicals. This is, for instance, the case of hydrogels based on vinyl lactams as
N-vinyl caprolactam (VCL) or N-vinyl pyrrolidone (VP) (both monomers employed
along this doctoral thesis), or based on poly (ethylene glycol) (PEG) or poly(2-
hydroxyethyl methacrylate), among others®°. Finally, hybrid materials resulting
from the combination of synthetic and natural polymers represent a third option®.
These hydrogels combine the properties of both polymer types and can be
engineered, among others, to emulate the biophysical and biochemical

characteristics of the natural extracellular matrix®°.

1.3. From the use of thermoresponsive polymers to the fabrication of

smart hydrogels: iFABCell Technology.

As mentioned in the previous section, VCL-based responsive hydrogels, which
are prepared by radical photopolymerization to obtain smart supports, will be
extensively explored throughout this doctoral thesis. These polymeric networks
are thermo-responsive hydrogels that undergo structural and mechanical
changes in response to slight fluctuations in temperature. In this part, an overview
of these smart hydrogels will be provided from a global perspective, with a final

focus on those based on VCL.

The thermal response of a particular polymeric material typically arises from the
presence of polymer chains that, depending on the external temperature, are able
to form either intramolecular interactions (low solubility) or intermolecular
interactions (within the environmental water — high solubility)®6. These materials
have attracted considerable interest for their use in biomedical applications since
they can be designed to present the thermal response close to the physiological
temperature of 37 °C and, therefore, they can act or present a particular response
within this range. In aqueous medium, there are typically two basic types of
thermoresponsive behaviors exhibited by linear polymers: those with an upper
critical solution temperature (UCST) dissolve upon heating®’, while those with a

lower critical solution temperature (LCST) precipitate upon heating. However,
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there are only a few known polymers that display a controllable UCST in an
agueous medium. This behavior is more commonly observed in organic solvents

or water/organic solvent mixtures®®,

On the other hand, LCST polymers have been extensively studied. Their behavior
in aqueous solutions is peculiar but useful, as heat does not favor dissolution but
rather phase separation. Despite its counterintuitive nature, LCST behavior is
quite common, with virtually uncharged water-soluble macromolecules exhibiting
a LCST in water. This behavior occurs because polymers dissolve in water due
to favorable interactions with the solvent, primarily hydrogen bonds. At elevated
temperatures, these weak polymer-solvent interactions are easily disrupted,

leading to phase separation.

Nevertheless, it is necessary to highlight that, for the case of thermosensitive
polymeric networks (crosslinked systems), by modulating a change in the
absorption volume (swell or not swell happened) according to the temperature of
the environment, the most appropriate term to define the transition range is not

LCST, but volume phase transition temperature (VPTT)48:59,

The expansion or collapse associated with the critical shift in aqueous solubility
produced by changing the environmental temperature has been exploited as a
mechanism for drug delivery®, membrane separation/cleaning, microfluidics®?,

sensors, and more recently, in situ gelling scaffolds for tissue regeneration®2,

In this doctoral thesis, the thermosensitive systems investigated are polymeric
networks based on VCL. pVCL is a thermosensitive monomer that allows for
drastic and reversible modulation of the network structure depending on the
environmental temperature, causing variations in terms of swelling that also has
associated modifications in their mechanical properties, the materials
transmittance, or permeability levels®. For polymeric networks based on VCL, it
IS necessary to understand that they are in a hydrophilic state when the
temperature is lower than their VPTT (in the range of 32-34 °C for pVCL), as
hydrogen bond formation occurs between the hydrophilic segments of the
polymer chain and the water molecules in the medium, thus, resulting in swelling
of the hydrogel, as mentioned. Conversely, when the temperature is raised above
the VPTT value, the hydrophobic segments of the chain fold together, resulting
in partial expulsion of the absorbed volume®4,
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Most of the literature reported so far focuses on the use of the polymer poly N-
isopropyl acrylamide (pNIPAmM) due to its low cost, reversibility, and physiological
temperature response range®. In spite of this, in the case of this doctoral thesis,
as previously mentioned the selected thermosensitive polymer is pVCL. Both
temperature-responsive polymers, i.e., pNIPAm and pVCL present very similar
properties, such as being water soluble, non-ionizable, and exhibiting a LCST
value (in the range between 32 and 34 °C*®%) similar and close to the physiological
temperature (37 °C), which makes them very attractive in the biomedical field.
However, there are some important differences between the two polymers. First
of all related to their biocompatibility®’. According to the scientific literature
pPNIPAm is still today a questioned polymer for use in biomedicine®*8’. Whereas
for pVCL, although less studied, it has been described so far as non-toxic®® and
no studies are questioning its biocompatibility. Another difference between the
two polymers may be that in the case of pNIPAm, in a possible hydrolysis process
under acidic conditions, low molecular weight amine-type residues would be
produced, which are potentially neurotoxic®, while in the case of pVCL the
residue would remain anchored to the polymeric chain. These differences have
made pVCL as a great option in the field of biotechnology as a thermosensitive
polymer, thanks to its cytocompatibility, versatility in terms of LCST value
modification, and its solubility in polar and apolar solvents’®. While pVCL has
been employed for a wide range of biomedical applications, this thesis will
explore this material for its potential in tissue engineering’"2. Therefore, the next
part of the introduction will focus on tissue engineering and its role in regenerative

medicine.

1.3.1.Tissue engineering applied to the fabrication of cell monolayers:

design of thermosensitive support surfaces for cell manipulation

One of the early definitions of tissue engineering (TE) was established in 1993
by Langer and Vacanti’?, who described TE as "an interdisciplinary field that
applies principles from engineering and life sciences intending to develop
biological substitutes to restore, maintain, or enhance the functions of damaged
tissue or organs"’®. Similarly, the field of regenerative medicine (RM)
encompasses the definition of TE including the use of self-regeneration

techniques, and, as a result, regenerative medicine is focused on the study of
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human cells’®. This refers to studies where the body itself, with or without the
assistance of external agents, applies a regeneration mechanism to the damaged
tissue or organ. The combination of these two terms, largely interchangeable in
current usage, is known as Tissue Engineering and Regenerative Medicine,

represented by the acronym TERM.

The development and application of polymers, among others, as scaffolds for
tissue engineering have shown significant potential in regenerative medicine as
mentioned’®. However, there are properties of polymeric materials that presented
some limitations for the reconstruction of several tissues (such as cardiac tissue),
either for specific tissue features or due to their mechanical properties,
degradation rate...etc. In these models, a suitable balance between the rate of
tissue growth from cells and the rate of biomaterial degradation is required’®.
These limitations reduce their clinical applications, and the search for the ideal
support method for tissue regeneration is still under investigation’’. In this
context, engineering cell monolayers on polymeric supports may be a suitable
alternative to overcome these limitations’®. This technique usually relies on the
use of temperature-sensitive (or other stimuli-sensitive) surfaces, as those
described in section 1.2.1.1, on which cell monolayers are obtained after cell
culture and can be transplanted along with their intact extracellular matrix (ECM).
The final objective is to reconstruct the damaged tissue, not through an injection
of a cell suspension or by using a polymeric support (scaffold), but from a
scaffold-free approach, using cell monolayers for the treatment of the damaged
tissue, where both cell-cell junctions and focal adhesions between them, as well
as cell-ECM interactions, are maintained. Additionally, in contrast to chemical or
enzymatic methods to detach cells from polymeric substrates, in this case, ECM
molecular components that regulate cell growth and differentiation are also
preserved’’. Therefore, cells can be noninvasively harvested as intact
monolayers together with their ECM7°. This biological construct retains cell
activity and architecture, and as the ECM remains present on the basal surface
of the cell sheets, they can be transplanted directly or can even overlap, creating
three-dimensional tissue-like structures’>8%, Moreover, automated systems have
been designed to manipulate these biological constructs and be applied in clinical

practice®?.
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In 1990, Okano's group®? proposed a novel technology that allows efficient and
non-aggressive detachment of cultured cell monolayers. For this purpose,
conventional culture plates were coated covalently with the thermosensitive
pNIPAmM polymer. As an indication of the efficiency of the process, the plate with
the smart support showed practically 90% difference in terms of cell detachment
when the temperature was lowered, compared to a control plate, evidencing the
sensitivity of the culture in terms of cell adhesion and morphology to temperature
stimuli. Consequently, it was evidenced, for the first time, that thermosensitive
smart surfaces can reversibly modulate cell adhesion due to a change in the
hydrophilic character of the supporting surface by decreasing temperature, as
shown in Figure 1.4. As a result of these findings, currently, there is a material
on the market called UpCell that shares the capacity to grow cells and allow for
mild cell detachment for application in multiwell plates for cell culture®. Working
with this pNIPAm-based model, a noticeable success has been obtained in
several clinical indications®8% such as cardiac, corneal, periodontal, lung, or
cartilage tissue. In these procedures, an additional carrier (such as a
nitrocellulose membrane) has been used to transport cell sheets from the rigid

thermosensitive support to the injured tissue.
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Figure 1.4. lllustrative scheme of a cell sheet monolayer prepared using a temperature-
sensitive cell culture surface. The pNIPAm surface allows the cultured cells to detach as
a continuous sheet by simply lowering the temperature’®.

In addition to pNIPAm-based supports, other strategies and polymers can be
used as a basis for stimuli-dependent cell sheet harvesting. In particular, a
notable example is the use of hydrogels, as will be described throughout this
thesis. Based on the preparation of pVCL-based supports previously reported by
our group’?, in this thesis we describe the preparation of 2D (planar) and 3D (non-
planar) hydrogel platforms, using as a main component VCL. Moreover, the

optimal conditions for culture of C166-GFP mouse endothelial cells, as well as
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for cell sheet formation and detachment will be evaluated. In this context, tissue
engineering based on cell monolayer transplantation can be used for the
fabrication of various tissues or to be directly applied as a cell therapy for tissue

regeneration8687,

1.3.2.iIFABCell Technology: thermoresponsive polymeric platforms for cell

growth and non-aggresive monolayer detachment.

Based on the previous sections, the Polymer Functionalization group (FUPOL)
has optimized a technology called iFABCell. This technology (Figure 1.5), a key
component of this doctoral thesis, involves preparing free-standing hydrogels that
allow cell culture and cell detachment upon temperature decrease, and that are
ideal for direct transplantation of cell monolayers into the body due to their
remarkable mechanical strength and elasticity/flexibility, enabling them to
effectively regenerate damaged tissue. Moreover, this approach allows the
hydrogel to be placed directly on the target tissue for in situ cell transplantation,
eliminating the need for additional carriers (as in the case of pNIPAmM surfaces
mentioned before). Furthermore, these hydrogels facilitate the culture and
detachment of isolated cells, making them useful for maintaining cell cultures or
as platforms for the analysis of cell processes such as adhesion, proliferation or
differentiation. It is worth mentioning that this technology can be also employed
to coat multiwell plates typically utilized in cell culture labs.
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Figure 1.5. Scheme of the procedure of the technology underlying iFABCell to produce

and recover cell sheet monolayers.

There are some important differences between UpCell, described before and can
be thus considered as the competitor for mild cell detachment, and iFABCell. First
of all, both systems are chemically different. While iFABCell is based on pVCL
hydrogels, UpCell utilizes another thermosensitive polymer, pNIPAmM. In addition
to the type of monomer employed, the main difference between iFABCell
supports and their competitor UpCell lies in their dimensionality. UpCell consists
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of individual thermosensitive pNIPAm macromolecular chains grafted onto the
surface of a polystyrene plate, with a thickness of a few nanometers
(macromolecular chain length scale). In contrast, iFABCell is based on pVCL
polymer crosslinked networks, therefore, with interconnected chains to form a
single entity that can exist as a free-standing hydrogel or be anchored as a
coating to a support material, such as a multiwell plate. The thickness of these
iIFABCell coatings is several orders of magnitude greater than the pNIPAm grafts
(ranging from 1 to 1000 microns, i.e., macroscopic scale). As a result, the
thermosensitive swelling/deswelling effects are more pronounced, thereby
facilitating cell culture detachment, whereas UpCell has thickness restrictions
causing inefficiency in cell culture detachment®. Additionally, the robust
properties of the iFABCell technology allow for their chemical customization
formulating the hydrogels with other functional monomers, and the encapsulation
and controlled release of active compounds. As mentioned before, part of this
thesis is devoted to preparing advanced iIFABCell hydrogels, including the
implementation of their 3D printing.

1.4. Additive manufacturing: as tool to create customized freeform

parts: definitions and technologies

Since, on the main objectives of this thesis is to develop and evaluate different
resins for 3D printing by vat photopolymerization, in this section it is aimed to
provide a general overview about 3D printing or additive manufacturing focusing

later on vat photopolymerization.

Additive manufacturing (AM), also known as 3D printing, is one of the critical
components of what has been recently named Industry 4.08%-%2, AM can be
defined as a process of joining materials to make objects from 3D digital models,
usually created by the addition of material layer by layer, as opposed to
subtractive manufacturing methods, where the material is gradually removed to
obtain the desired shape®. The AM concept was first introduced in the 1980s
with the aim of producing in a straightforward manner functional prototypes®*.
With the rapid development of digital technologies®®, AM has become a key
technology for fabricating customized products. Equally, AM technologies
present additional advantages including the possibility to create sophisticated

objects with advanced attributes (new materials, geometries, shapes,

49



Chapter 1

mechanical, thermal, and solubility properties)®® the possibility to modify the
object by directly modifying the computer-aided design (CAD) design or the
significant reduction of the material waste just to mention few of them. However,
one of the major limitations of AM is still the limited amount of available materials,
many of them optimized for other polymer processing technologies, with low
availability of high-performance materials with specific properties such as

biocompatibility®®.

The main objective of AM is to swiftly produce prototypes or base models (with
more and more examples of functional parts), serving as the foundation for the
development of optimized models and lastly, in a short period of time obtain the
final product®. The fundamental principle of this technology lies in the direct
manufacturing of a model, initially created using a three-dimensional (3D) CAD
software, using a 3D printer that significantly reduces the number of tools required

as well as the planning of the process.

The materials currently used in 3D printing include metals, polymers, ceramics,
and concrete. Most of these materials have been directly transferred from other
fabrication technologies into 3D printing. However, more recently developed
sophisticated materials have become available that have been specifically
designed for 3D printing. Currently, 3D printing stands as a leading-edge
technology with a wide scope in different fields of application, including rapid
prototyping, biomedicine, hearing aids®’, dental industry®3, jewelry
manufacturing®, automotive®, electronics'®, aerospace and robotics'1192 but
also for the preparation of molds*’ and tooling'®® just to mention a few. Ongoing
research efforts continue to advance the concepts of 3D printing technology,
leading to fast and cost-effective product manufacturing, along with huge
improvements in manufacturing resolution and, therefore, the quality of printed

objects0?,
1.4.1. AM materials and technologies

Seven types of additive manufacturing technologies are usually recognized,
based on the employed methodology, with each having its corresponding type of
material. Nowadays, a wide variety of materials are used, ranging from

thermoplastics or thermosets to ceramic materials or even metal powders. Figure
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1.6 shows the different 3D printing technologies currently available in the

industry.
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Figure 1.6. Overview of the existing process categories within additive manufacturing

using poylmers, ceramics and metals. (According to EN ISO 17296-2).

e Material extrusion (MEX): Typically employed for the fabrication with
thermoplastic polymers but also with ceramics dispersions and viscous
materials. These materials, in flament or paste format, are melted and

selectively dispensed through a nozzle.

e Vat photopolymerization (VPP): A liquid-to-solid conversion process is
produced, using photopolymerization to fabricate solid objects from a vat
of liquid resins under ultraviolet (UV) light irradiation. The UV source can
come in the form of localized lasers or using projectors or LED screens.
The materials used in this technology are liquid or paste photoreactive

resins with or without fillers.

e Binder jetting (BJ): In this AM process, a liquid bonding agent is precisely
deposited to fuse powder materials. Those areas covered with the bonding
agent are consolidated through chemical and/or thermal reactions. The

materials for this type of technology are polymers, metals, and ceramics.

e Material jetting (MJ): In this type of 3D printing, the materials that can be

used are photopolymers, metals, or waxes. The manufacturing material is
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selectively deposited in droplets using inkjet-style printheads and solidified
by UV light exposure. In contrast to VPP in this case the 3D printer does
not require the use of a vat and the material is directly dispensed onto the

fabrication area.

e Directed energy deposition (DED): Focused thermal energy is used to fuse
materials by melting as they are being deposited. The materials suitable
for this technology are polymers, metals, and ceramics.

e Powder bed fusion (PBF): A laser beam scans selected locations of the
powder bed at a controlled speed, fusing the powder to the solid material
beneath through either full or partial melting. The materials appropriate to

be employed in this technology are polymers, metals, and ceramics.

e Sheet lamination (SL): The process of SL involves stacking multiple layers
of foil material to fabricate an object. Each foil layer is precisely cut into
shape, either manually with a mechanical knife or using a laser, to fit the
object's cross-section. The materials used in SL are metallic sheets,

ceramics, and hybrid materials.

Among all these AM technologies available, in this doctoral thesis, a technique
enabling the photopolymerization of tailor-made resins has been selected in order
to produce targeted hydrogels. Our group has extensive experience in the design
of photosensitive resins, but their fabrication has so far been restricted to solid
highly crosslinked 3D structures. Therefore, VPP enables the transition from
obtaining materials through 2D photopolymerization to 3D photopolymerization
technology, obtaining three-dimensional materials with a more complex shape.
Another important advantage of this technique is the excellent definition and
smooth surface finish of the fabricated parts, thus, providing an improvement in

comparison to other techniques.

1.4.2.Vat photopolymerization: from the pioneer development to the

current alternatives

Vat photopolymerization 3D printing, was the first AM technology reported and
commercialized in the early 80s. This technology, emerged as a revolutionary
fabrication technique, enabling the manufacture of intricate structures with

astonishing precision and accuracy®%, The principle of photocuring layer by
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stereolithography (SLA) was first reported by Hideo Kodamal®®. However, this
technology was patented by Charles Hull in 1986 in a process known as
SLA%106 Since its inception, this technique has continued to advance, leading
to the appearance of other more recent alternatives such as digital light
processing (DLP) or liquid crystal display (LCD), which are among the most
widely used additive manufacturing processes 23107198 The process consists of
printing successive layers of materials that are formed on top of each other by
the use of UV light by solidification of a liquid photosensitive resin layer-by-
layer®. As will be discussed in the next paragraph, the differences between SLA,
DLP, and LCD are related to the light source and the methodology employed to
apply the UV light, as can be observed in Figure 1.7.

SLA DLP LCD
ITY, XYTIX
W \1/

Laser beam Projector light LEDs light / LDC screen

Figure 1.7. Diagram showing the main methodologies employed to apply the UV light of
typical vat photopolymerization bottom-up 3D printers: SLA, DLP, and LCD.

In vat printing technologies, the photosensitive resin is placed in a vat or tank
placed either above or below the light source depending on the 3D printer
configuration'®8, In top-down printing, the build plate remains submerged beneath
the resin tank and descends sequentially as each layer is cured. Conversely, in
bottom-up printing, the build plate is suspended above the vat, while the light
passes through a film or window located at the bottom (Figure 1.7). The bottom-
up printing is more affordable the top-down printing and has the advantage that
the build volume is smaller and less resin is needed, but the printed part is

suspended, and more supports are required.
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In addition to the set-up of the building plate vs resin tank, considering the type
of light and how the light is applied, three different VAT printing techniques are
currently commercially available, i.e., SLA, DLP, and innovation based on DLP
technology, which is LCD°. It is worth noting that all these techniques share the
same principle, i.e., are based on the spatially controlled solidification of a liquid

formulation upon selective exposure to light.

Vat photopolymerization is known for its exceptional resolution and accuracy in
comparison to other AM technologies. The specified resolution on most printers
typically refers to the resolution in the XY plane. In laser-based systems, this
corresponds to the width of the laser beam itself, while in projected light methods,
it reflects the optimal resolution of the image, i.e., pixel size (similar to television
resolution ratings). The layer thickness represents the resolution in the Z
direction, influenced by factors such as the power delivered by the light source
and the precision of mechanical components. Depending on the printer type,
build sizes are determined by either the vat size or the capacity of the light

projector.
1.4.2.1. Stereolithography

Stereolithography was the first available technique in this type of printing to be
developed, recognized for its good resolution. A SLA printer is based on a
transparent tank filled with light-curing resin, in which the platform immersed in
the resin, after being lowered along the Z-axis of the printer, is irradiated with a
laser beam (which must draw the entire layer to cure it because it goes point by
point) according to the file coming from the printer's software, after being sliced
with respect to the standard template library (STL). The curing process is
repeated layer by layer until the 3D-mentioned model is completed. The very
narrow width of the laser beam allows for high resolution. Printing speed
correlates closely with curing depth and light penetration, determined by the
material's properties. Enhancements in these parameters are achievable through
the utilization of light absorbers and polymerization facilitators1°. The accuracy
of an SLA 3D printer is related to the diameter of the laser beam at the curing
point. The layer height range typically falls between 12 and 200 pm, with 100 pm
being the preferred choice for commercial resins. SLA works best with resins of

low viscosity (<4 Pa s), enabling the resin to flow and replenish between layers'!.

54



Chapter 1

1.4.2.2. Digital Light Processing

This 3D printing technique uses a projector to send the image of the layer of the
object that will solidify the resin. For that reason, the major difference between
DLP and laser-based SLA is that DLP employs the projection of UV light (or
visible light) through a digital micromirror device (DMD) to instantaneously display
a single image of the entire layer across the resin. Basically, DLP projects a white
image of a designed pattern or a layer of a 3D CAD model that will give rise to
the solid part of the object in that layer, and the rest in black will remain uncured.
In other words, where there is light, the material hardens and where there is not,

the resin remains uncured?12,

DLP provides faster printing speeds compared to SLA when large parts are
required. It is worth recalling at his point that DLP is able to cure an entire layer
in a single irradiation step while SLA requires to “draw” with a laser the part to be
printed. As a result, DLP speed is determined only by the dimensions of the
objects along the Z-axis!'®. For the production of a high-resolution structure,
precise adjustment of parameters such as curing time per layer, layer thickness,
and UV light intensity, is required. These parameters are related to the
concentration and type of both photopolymer and photoinitiator present in the
resin. Hence, it is important to note that this technology only supports viscosities
within the range of 0.1-10 Pa-s'* and with an adjustable layer height typically
ranging from 12 to 200 pm. In this case, 50 or 100 pm is the common layer height
for commercial resins, as in SLA. It is imperative to acknowledge that the majority
of desktop DLP 3D printers feature a predetermined XY resolution, typically
ranging from 35 to 100 pm.

1.4.2.3. Liquid Crystal Display

LCD technology is an innovation based on the principles of the DLP technology
which employs digital projection with light-emitting diodes (LEDs)°8. The main
difference is the light source itself because LCD uses a single source lamp from
an array of LEDs masked by a LCD screen where the light is not supposed to hit
the resin, to form a 2D image of slices!!®. As a result, in those cases where the
fabrication of multiple parts is required or when the surface occupied by the part
to be printed is large, LCD/DLP resulted to be significantly faster than SLA as the
light intensity stays the same across the entire vat.
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1.4.3.Design of photosensitive resins for vat photopolymerization:

components and their roles

The composition of the light-curing resins used in VPP techniques comprises
polymerizable components, which may contain monofunctional monomers and
crosslinkers (di- or multi-functional monomers), both of which may be of an
oligomeric nature (all of them from now on, monomers), photoinitiators, diluents,
and other additives such as fillers. Furthermore, the formulation design of
photopolymer constituents is essential for the performance and properties of

photopolymerization-based 3D printing systems®116,

Photoinitiators are compounds that undergo decomposition (in the case of radical
photoinitiators) when the resin is irradiated with UV light, thereby becoming
reactive. Polymerization is then initiated by the reaction of the reactive
photoinitiator with specific functional groups present in the monomers/oligomers
and crosslinking agents (typically acrylates and methacrylates), constituting the
backbone of the 3D polymer network. Overall, currently employed photoinitiators
can be categorized into two main groups: radical and cationic photoinitiators. In
3D printing, the amounts typically added to the composition of the resins are
between 0.5 and 12% by weight enabling cure depths from 0.1 to 2.5 mm’.
Photoinitiators are vital in triggering a rapid, accurate, and controllable
photopolymerization!!” and are also involved in the accuracy of the fabricated

part.

Therefore, the selection of a photoinitiator plays an essential role in the
photopolymerization because it directly influences, among others, the curing rate.
Effective photoinitiator systems must comply with basic requirements, including
thermal stability and strong absorption within the desired wavelength region (in
DLP/LCD 3D printers the most common wavelength is 405 nm), enabling efficient
generation of reactive species upon irradiation. These reactive species then
engage with monomers/oligomers and crosslinking agents to initiate the

photpolymerization®.

Another main component of the resin is the UV photoabsorber, an example used
in this thesis is Sudan I”. Photoabsorbers are required in order to achieve
micrometer-scale resolution in the Z direction of the 3D printed pieces since a
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UV-light photoabsorber is used to restrict UV-light penetration. Through the
optimization of UV penetration depth, a reliable procedure for the fabrication of

3D objects with high model accuracy is established.

In addition to photoabsorbers, diluents can be also used to reduce the viscosity
of the resin, to dissolve in a better way some of the components of the resin, or
to maintain the resin in the liquid state at room temperature, thereby preventing
for instance, the crystallization and/or precipitation of any of the components.
Diluents are especially important when reinforcements or oligomers that can be
very viscous are added into the resin. Another factor arises when employing a
monomer with a melting point above room temperature, leading to crystallization
at ambient conditions, thereby compromising the print quality. An illustrative
example of the latter is discussed in this thesis where VCL, crystalline and solid
at room temperature (RT), has been employed as the main component to
produce the thermoresponsive hydrogels and presented a melting point of around
37 °C.

Resin viscosity is also a critical parameter in vat polymerization, affecting both
the curing surfaces between two successive layers and the printing time18-120, |n
general, low viscosities are desired to allow the proper coating of the previous
printed layer or the surface of the immersive platform*?!. Too high viscosity may
lead to air entrapment during platform movement, resulting in defects in the
printed piece. To address this issue, diluents!?? or reactive monomers'?® are
commonly incorporated into the viscous oligomer system to balance the required
viscosity range with the desired properties. In addition, a high viscosity resin will
take longer to flow and form a new uniform layer, thus increasing the printing
time!19124 Besides, diluents and monomers can be volatile, and excessive usage
may compromise the original mechanical properties of the oligomer'?®, resulting
in volumetric shrinkage of the printed pieces'?6127, Additionally, shear thinning
behavior (non-Newtonian behavior in which the fluid viscosity decreases with
increasing shear stress) can be advantageous for vat polymerization techniques

to enable the spreading of homogeneous layers!28129,

Moreover, the addition of fillers enables to modulate the properties of the
materials at low cost, e.g., to obtain materials with improved properties. Thus,

fillers are typically employed to adjust the physical properties of polymer resins
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while preserving their printability. As an example of the use of fillers in
photosensitive resins, in this doctoral thesis, multi-walled carbon nanotubes

(CNTs) were used, and will be discussed in Chapter 7.

Monomers (mono and multifunctional) are also relevant components of the resin
because they play a major role on the polymerization step (either by a radical or
a cationic polymerization) and also in the crosslinking upon exposure to UV light
in the presence of a photoinitiator. The commercial photosensitive resins
employed for VPP, comprise photoinitiators able to launch the polymerization
when exposed to light'30131 in the UV range. Therefore, monomers (that will
define the reaction kinetics) and the photoinitiator (that will determine the
wavelength of the light required), are without any doubt the most critical
components. Typically used monomers are acrylate and methacrylate derivatives
in which the C=C bonds of the vinyl groups react through a radical polymerization
process’® with fast reaction rates thus reducing the time required to

photopolymerize each layer.

Within many available acrylate-based resins, multifunctional acrylates
(crosslinking agents) are commonly employed, though multifunctional monomers
offer the possibility to introduce crosslinking sites and tune the final properties
(mechanical, solubility, swelling, ...) of the cured resin. Moreover, it should be
noted that the molecular weight of the monomer will significantly impact the
viscosity of the liquid resin. This aspect requires also a particular consideration

as will be described in this work.

An important aspect of commercial resins is that they result in highly cross-linked
networks, thus preventing swelling of the fabricated part in the photosensitive
resin itself. Since the part is suspended during printing, swelling of the part would
lead to a weakening of the adhesion of the part to the build platform and their
possible detachment. For this reason, the use of crosslinking agents is also
crucial, as the absence of crosslinkers in the resin may complicate the adhesion
of polymerized layers to the platform, resulting in longer exposure times per layer
and increased printing durations or even preventing the formation of the part if

the polymer formed is soluble in the photosensitive resin.

In this thesis we propose to explore precursors that are not used in commercial
resins. As mentioned above, commercial resins yield stable and permanent
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printed parts. In contrast to this behavior, in a first block of the thesis, we want to
exploit the opportunities associated with the use of labile crosslinkers, which have
never been described in vat photopolymerization, in particular, for the printing of
sacrificial 3D printed parts (Chapter 3) and the preparation of readjustable
networks (Chapter 4). In a second block of the thesis, we iimplemented the 3D
printing of hydrogels of the IFABCell technology. The possibility of having

iIFABCell 3D parts can open new ways in the use of this technology.
1.4.3.1. Fundamental printing parameters in vat photopolymerization

In addition to the main components of a photosensitive resin, the printer
parameters should be also fine-tuned according to the resin's characteristics.
Intrinsic properties, such as viscosity and the photosensitive properties of the
resin, are important to set the optimal parameters of the printing process. The 3D
printer parameters that can be modified and optimized include:

a) Layer thickness ranges usually from 12 um up to 200 um, impacting both

printing speed and printing quality®®. Lower layer thickness yields better detail
definition and smoother surface finish in printed objects, although the required
printing time is longer and, as a result, the printing costs are higher. Normally, vat
photopolymerization printers operate within a minimum height range of 12-25 um
and a maximum of 200 um. The hydrogels printed throughout this thesis using
this technique have been prepared with layer thicknesses in the range between
50 and 100 pm?%4,

b) The layer exposure time is defined as the time that each layer is exposed to

a certain light intensity and wavelength. Depending on the type of printer

(SLA/DLP/LCD), exposure times vary for the same resin due to the 3D printer
specifications (including intensity of the light irradiation and the type technology
employed)!33. This parameter is adjusted according to the physical properties of
the resin (such as the reactive groups of the monomers/oligomers, the amount of
crosslinking agent, or the resin viscosity just to mention a few of them), requiring
more or less exposure time for solidification. To ensure the adhesion of the initial
layers to the printing platform, an initial exposure time (also named, bottom
exposure time) is set, usually 8 to 12 times longer than the standard exposure
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time, and applied to the first 3-7 printing layers. Generally, longer curing time of

the base layers will improve the adherence to the building platform.

Photosensitive parameters are also related to the intrinsic properties of the resin.
Uniformity of light intensity is an important parameter for the precise formation of
3D solid features, where the shape, size, and surface texture of cured layers
correspond to the regions within the optical field with sufficient energy to trigger
polymerization®. In this regard, the vertical curing precision is related to the curing
depth, Cq (um), obtained from the thickness of the polymerized (or at least gelled)
resin, which is theoretically expressed using Jacob’s working curve as follows

(equation 3.1):90.91134-136
Emax

Where Dp (um) is the penetration depth of the resin, i.e., the distance photons
travel in the resin before being absorbed by a resin component??, Emax (mJ-cm-
2) is the irradiation intensity at the surface and Ec (mJ-cm?) is the critical exposure

energy required to induce polymerization.

This expression translates into a straight line on a semilogarithmic plot, with Cq
on the y-axis versus Exposure (Emax) on the x-axis. The point where the Jacobs
working curve intersects with the x-axis denotes Ec, whereas Dy represents the
slope of the linear fit. An ideal resin for vat polymerization exhibits low Ec values,
facilitating reaction initiation with a low energy dose and high Dp values to
optimize cured thickness’. To determine if a resin is suitable for a specific printer,
it is recommended to calculate Cq corresponding to the light source employed
and compare it with the targeted layer thickness (z)**’. The layer thickness
obtained must be equal to or less than the curing depth, which should be high
enough to reduce and optimize the manufacturing time. It has to be taken into
account that the presence of additives such as particles and reinforcements alters
the light-curing behavior of the resin (Ec and Dp) due to potential light scattering
and/or absorption by the additive. As a result, an adjustment of the layer thickness

is required’.

c) The last technical parameter that is defined is the Z-axis lift time, which
denotes the speed at which the build platform is raised from the resin tank after

each light-cured layer. If the lift time is excessively short, the model may break
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and damage the supports, due to the tension between the building platform and
the fluorinated ethylene propylene (FEP) sheet at the tank bottom. Conversely,
reducing the speed too much will increase the printing time. The standard speed
typically stands around 65 mm-min-t,

1.4.4. Workflow of a 3D printing process

A typical vat polymerization-based printing process entails three main stages
(see Figure 1.8). First, preprocessing involves generating an idea with a CAD
design. The second step is the printing process which entails the slicing and the
printing steps. The third and final step is postprocessing, which involves cleaning

the printed parts (washing and support removal) and conducting a post-curing
process.

PROCESSING

eant data (STL) form,

?‘.\“\ parameter setting

PLANNING

3D PRINT

150°

Buiyse
S$350ud

buino-sod
lerowa) poddnS

Onig

Figure 1.8. Scheme of a typical production process by vat photopolymerization 3D
printing.

Prior to 3D printing an object, a 3D model is designed or obtained from a scanned
part or even from medical resonance images (Dicom analysis). This 3D model is
then converted into the STL format, describing the 3D model’s surface with a

network of triangles of different sizes, depending on the required resolution’. A
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finer triangular mesh results in a smoother surface on the printed object. This

stage is known as preprocessing.

Processing, the second stage of the production of a 3D printed object®, involves
slicing of 3D part in multiple layers, i.e., transforming the 3D model into multiple
2D layers. Each layer must be supported by the platform, the previous layer, or
additional support elements. The layer thickness depends on the printer, the AM
technology, and the resolution quality requirements of the final product. Once

printing parameters are set, the sliced model is sent to the printer.

After printing process is completed, the model is removed from the platform, and
the post-processing step begins. In vat photopolymerization, printed objects
directly obtained after printing are immersed in a washing solution, usually 2-
propanol, to remove uncured liquid resin'32138_Once the parts have been washed
and dried to complete the photopolymerization reaction (thus enhancing and fix
the mechanical properties), the objects are exposed to additional UV light in a
UV-curing chamber (time and temperature will be controlled). It is worth noting
that during the fabrication process, the parameters selected for the
photopolymerization process are optimized in order to reduce the printing time
and thus the final part is only partially cured. The postcuring step is thus critical
to ensure a complete polymerization and avoid the release of unreacted

components (monomers/oligomers/crosslinking agents).

The cleaning time, temperature, and timing of the curing process significantly
influence the mechanical properties of the finished pieces. Additional post-
processing steps may include other additional steps such as the removal of

supports.
1.5.Organization of this PhD work

This PhD thesis has been organized as follows. In the next chapter, Chapter 2,
the hypothesis and objectives of the work are established. Subsequently, Chapter
3 presents the materials and methods used throughout the thesis.

Chapters 4 and 5 are devoted to explore the use of the aforementioned
hydrolysable crosslinkers in VPP. Specifically, Chapter 4 focuses on the printing

of water-sacrificial parts, while Chapter 5 focuses on the printing of readjustable
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networks and/or hydrogels. The resins in these two chapters are based on

(meth)acrylates.

Chapters 6 and 7 make use of the team's experience in preparing and evaluating
VCL-based networks (iFABCell technology) to prepare novel VCL-based
platforms. In particular, Chapter 6, partly making use of what has been learned
in Chapters 4 and 5, explores different routes to prepare printable VCL-based
resins, i.e., procedures for 3D printing iIFABCell parts are developed. Finally,
Chapter 7, making use in this case of what was learned in Chapter 6, deals with
the preparation of CNT-doped VCL-based iFABCell networks.

Finally, Chapter 8 presents the general conclusions of this doctoral thesis.
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Chapter 2

Chapter 2. Hypothesis and Objectives

2.1. Hypothesis

The research program of this thesis is based on the premise that the group's
extensive experience and knowledge in photopolymerization and photocuring
processes to obtain tailored hydrogels, such as those developed in iFABCell,
combined with expertise in B-amino ester chemistry, will enable the creation of
novel advanced photopolymerizable resins and some of which may be the seeds
of next-generation iIFABCell culture platforms. These resins are expected to
facilitate the 3D printing by vat photopolymerization of parts. Moreover, due to
the presence of labile crosslinkers within the material structure, these materials
will be employed for the preparation of sacrificial parts, as well as to 3D print
iIFABCell hydrogels. This thesis aims at designing, characterizing, and evaluating

each critical element within the proposed resin and printed systems.
2.2. Objectives

The primary aim of this doctoral thesis is to develop advanced resins for 3D
printing by vat photopolymerization. To achieve the main objective, a series of
specific objectives had to be defined. These objectives are developed in the
different chapters of the PhD thesis and entail understanding the state of the art
(Chapter 1), developing resin formulations for 3D printing of soluble sacrificial
networks (Chapter 4), optimizing and evaluating resins for 3D printing of
readjustable networks, which eventually may allow obtaining hydrogels (Chapter
5), optimizing and evaluating the use of different ways to enable the vat
photopolymerization 3D printing of thermosensitive hydrogels based on VCL
(Chapter 6), and doping printable VCL-based thermosensitive hydrogels with
nanofillers such as CNTs (Chapter 7). More in detail, the specific objectives of
the thesis research are the following:

e To explore and define a direct and scalable route to obtain printable
formulations containing hydrolysable crosslinkers. The 3D printing of these
resins, through vat photopolymerization, are expected to lead to sacrificial pieces
upon hydrolysis, that, is, to soluble polymer chains after breaking the crosslinking

points. (Chapter 4).
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e To optimize and evaluate different formulations employing mixtures of both
stable and hydrolysable crosslinkers simultaneously in the resin for 3D printing.
The purpose of this combination of crosslinking agents is to be able to obtain
readjustable networks with high crosslinking degrees after printing and

lower/modulated degree after controlled hydrolysis. (Chapter 5).

e To, based on the original formulation of photosensitive resins developed
under the iIFABCell technology, that lead to thermosensitive hydrogels, develop
novel formulations to be employed in vat photopolymerization 3D printing. The
main purpose, of this objective, is to address whether it is possible to fabricate
thermosensitive hydrogels with unprecedented shapes (Chapter 6).

e To explore the possibility of dope iIFABCell printable hydrogels with
nanocomposites to address both the printability of the material as well as the
novel properties of the materials produced. In particular, to carry out this objective
it is proposed the incorporation of carbon nanotubes (CNTs) within the iFABCell

formulations to produce CNTs loaded thermoresponsive hydrogels (Chapter 7).
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Chapter 3. Experimental section

3.1. Materials

3-(acryloyloxy)-2-hydroxypropyl methacrylate, piperazine, acetic acid,
poly(ethylene glycol) methyl ether acrylate (PEGMEA, Mw 480), poly(ethylene
glycol) dimethacrylate (PEGDMA, Mw 550), sodium hydroxide (NaOH),
carboxyethyl acrylate (CEA), 1-(phenyldiazenyl)naphthalen-2-ol (Sudan 1),
phenylbis(2,4,6-trimethyl benzoyl) phosphine oxide (BAPO), phosphate-buffered
saline (PBS, pH 7.4), VCL, ethylene glycol dimethacrylate (EGDMA),
diphenyl(2,4,6-trimethylbenzoyl) phosphine oxide (TPO), 1-hydroxyl cyclohexyl
phenyl ketone (HCPK), 4-vinylaniline (VA), and isoamyl nitrite (IAN), icariin (ICA),
cyrene, N-methyl-2-pyrrolidone (NMP), dimethylacetamide (DMAC), ethyl lactate,
ethanol, N,N-dimethylformamide (DMF), acetonitrile (MeCN), methanol, and
diethyl ether were supplied by Sigma-Aldrich.

Jeffamine ED-600 was supplied by Huntsman. 2-hydroxyethyl acrylate (HEA)
and methacrylic acid (MAA) were supplied by TCI. Azo-bis-isobutirenitrile (AIBN)
was supplied by Glentham, and dioxane by Panreac. Glycerol monomethacrylate
(GMM) was supplied by Polysciences. 184 Silicone Elastomer Base and
184 Elastomer Curing Agent were supplied by Sylgard™. Poly (e-caprolactone),
(50.000 g mol™t) (PCL) was supplied by Perstorp. 1, 3-divylimidazolidin-2-one
(DVI1) was supplied by BASF. N-vinylpyrrolidone (VP) was supplied by Acros
Organics. Multi-wall carbon nanotubes (CNTs) were purchased from Elicarb
(diameter: 15-20 nm). Reagents and solvents were used as received without

further purification, unless indicated differently2.

Autofluorescent C166-GFP endothelial murine cell line expressing green
fluorescent protein (GFP), was purchased by ATTC-(CRL-2583;RRID#CVCL
6582). Fetal bovine serum (FBS) was purchased from Thermo Scientific.
Dulbecco's Modified Eagle Medium (DMEM), the antibiotic (penicillin,
streptomycin (P/S), and G418), and glutaMAX were also supplied by Sigma-
Aldrich. 12 and 24 well culture plates (treated and untreated, respectively) were
purchased from Corning Costar. For neural cultures, Neuro2a mouse
neuroblastoma cell line (cat# CCL-131, ATCC; RRID#CVCL_0470) was
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purchased from ATTC. 48 and 96 wells culture plates were purchased from

Thermo Scientific.

3.2. Synthesis, polymerizations, and fabrications (excluding vat

photopolymerization)
3.2.1.Synthesis of hydrolyzable crosslinkers HCL (jef) and HCL(pip)

3-(acryloyloxy)-2-hydroxypropyl methacrylate and diamino-containing structures
(jeffamine to produce crosslinker HCL(jef) and piperazine to produce the
crosslinker HCL(pip)) were mixed in a 2:1 molar ratio. The reactions were carried
out overnight at 37 °C in the presence of a catalytic amount of acetic acid (0.25 wt.
%). A slightly yellow liquid was obtained and stored. H Nuclear magnetic
resonance (*H NMR) spectroscopy was used to monitor the disappearance of

acrylate signals as the reactions proceeded, quantitative yield.

'H NMR HCL(jef) (400 MHz, CDClz) d: 6.10 (m, 2 H, 1-H), 5.56 (m, 2 H, 1-H),
4.18 (m, 4 H 4-H), 3.92 (m, 2 H, 5-H), 3.80-3.17 (m, OH + 6-H + Hjef), 3.03-2.69
(m, H-B + CH-jef), 2.50 (m, H-a + CH20), 1.92 (m, 6 H, Me), 1.11 (m, Me-jef), 1.0
(m, Me-jef) ppm.

'H NMR HCL(pip) (400 MHz, CDCls) d: 6.11 (m, 2 H, 1-H), 5.58 (m, 2 H, 1-H),
4.37-3.45 (m, 16 H, 4-6 H + OH + H-p), 2.80-2.37 (m, 12 H, 1-H + 2"-H + H-a),
1.87 (m, 6 H, Me) ppm?.

3.2.2. Synthesis of poly(2-hydroxyethyl acrylate), polyHEA

The synthesis of polyHEA was carried out by conventional radical polymerization
HEA in dioxane ([HEA] = 0.57 mol/L), using AIBN as ta thermal initiator ([AIBN]
= 0.015 mol/L). The polymerization was allowed to proceed overnight in an oven
at 60 °C, after nitrogen was bubbled for 5 min. The following day, upon cooling to
5 °C separation into two phases was observed, which allows easy removal of

dioxanel.
3.2.3. Synthesis of linear polyvinylcaprolactam, polyVCL

Linear pVCL was obtained by conventional radical polymerization of VCL in
ethanol ([VCL] = 1 mol/L), using AIBN as a thermal initiator (JAIBN] = 0,015
mol/L). The polymerization was allowed to proceed overnight in an oven at 60 °C.
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The resulting polymer was purified by dialysis with diH20 using membranes with

a molecular weight of 3.5 kDa. Consequently, the polymer was lyophilized.
3.2.4.Photocuring of VCL/VP-based hydrogels in UV chamber

Different relations of VCL/VP hydrogels were prepared, between 100 and O molar
percentages as shown in Table 6.4 of Chapter 6. The crosslinkers added were
DVI and EGDMA in molar percentages of 0.57 and 1.07, respectively, against the
total monomer content. HCPK was used as a photoinitiator at 0.5% weight. In the
case of the hydrogels loaded with CNTs, the formulations depicted above were
additionally charged with different weight percentages of CNT were prepared
(see Table 7.2 in Chapter 7, 0 wt. % was prepared as control). The
photopolymerizable mixtures were stirred for 5 min. Subsequently, CNTs were
added and the mixtures were stirred again for 5 min, followed by sonication for

30 min.

All the mixtures were injected into molds and photopolymerized in a curing
chamber. The molds were prepared using polystyrene sheets covered with
polyethylene film and separated both by commercial silicone with a thickness of
0.3 mm. The photopolymerization was carried out inside a UV chamber that
generate close to 3500 yW/cm? (model CL-1000L, 230 V), for 40 min and A=365
nm. After obtaining the hydrogels, the hydrogel mold is removed, and
successively washed with distilled water to remove any residual unreacted
materials and finally swelled to achieve the equilibrium between the hydrogel and

the medium.
3.2.5. Fabrication of (pVCL@ICA) nanoparticles

The nanoparticles were prepared by encapsulating ICA in linear pVCL using
SAS-SCCO: following previously reported procedures®. Basically, particles were
formed using a SAS R100 pilot plant from Thar Technologies Variables. A flow of
1 mL/min of a polymer-drug solution was kept constant in all the experiments.
Once the desired temperature was reached, CO2 was pumped at the desired flow
rate through a high-pressure pump, until the temperature and pressure stabilized
in the SAS reactor. A sample solution of ICA and pVCL was pumped into the
reactor through a filter. 20 mL of this solution were exposed to the CO2 pumping,
leading to the obtention of particles. The CO2 flow was kept for a certain time,
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eliminating the residual solvent. Due to depressurization, the solvent dissolved in
a supercritical fluid because of its miscibility, producing the formation of

nanoparticles by precipitation.
3.2.6. Manufacture of screws by the use of sacrificial molds

To carry out a proof of concept for the use of the printed parts as sacrificial molds,
two types of screw molds with different thread pitches (1 and 2 mm) were digitally
designed (see Figure 3.1) and printed. In both cases, the dimensions of the
screw filler were 1.5 cm of height and 1/2 cm of thread/head diameter 2.

Figure 3.1. Digital designs of the molds of screws with two different thread pitches (1

and 2 mm).

Example 1: Sacrificial molds for the fabrication of 3D structures using

thermoplastic polymers.

PCL pellets were introduced into the mold, and the construct was heated up to
100 °C until PCL was melted. Thereafter, the construct was allowed to cool down
to room temperature for 1 h and subsequently immersed overnight in basic
agueous media. Finally, the 3D structured PCL part was recovered from the

solution, surface dried, and stored.

Example 2: Chemical crosslinking inside the sacrificial 3D printed molds:

Fabrication of silicone networks.

The silicone-based elastomeric kit Sylgard 184, which is a liquid two-component

system (a polymer, named base, and a curing agent that crosslinks with the
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base), was used. Both components 1) polymer (base) and 2) curing agent, were
mixed in a 10:1 (base:curing agent) ratio by weight. The mixture was stirred
manually and left under vacuum for 15 min to avoid contact with the entrapped
oxygen. The mixture was then added to the printed sacrificial molds and placed
in the oven at 60 °C overnight to form the crosslinked silicone elastomer. Later,
the construct (mold with the cured Sylgard 184) was immersed overnight in basic
water. Finally, the silicone network was recovered from the solution, dried, and

stored.

Example 3: Preparation of VCL-based thermosensitive hydrogels inside the

sacrificial molds

The VCL-based thermosensitive hydrogel used in this case is pc-VCL100VPo,
system depicted in section 6.2.3 in Chapter 6. The mixture was stirred for 5’ and
preheated beforehand at 50 °C until VCL melted to liquid. The mixture was then
added to the printed sacrificial molds and placed in the UV curing chamber for 40
min and A=365 nm. Later, the construct (mold with the photopolymerized
thermosensitive hydrogel) was immersed overnight in basic water. Finally, the
VCL-based thermosensitive hydrogel was recovered from the NaOH solution,

immersed in distilled water for 24 h, dried, and stored.

3.3. Vat photopolymerization 3D printing

3.3.1.Designing of the resins for the preparation of either sacrificial or
readjustable networks

For each resin a total of 20 g of precursor mixture was prepared. Examples of

each type of system are detailed below:

As an example of a resin from the HCL (jef) or HCL(pip) and PEGMEA (the resins
were labeled as HCL (jef)xPEGMEA100-x, where X the weight percentage of HCL),
formulation HCL(jef)30PEGMEA70 was prepared by mixing 6 g of HCL(jef) and
14 g of PEGMEA.

As an example of resin from binary blends, the HCL(jef)1sHEAss formulation was
prepared by mixing 3 g of HCL(jef) and 17 g of HEA.

As an example of resin from the ternary blends, HCL(jef)isHEAxmonomerss-x,

where monomer is PEGMEA, CEA, or MAA, and X is the weight percentage of
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HEA (0<X<85), HCL(jef)1sHEAs0CEA25 was prepared by mixing 3 g of HCL(jef),
12 g of HEA, and 5 g of CEAZ.

As an example of ink for the HCL(jef)xHEAeso system, the formulation
HCL (jef)1.0HEAs0 was prepared by mixing 1.0 g of PEGDMA (1.8 mmol), 2.0 g of
HCL (1.9 mmol), 5.0 g of PEGMEA (10.4 mmol) and 12.0 g of HEA (103.3 mmol).
For this formulation, the reference formulation containing GMM instead of
HCL(jef) was prepared by mixing 1.0 g of PEGDMA, 0.6 g of GMM (3.8 mmol),
5.0 g of PEGMEA and 12.0 g of HEAL

In all cases, 2.67 mg of Sudan | (1.35 wt. %) was added and the vessel was
covered with aluminum foil. Then, 0.2 g (1 wt. %) of photoinitiator (BAPO) was
added and the mixture was stirred for 5-10 min until it was completely
homogeneous. The resin was then ready to be tested in the Zortrax Inkspire

printer.

3.3.2.Photosensitive mixtures for the preparation of VCL-based hydrogels

For reasons of confidentiality, this section has been omitted.
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3.3.3.3D printing of the photosensitive resins

The photopolymerizable mixtures were stirred for 5 minutes. Resins were added
into the tank and the following printing parameters were selected and
maintained constant for all of the experiments: layer height 100 pm, raft
height 1 mm, raft offset 4 mm, exposure off time 5 s, bottom layers 5 pcs,
platform lower speed 100 mm/min and 5 platform lift speed 100 mm/min. The
printer was a Zortrax Inkspire (0.5 mW-cm) using Z-Suite as slicer program
for the sacrificial or either readjustable network. Creality LD-002H (5.5
mW-cm), using Chitubox as slicer program was used for printing the VCL-
based hydrogels.

For reasons of confidentiality, part of this

section has been omitted.

After printing, the printed networks were washed in 2-propanol for 5’ to remove
any residual monomer, and a post-curing process for 30 min at room

temperature for sacrificial or either readjustable networks.
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3.4. Methods
3.4.1. Nuclear magnetic resonance (NMR)

'H NMR spectra were recorded at room temperature in a Bruker Advance Ill HD-
400 spectrometer using CDCls as the solvent for HCL(jef) and HCL(pip), and D20
for the analysis of the product resulting from the solubilization tests, described in
section 3.4.10.

The hydrolysis of the polyHEA ester was monitored by 'H NMR. 100 mg of
polymer was dissolved in 0.6 mL of D20 at 2 wt. % of NaOH. This sample was
monitored from time = 0 as indicated in Figures 5.10a and 5.10b in Chapter
5. 'H NMR spectra were recorded at room temperature (*H 399.86 MHz) using
D20 with 2 wt. % NaOH as solvent. Chemical shifts (d in ppm) are given from

internal solvent, D20, 4.8 ppm™.
3.4.2.Rheology of photosensitive resins

Rheological characterization of the uncured formulations was carried out at 25 °C
using a strain-controlled rheometer (Waters, ARG2, TA Instruments) with a cone
and plate geometry (40 mm diameter). The viscosity was measured at shear
rates ranging between 0.3 and 100 s™L. For every resin, at least three viscosity
measurements were performed to confirm the reproducibility of the methodology.
In the case of hydrated samples, hydrogels were subjected to rheological
analysis with a plate geometry (20 mm diameter). At first, the hydrogels were
placed in distilled water in the fridge at 5 °C for 2 h. The temperature sweep was
performed from 10 °C to 45-75 °C at a heating rate of 2 °C/min. The variation in
storage and loss modulus was collected under constant oscillation stress of 10

Pa and a frequency of 1 Hz (viscoelastic linear region).
3.4.3. Jacobs working curves

To obtain the Jacobs working curves®>’, circular samples (diameter 2 cm) were
cured with the Zortrax Inkspire 3D printer or the Creality LD-002H 3D printer
between the tank and a glass, with a constant intensity of 0.5 mW-cm~™2 for the
Zortrax and 5.5 mW-cm™ for the Creality, and varying the exposure times
between 10 and 35 s in the Zortrax case, and between 20 and 120 s in the Creality
case. Every sample was fabricated in duplicate. After polymerization, the
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remaining solvent was extracted and the film was cleaned with paper. The curing
depth (Cd4, pm) was obtained from the thickness of the samples, which was

measured with a thickness gauge (Tactix 251420). The Cqis related to the

irradiated light energy on the surface, Emax, through Equation 3.1.

Cqy=D,-In (E’;%) (3.1)

where Emax (mJ-cm~2) is given by the product of the exposure time and the energy
of the lamp. Ec (mJ-cm™) is the starting point for the transition from liquid to solid
and Dp (um) represents the penetration depth. Bearing in mind the properties of
the 3D printed objects, it is necessary to obtain good adhesion between layers.
To achieve this, the use of layers with sufficient depth is essential, i.e., Cd > z, in
our case Z = 100, because the stiffness of a polymer at the gel point (or below it)
is too low to endure the printing process®>®°. Equation 3.1 can be plotted using a
semilogarithmic scale in the y-axis (Cd) versus Emax on the x-axis. As a result, the
interception of the Jacobs working curve with the x-axis represents Ec, whereas

Dy is the slope of the linear linel.
3.4.4. Raman spectroscopy

Raman spectra were acquired on five different spots per sample with an InVia 50
Renishaw Raman Microscope equipped with laser at 532 nm (25 mW), with 10
accumulations, 1 cm™ resolution. Samples were prepared on microscopy glass

slides and at least 5 replicas.
3.4.5. Transmission electron microscopy

Transmission electron microscopy (TEM) was carried out on a JEM 2100 (Jeol)
at 100 kV. Samples were dispersed in DMF via ultrasonic treatment to obtain a
light grey dispersion, then 2 L of the samples were dropcasted onto TEM carbon
grids previously exposed to UV-Ozone Procleaner Plus for 5 min and dried under

vacuum.
3.4.6. Fourier transform infrared (FT-IR) spectroscopy

Attenuated total reflectance-infrared spectroscopy (ATR-FTIR) was conducted

on dried samples using an FT-IR Spectrometer (Spectrum Two) from
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PerkinElmer, equipped with a diamond crystal ATR accessory. Spectra were
recorded with a resolution of 4 cm™ in the range of 4000-500 cm™ for each

sample.
3.4.7. Thermogravimetry

Thermal analyses were carried out in a thermogravimetric analyzer (TGA)
controlled by a METTLER instrument. 1-10 mg of powdered sample was heated
from O up to 800 °C, by equilibrating at 100 °C for 20 min. The experiments were
performed under oxygen flow for hydrolysable hydrogels and under nitrogen flow

for loaded hydrogels, using a constant temperature increment of 10 °C-min-L,
3.4.8. Scanning electron microscopy

Scanning electron microscopy (SEM) measurements were performed using a
XL30 ESEM (Phillips), at an acceleration voltage of 25 kV.

3.4.9.Dimensional accuracy analysis

Dimensional accuracy analysis of cylinders was carried out by measuring
dimensions (diameter and height) with a micrometer. In the case of the 3D printed

screws, ImageJ was used to analyze photographs of representative screw molds.
3.4.10. Solubilization tests

3D printed pieces (2.0x2.0x0.2 cm®) were immersed overnight in 15 mL of
basic aqueous media (2 wt. % NaOH) at room temperature. After this time, the
solubilization of the piece was visually analyzed to observe the disappearance of
the mold. The dissolved material of the mold was analyzed by *H NMR
(see Figures 4.8 and 4.9 in Chapter 4)2.

3.4.11. Extractable analysis

An extractable release study of the different types of 3D printed hydrogels was
carried out. The hydrogels were extracted at 4 °C in distilled water. The
experiments were performed by duplicate and a volume of between 20 mL and
100 mL per sample was used. The extraction was carried out for 72 h, replacing
every 24 h the distilled water to obtain 3 dilutions, which were analyzed

separately. The total concentration was obtained by adding those obtained for
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each solution. The concentration of extractables was determined using a

NanoDrop One UV-visible spectrophotometer.

The quantification of extractable (VCL and pVCL) in hydrogels that used NMP as
a solvent for their preparation and in hydrogels containing HCL(jef) as a
crosslinker, was performed by first determining the amount of VCL by measuring
absorbance at 260 nm using this calibration line: [VCL](mg-mL™*)=(AvcL(260)-
0.75)/49.41. To determine the amount of pVCL (or sol fraction) the absorbance
measurement at 205 nm was used. Since both VCL and PVCL exhibit
absorbance at 205 nm, it was necessary to determine the individual absorbances
of each. For this purpose, the absorbance of VCL at 205 nm was calculated using
the calibration line AvcL(205)=34.65-[VCL](mg-mL*)+0.65, where [VCL](mg-mL-
1) was the value previously obtained from the absorbance at 260 nm. The
absorbance corresponding to pVCL at 205 nm is given by ApvcL(205)=A(205)-
AvcL(205), and its concentration was determined using the corresponding
calibration line: [pVCL] (mg-mL™1) = (ApvcL(205)+0.4)/39.2.

For hydrogels obtained using Cyrene as a solvent in their preparation, each
hydrogel was assumed to have 10% Cyrene of the total weight. Since Cyrene
absorbs at 260 nm, the absorbance at this wavelength corresponding to VCL was
determined as follows: AvcL(260)=A(260)-Acyrene(260). Acyrene(260) was
determined from the following calibration line;  Acyrene(260) =
0.028-[Cyrene](mg-mL1)+0.0792, where [Cyrene](mg/mL) corresponds to the
10% mentioned above. In addition, Cyrene absorbs at 205 nm, the wavelength
used to determine pVCL, so: Apvci(205)=A(205)-Acyrene(205)-Avct(205).
Acyrene(205) was obtained from the calibration line; Acyrene(205) =
0.36-[Cyrene](mg-mLt) + 1.60, where Cyrene](mg-mL?) is the previously
obtained value. Avct(205) and [pVCL](mg-mL?') were determined as explained

above.

Finally, in the case of VCL hydrogels with VP it was considered that both vinyl-
lactams had the same reactivity and that the VCL/VP ratio in the extractable, as
well as the ratio of units in the sol fraction, is the same, i.e., 1 (since it is the vpp-
VCLsoVPso formulation). Therefore, the calibration lines were made with
equimolar VCL+VP mixtures, as well as with an equimolar copolymer p(VCL-co-

VP) prepared as described in section 6.2.3.2 in Chapter 6. In this case, the
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absorbance at 235 nm was used for the determination of [VCL+VP], using this
calibration line: [VCL-VP](mg/mL)=(A(235)-0.048)/34417. For the sol fraction, the
wavelength of 210 was selected, taking into account that both monomers and
copolymers presented absorption bands at this wavelength, and its concentration
was determined in a similar way as has been described above: the absorbance
of the monomers was determined using the concentration determined above and
this calibration line AvcL+vp(210)=11684-[VCL-VP](mg-mL1)-0.008. Therefore,
ApvcL-co-vp)(210)=A(210)-AvcL+vp(210), and the concentration of sol fraction was
calculated using the corresponding calibration line [poly(VP-co-VCL](mg-mL™?)=
(A(210)+0.02)/2581.1.

3.4.12. Swelling tests

Swelling tests of the VCL-based hydrogels were performed in PBS (pH=7.4).
Hydrated hydrogels were die-cut into a 7 mm diameter cylinders prior to testing.
After that, the hydrogels were immersed in 15 mL of PBS at different
temperatures (from 5 to 80 °C). The pieces were weighted at different times to
follow the swelling process. All the samples were measured by triplicate

(minimum). Swelling (S) was determined from Equation 3.2.

s=Wwiwl) (39

wD
where wS and wD are the weights of the swollen and dry systems, respectively?.

The 3D printed pieces (2.0x2.0x0.2 cm?®) were immersed in 15 mL of the
corresponding media (PBS, buffer pH 10 or 2 wt. % NaOH in water), either at
room temperature or at 60 °C. The pieces were weighted at different times to

monitor the swelling process. S was also determined from Equation 3.2.

The VPTT values were determined from the onset point at which a significant

change in the slope of the swelling ratio curve appears.
3.4.13. Mechanical tests

Two types of mechanical tests were carried out in this doctoral thesis, tensile
strength tests and compression tests. Mechanical tests on the hydrolysable
hydrogels were carried out in a "Universal testing machine”, INSTRON brand,
with Load cells of 100N, 1kN, and 5kN, depending on the material
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resistence, tensile test speed: 100 mm/min and compression test speed:

10 mm/minZ.

The size of the tensile test pieces (5 pieces for each test) was V test type of the
ASTM D638-14 (Standard Test Method for Tensile Properties of Plastics), that
is, W (Width of narrow section) = 3.18 £ 0.03 mm (0.125 = 0.001 in.), L (Length
of narrow section) =9.53+0.08 mm (0.375+0.003in.), G (Gage length)
=7.62 £ 0.02 mm (0.300 £ 0.001 in.), and R (Radius of fillet) = 12.7 £ 0.08 mm
(0.500 + 0.003 in.)2.

The size of the compression specimens (always 5 specimens for each test) was
29 cm in diameter and 12.5 cm in height. 4 sweeps were run until reaching 25%

of deformation of the pieces, following the norm UNE 53536:20011°,

The mechanical properties of VCL-based hydrogels were analysed based on
dynamic compression tests. Measurements were performed on gels hydrated at
20 °C immersed in distilled water, using a universal test system (MTS System, ®
QTestl/L Elite) in compression mode. Cylindrical samples with a diameter of 7
mm and a thickness of around 0.5 to 0.7 mm were used (hydrogels were die-cut
prior to the assay at 20 °C to ensure correct dimensions). Samples were placed
between compression plates, with the upper one being 5 mm of diameter. Each
sample was subsequently deformed to a specific compressive strain level at 0.5
mm/min. All measurements were performed in quintuplicate and analysed with a

100 N Charge Cell associated with TestWorks software.
3.4.14. Oscillatory rheology

Oscillatory rheological characterization was carried out using another strain-
controlled rheometer (Malvern Kinexus Ultra Plus Rheometer) with a parallel-
plate geometry (20 mm diameter) at a fixed temperature of 20 °C using a Peltier
temperature controller. The hydrogels were measured at a shear rate between
0.1 and 100 s. Frequency sweeps recorded at 2 Pa from 0.01 to 10 Hz. Stress
sweeps were performed from 1 Pa up to hydrogel failure at 1 Hz. For every type
of hydrogel, three measurements were performed to confirm the reproducibility

of the measurements.
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3.4.15. Conductivity tests

Electrical conductivity at room temperature was measured using a conventional
four-point probe method (Ossila, Sheffield) with a target current set in the range
between 10 and 100 pA using 10 V as the maximum voltage. The hydrogels were
cut into circles with a diameter of 8 mm and kept in water until they were
measured. The final thickness of the wet samples was then measured with a
caliper before the measurement. Electrical conductivities reported for each
polymer formulation are averages of at least three different samples.

3.4.16. Ultraviolet-visible spectroscopy

Transmittance values of hydrogels were determined in a UV-Vis SPECORD 205
spectrophotometer associated with the WinASPECT software, which was used
at a visible wavelength (600 nm) in PBS at 37 °C by triplicate. The hydrogels were
stabilized in the medium 24 h before the test to ensure a complete polymer-

medium equilibrium.

3.5. Biological characterization of the hydrogels: Cell culture on
hydrogels based on VCL-VP

3.5.1.Biological evaluation with C166-GFP cells. General overview

C166-GFP (ATCC® CRL-2583™) is a mouse endothelial cell line transfected
with GFP to achieve their constitutive expression in culture, and therefore,
autofluorescence that enables real-time monitoring via fluorescence microscopy.
Culture conditions were DMEM supplemented with 10% fetal bovine serum plus
1% antibiotics (penicillin and streptomycin sulfate). After sample esterilization,
cells were seeded on the networks with a density of 2.0 x 10 cells/cm? and
incubated at 37 °C with 5% CO2. Cells were monitored using an inverted

fluorescence microscope (Olympus IX51) with a FITC filter (Aex/Aem 488/568 nm).

For thermally induced cell sheet detachment, cell-cultured hydrogels were turned
upside down and located in new TCP wells. Subsequently, cold medium was
added to each well in order to reach T<27°C. A temperature probe (SC1,
Biocote, UK) was used to monitor this process. After 45 min, the hydrogels were

removed and samples were reincubated at 37 °C with COa.

Transplanted cells in new TCP well were monitored daily as described before.
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Metabolic activity of cell transplants was measured by Alamar Blue assay

following the manufacturer’s instructions (Biosource, CA, USA).

This approach is non-toxic, scalable, and utilizes the intrinsic reducing capacity
of living cells, providing a quantitative assessment of cell viability and cytotoxicity.
In summary, 10% of the culture volume of Alamar Blue dye was added to each
well containing viable transplanted cells and incubated for 90 minutes. Assays
were performed, on each sample type, in triplicate. The fluorescence
(Aex/Aem 535/590 nm) of each well was measured using a plate-reader (Synergy
HT, Brotek)!L.

In addition, cell proliferation has been measured through dsDNA fluorometric

guantification (FluoReporter® Blue), based on Hoechst nuclei staining.
3.5.1.1. Hydrogel sterilization and seeding

Hydrogels with a diameter of 10 mm, cutted to fit into a 12-well plate, were die-
cut in distilled water at 37° C. Subsequently, for sterilization, the networks were
first washed through three washes with 70% ethanol for 10 minutes each.
Following this step, the hydrogels underwent extensive washing three times with
PBS at pH 7.4. The samples were then irradiated with UV light for 20 minutes on
each side. Following the UV treatment, a final wash with high-glucose Dulbecco's
Modified Eagle Medium (DMEM; D6429) was performed. The samples were then
immersed in complete DMEM and incubated overnight in a cell incubator at 37
°C and 5% COs..

C166-GFP cell line, was utilized as a cytocompatibility model, and seeded as

described before.
3.5.1.2. Quantitative analysis of cell adhesion by image analysis

Focal adhesion of the cells was studied through image analysis by monitoring the
surface of the hydrogels at two different times 4 and 24 h after cell seeding.
Samples were imaged in triplicate for quadrant analysis with ImageJ software
taking five quadrant images with resolution of (x, y) = (750, 550) um. Cells were
labeled as adhered (stretched) or not adhered (rounded) according to the

displayed morphology.
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3.5.1.3. Cell sheet detachment using a controlled temperature decrease

After 48 h of cell culture proliferation, the cultures were transferred to new tissue
culture plates using a controlled temperature decrease method. First, fresh
culture medium was added to the new plate, comprising 70% of the total volume
to maintain moisture on the contact surface. Subsequently, the hydrogels were
inverted and placed onto the new plate, allowing the cell culture to contact the
surface of the well plate. The remaining 30% of culture medium was then added.
This process ensured that the samples were maintained at 15-20 °C for 40 min.
Finally, the hydrogels were removed, and the plates containing the cell

transplants were reincubated at 37 °C and 5% CO..
3.5.1.4. Cell proliferation study, quantify dsDNA. Fluorimetry assay

The quantification of double stranded DNA content of the samples was analyzed,
48 h after seeding stage using the FluoReporter® Blue Fluorometric dsDNA
Quantitation Kit (F-2962). The analysis was developed in accordance with the
kit's instructions. Briefly, the samples were frozen overnight at -80 °C.
Subsequently, they were thawed at RT and then covered with 300 pul of distilled
water to ensure complete coverage of the hydrogel layer with proliferating cells.
The plates were then incubated at 37 °C for 1 h, followed by a 20 min freezing
period and subsequent thawing at RT. For quantitative analysis, an additional
300 pL of Hoechst 33258 reagent mixed with the kit's TNE buffer in a 1:4 ratio
was added. DNA content analysis was performed in triplicate using a plate-reader

with excitation/emission wavelengths set at 346/460 nm.
3.5.1.5. Metabolic activity. Alamar Blue

Metabolic activity was analyzed using Alamar Blue assay (Biosource, CA, USA),
in accordance with the manufacturer's instructions. Widely recognized for its non-
toxicity and scalability, this method quantifies cellular reduction capacity, primarily
indicative of mitochondrial activity, and thus provides an estimate of cell viability
and cytotoxicity. The study was carried out in triplicate, with 10% of the staining
reagent added to the total volume, followed by a 90 min incubation period.
Fluorescence measurements (Aex/Aem 535/590 nm) were performed in three

independent experiments using a plate reader.
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3.5.2. Neural culture evaluation
3.5.2.1. Cell culture

To evaluate hydrogels’ toxicity and their effects on proliferation, migration, and
differentiation of neural cells, we used Neuro2a mouse neuroblastoma cell line.
Neuro-2a cells were cultured in DMEM supplemented with 10% FBS, 1% P/S,
and 1% glutaMAX at 37 °C in a humidified incubator containing 5% CO2. After 3
to 5 passages, cells were seeded on 96 or 48 well plates bearing the hydrogels
washed and sterilized as described in section 3.5.1.

3.5.2.2. Cell viability assay

The effect of hydrogels on Neuro2a viability was measured via the (4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. Briefly,
10,000 Neuro-2a cells per well were seeded on top of the hydrogels in 96-well
plates in a 10-20 uL drop, left for 10 min to adhere to the hydrogel, and then 100
ML of the culture medium was added. After 48 h, the hydrogel and the culture well
were separately incubated with 0.5 mg/mL of MTT reagent (Sigma-Aldrich) for 1
h at 37 °C and solubilized with 100 pL of hydrochloric acid 0.1 M diluted in
isopropanol for 20 min shaking at RT. Finally, absorbance at 570 and 660 nm
was determined using a plate reader luminometer (Infinite M200, Tecan Group
LTD. Mannendorf, Switzerland). Analyses were replicated in two independent

experiments.
3.5.2.3. Video Time Lapse analysis of proliferation, differentiation, and migration

20,000 Neuro2a cells per well were seeded on top of the hydrogel in 48 wells
culture plates, followed by the addition of the culture medium. After allowing them
to adhere for 4 h, they were taken to a Leica DMI6000B automatic inverted
microscope prepared for Video Time Lapse (temperature and humidity
maintenance, motorised stage) and equipped with a Leica DFC 350 FX ultra-high
sensitivity monochrome digital camera. The system was scheduled to capture
images every 20 minutes for 48 hours at 5 positions in each well. As a result, 725
images were taken for each hydrogel-bearing well using a 20X objective (HCX
PL FLUOTAR 20x/0.40 CORR PH). One additional well without hydrogels was

also seeded and imaged as a control. The resulting images were analyzed using
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FIJI 2.14.0 software (Schindelin et al., 2012), following the evolution of selected

cell clusters over 48 h and assessing their morphology throughout the process.
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Chapter 4. High-resolution molds, sacrificial in aqueous

media, obtained by vat photopolymerization 3D printing

4.1. Introduction

Currently, a myriad of vat photopolymerization (VPP) resins are available, which
allow for printing materials with variable properties, ranging from elastic/flexible
to tough or stable at high temperatures. However, as far as we know, there is a
pending need to develop VPP resins that enable the preparation of sacrificial
parts. Up to date, all the final models printed by VPP result in non-reprocessable
and non-soluble materials. In contrast to VPP, this type of sacrificial materials has
homologs in FDM, i.e., high impact polystyrene (HIPS), soluble in limonene, and
poly (vinyl alcohol), (PVA) soluble in water?. These materials have been widely
used for the fabrication, for instance, of supports or molds that need to be
removed after use. However, the poor x-y resolution of FDM limited by the nozzle
diameter (in the range of 200-400 microns) produces low-quality molds in
comparison to VPP3, Therefore, taking into account the high precision of VPP, it
would be highly desirable to provide resins that can be employed for the
fabrication of high-resolution sacrificial molds. It is worth mentioning that those
(permanent non-sacrificial) molds made with VPP do not allow for the fabrication
of intricate structures because they need to be integrally removed once the part
has been fabricated. In this sense, sacrificial molds will significantly improve the

complexity of the structures that could be produced.

In VPP processes, a minimum amount of crosslinkers is required to obtain pieces
with a suitable resolution and desirable mechanical properties. Indeed, VPP
resins are usually formulated with a high content of multifunctional crosslinkers
to form stable non-swellable structures, that is, covalently linked polymer
networks that remain unaltered during the lifetime of the 3D printed object. Based
on this requirement, it is hypothesized that the design of sacrificial printed parts
in VPP can be based on the use of labile crosslinkers. In this manner, the resin
would comprise enough crosslinker for printing, with a minimum required for good
definition and mechanical properties, but the printed part could be sacrificed by
breaking the labile crosslinker’s bridges, thus converting the polymer network into

soluble polymer chains. If the crosslinker is hydrolysable, like those used in this
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work, the printed part will be sacrificial in water, a non-toxic and ubiquitous

solvent, which is attractive toward its commercial implementation.

Based on our previous experience*®, in this work methacrylic crosslinkers
containing hydrolysable B-amino esters were employed, which can satisfy the

aforementioned needs.
4.2. Results and discussion

The strategy employed to fabricate 3D printed pieces (sacrificial in aqueous
media) is illustrated in Figure 4.1 using representative structures of the
components used in the formulations of the photopolymerizable resins developed
in this work. In this study, the key components are a hydrolysable crosslinker
such as HCL(jef), carrying a jeffamine-derived spacer and f-amino ester bonds
activated for hydrolysis, and hydrophilic monofunctional monomers (in this case
PEGMEA) that allows for tuning the characteristics of the resin and, in turn, of the
printed piece and eventually of the hydrolytic process.
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monofunctional monomer,
PEGMEA
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Figure 4.1. Strategy to prepare sacrificial (in water) 3D printable polymeric materials
illustrated for resins containing HCL(jef) as hydrolysable crosslinker and PEGMEA as
monofunctional monomer. After polymerization (3D printing), a polymer network is
obtained, which is sacrificial in basic water because the crosslinking bridges are

hydrolysable thus leading to soluble linear chains.
4.2.1. Synthesis of hydrolysable crosslinkers

A generic route to obtain methacrylates bearing hydrolysable side chains by

means of a Michael addition of amines on asymmetric acrylic structures
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comprising simultaneously methacrylate and acrylate groups has been previously
reported by our group*®. This route takes advantage of the very high selectivity
of the reaction towards the acrylate group. The obtained methacrylates bear f-
amino ester groups in their side chain, which are known to have a high activation
towards hydrolysis®’. A similar route was devised in this work, to obtain a
dimethacrylate containing f-amino esters in the spacer moiety, by Michael
addition of diamines to 3-(acryloyloxy)-2-hydroxypropyl methacrylate (also called
1-(acryloyloxy)-3-(methacryloyloxy)-2-propanol), (1), as asymmetric structure, in
a 1:2 molar ratio. Diamines only react with the acrylate group. This route has been
previously described to prepare crosslinkers for different applications (neither for
3D printing purposes nor for sacrificial purposes)°. Jeffamine ED-600 (2) and
piperazine (3) were selected as diamines, to obtain the structures shown in
Figure 4.2, which are denoted as HCL(jef) and HCL(pip) (HCL, stands for

hydrolysable crosslinkers).

:
o)
A o oJ'L(
o o
\rH‘L /\O:\ ’\!)H/\
Jeffamine 600, x+z=3.6; y=9.0
(2) HN o 0/\)—@ nH, | MW=600, approximate molecular weight
2 y 37 °C, AcOH, overnight
o o]
~ (1
\[HL“Y\"’U\’ ™)
OH

Piperazine
37 °C, AcOH, overnight J AH (3)

v

Yo AT

Figure 4.2. Synthetic procedure to obtain the hydrolysable crosslinkers HCL(jef) and

HCL(pip), by using two different diamines. The colors in this figure are related to Figure
4.1.

It is worth mentioning that this reaction proceeded quantitatively, from relatively
cheap commercial chemicals, and without the use of solvents allowing for the use

of the reaction product, without needing for further purification. These
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characteristics of the reaction make them very promising for future scalability

purposes in resin preparation.

4.2.2. Initial tests and adjustments using a binary system comprising HCL
and PEGMEA

To impart versatility to the range of final properties, the photocurable resin can
be formulated by incorporating, in addition to HCL, other monofunctional
monomers in different weight ratios. Properties such as the resin viscosity,
mechanical properties of the printed part or water solubility after hydrolysis, can
be modulated by a correct choice of these components, as well as the weight
ratio of the different precursors. Taking into account that many of the commercial
LCD/DLP resins use precursors derived from poly ethylene glycol (PEG) such as
PEG-based acrylates or crosslinkers!®!l, PEGMEA has been initially selected as
monofunctional monomer, to be combined with HCL in different HCL/IPEGMEA
weight ratios. It should be noted that jeffamine is also a PEG-related structure. In
the context of our design, PEG-based chain segments will ensure negligible
toxicity and will favor the solubility in water of the final residual chains. It must be
noted that, after photopolymerization and the formation of the polymerized
crosslinked solid part, the hydrolysis of the two synthesized crosslinkers yield
glycerol methacrylate type units (see final blue structure in Figure 4.1).

Formulations with different HCL/PEGMEA weight ratios were prepared, and the
influence of this composition ratio on the printability and properties of the printed
pieces was studied. The resins have been labeled as HCL(abc)xPEGMEA100-x,
with abc being jef or pip, and X the weight percentage of HCL in the formulation

of the photopolymerizable resin.
4.2.2.1. Analysis of the VPP printability of HCL/PEGMEA resins

In a first series of experiments, a rheological study was carried out to measure
the viscosity of the photosensitive resins as a function of the shear rate. The

results are summarized in Figure 4.3.
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Figure 4.3. Viscosity values as a function of shear rate and a) HCL(jef)/PEGMEA ratio,
b) HCL(pip)/PEGMEA ratio.
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According to our findings, all the resins showed a Newtonian behavior. It was
observed that an increasing proportion of HCL in the mixture produces
photopolymerizable resins with higher viscosity. Particularly interesting is the
resin comprising exclusively HCL where the viscosity of HCL(pip)100PEGMEAo is
more than an order of magnitude higher than that of HCL(jef)100PEGMEAuo.
Representative viscosity values obtained for a shear rate of 1 s are depicted in
Figure 4. Low viscosities are known to be required for VPP printing'23. Within
the exception of the 100-0 systems prepared using both hydrolysable crosslinking
agents, i.e., (HCL(jef)100PEGMEAo and HCL(pip)i0o0PEGMEAo0) and
HCL(pip)7sPEGMEA2s, the viscosities of the resins were determined to be less
than 1 Pa-s. It is worth mentioning, that according to previous literature, resins
with lower ratios of HCL have viscosities close to or even less than 0.1 Pa:s,

which are highly suitable values for DLP/LCD printing*4.

10
1—
10" —+— HCL(jef)
—O— HCL(pip)
m
g
< 10 S
f:
?
2
10™ 4
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0 20 40 60 80 100

wt. % HCL(abc)

Figure 4.4. Viscosity values for a shear rate of 1 s* for the different HCL/PEGMEA ratios.
Error bars are contained inside the symbols (indicating a narrow data dispersion), hollow

points are used to enable the error visualization.

In summary, resins with HCL weight percentages of 45 and lower presented

appropriated viscosities for printing. In view of these results, and the interest in
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using the lowest possible amount of HCL in the formulation of the resin for
scaling, printability and characterization tests of the printed pieces, this study was
carried out with photopolymerizable resins with HCL wt. % of 45 or lower. It is
worth mentioning that a minimum of 20 s of exposure time in each layer was
required to allow for the photopolymerization to proceed in order to ensure the
correct anchoring of the 3D printed part onto the fabrication platform. Printability

of each resin was tested using a rather simple printing design (2.0x2.0x0.2 cm?,

see Figure 4.5a).

Figure 4.5. (a) Printed specimen prepared in this study: 2.0x2.0x0.2 cm? (left image). (b)
and (c) samples for compression and tensile tests (center and right images respectively).
The dimensions of the last two specimens are described in the Experimental Section.

According to previous studies, the photoabsorber Sudan | was added at 1.35 wt.
%, to limit the UV-light penetration'®. In those cases where Sudan | was not used,
pieces with a poorer resolution were obtained (see Figure 4.6). The optimized
printing parameters are described in the Experimental Section. As mentioned in
this Section, the Zortrax Inkspire (LCD 3D printer) was used, but in the first tests
it was found that with other LCD 3D printers such as the Creality LD-002H and

LD-002R, the same result was achieved, confirming the universality of the resin.

AccV SpotMagn Det WD Exp ——— 2mm AccV SpotMagn Det WD Exp p—mo—
250kV 30 10x SE 302 1 250kV 30 10x SE 302 1
»

Figure 4.6. SEM images of a piece printed from resin without UV absorber (left) and a
piece printed from resin with UV absorber (Sudan I, right).
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From these experiments, it could be concluded that the minimum amount of HCL
necessary for DLP/LCD printing with these resins, to achieve minimum printability
and workability, was 15 wt. % (pieces were not correctly formed below this
content). This cutoff percentage is in good agreement with other previous
studies!®20. The rest of the resins with percentages of HCL higher than 15% by

weight could be equally properly printed.

In addition to the amount of crosslinking, another critical aspect is to check the
complete light-curing of the resin after 3D printing. To address this aspect FT-IR
analysis was carried out (Figure 4.7) for the resin and a printed and post-cured
piece (30 min, RT). As can be observed, the signals of the polymerizable double
bonds within the interval 1675-1600 cm range disappear, which confirms the

complete polymerization of the resin upon post-curing.
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Figure 4.7. FT-IR spectra of the ink and of a printed and post-cured part of
HCL(jEf)15PEGMEA85.

4.2.2.2. Properties of parts 3D printed using HCL/PEGMEA resins

The sacrificial character of these 3D printed samples obtained in dimensions 2.0
X 2.0 x 0.2 cm?® was preliminarily tested by immersing them in agueous basic
medium (NaOH 2 wt. %). In all cases, the samples were solubilized overnight at

room temperature. The solubilized structures were further characterized by *H-
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NMR spectroscopy. The spectrum obtained was consistent with the proposed

mechanism (see Figure 4.8 and Figure 4.9).

o N

5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5
f1 (ppm)

Figure 4.8. *H NMR of the solution resulting from the hydrolysis of HCL (jef)1sPEGMEAgs

in basic water.

This spectrum is consistent with the proposed degradation mechanism (see
Figure 4.9). There is a main polymeric residue very rich in PEGMEA units. The
wide and more intense signals centered on 3.62 and 1.51 ppm correspond
respectively to the protons of the O-CH2-CH2-O and -CH2- chain of such
PEGMEA units. O-CHs is also observed at 3.35 ppm. Signals at 4.2 ppm are also
observed that can be assigned to the residual glycerol carrier unit, as well as the
a-CHs of the methacrylic structure (splitted wide signals in the range of 0.7-0.9
ppm). In the spectrum, there are also signals that can be assigned to the
dicarboxylic residue derived from Jeffamine, such as the 2.29 ppm signal that can
be assigned to the NaOOC-CHz-, or the well-defined signals in the 0.9-1.1 region,
which can be assigned to the different -CHs of the residue (contained both in the
polymer chain and the crosslinking agent). It should be noted that these signals
are well defined, what confirms that it is a non-polymeric residue. In addition, the

integrals of the signals are consistent with the compositions of the system.
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x+z=3.6: y=9.0

o

NaOH, H20

—_—

Figure 4.9. Hydrolytic mechanism of the HCL(jef)xPEGMEA100-x System.

Interestingly, a reference network prepared by substituting HCL (jef) by the stable

crosslinker PEGDMA did not solubilize after 24 h, but instead became a swollen

network (See Figure 4.10).

Figure 4.10. Photograph of a reference sample after 24 hours in basic water: in this

reference sample HCL(jef) has been replaced by polyethylene glycol dimethacrylate
(PEGDMA) in the same percentage by weight (15%).

110



Chapter 4

Provided the fabrication conditions as well as the solubility of the resin in basic
conditions, the printed parts obtained from these resins were mechanically
characterized by both tensile and compression tests (photographs of the
specimens are shown in Figure 4.11 and Figure 4.5). Table 4.1 shows the
mechanical characteristics of the 3D printed materials obtained using both
crosslinking agents. According to the results summarized in Table 4.1 and Figure
4.11, the higher the amount of HCL the higher the mechanical strength, being the
HCL(pip) system less brittle than the HCL(jef) one. For both families, higher HCL
content, leads to photopolymerized parts with higher modulus, although low
values can be considered (in the interval of 1-16 MPa). It is observed that, for the
same HCL wt. %, the HCL(pip) family shows a higher modulus (both Young's and
compression) than the HCL(jef) family. Most probably, this difference is related
to the fact that HCL (jef), being longer (higher molar mass) than HCL(pip), leads
to less molar crosslinking density than HCL(pip) for photopolymerizable resins
with a similar weight percentage. It is interesting to note that when comparing
systems of both families with similar molar crosslinking, the moduli are closer
(i.e., HCL(jef)soPEGMEA70 as compared to HCL(pip)isPEGMEAss, or
HCL(jef)asPEGMEAss as compared to HCL(pip)s:oPEGMEA7o, see Table 4.1). 3D
printed parts using both crosslinking agents are rather brittle, showing values of
deformation at break, in tension tests, in the order of 5%. The values of stress at
break are higher in the HCL(pip)PEGMEA system, and in both cases, it increases
with the amount of HCL, which is in good agreement with the results obtained in
the tensile strength tests. The compression measurements, recorded up to 25%
of deformation, also ended up breaking the tested 3D printed specimens. In any
case, the HCL(pip) based 3D printed parts were slightly stronger than those
prepared using HCL(jef), and required higher loads to break as shown in Figure

4.11 and summarized in Table 4.1.

111



Chapter 4
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Figure 4.11. Tensile (a) and compression (b) results of HCL(abc)xPEGMEA100-x as a
function of the HCL (abc) content in the resin.
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Table 4.1. Data of the HCL(abc)xPEGMEA100-x Systems. Data are plotted in Figure 4.11.

Chapter 4

HCL % Tension Compression Sacrificial ??
. , Compression :
Label Strain Maximum Maximum
Wt. | Mol E (MPa) break (%) Load (N) K (MPa) StreSZS()<J(A>MPa) Load (N)
HCL (jef) HCL (jef)
HCL(jef)1sPEGMEAgs** | 15 | 7.5 | 1.74+£0.09 | 5.78 £ 0.49 | 0.97 £ 0.07 1.61+£0.09 | 0.34+0.12 393+19 Yes
HCL(jef)30PEGMEA7*** | 30 | 16.7 | 3.72+0.31 | 5.54+0.52 | 2.00+ 0.51 436+0.12 | 0.55+0.17 662 + 37 Yes
HCL (jef)4sPEGMEAss 45 | 276 | 6.35+0.16 | 5.70+£0.44 | 2.95+0.31 5.41+0.40 | 0.57+0.02 9375 Yes
HCL (pip) HCL (pip)
HCL(pip)i1sPEGMEAgs*** | 15 | 14.1 | 3.21+0.08 | 6.30+0.42 | 1.75+0.18 2.77+0.16 | 0.34+0.05 449 + 29 Yes
HCL(pip)s:o)PEGMEA7* | 30 | 28.6 | 8.78 +0.26 | 4.33+0.34 | 2.91 + 0.67 6.28+0.25 | 0.49+0.06 1342 £ 51 Yes
HCL(pip)ssPEGMEAss | 45 | 43.3 | 16.4+0.05 | 5.73+0.63 | 6.68 + 0.60 16.4+0.7 2.71+0.17 | 3051+141 Yes

a) Immersion in basic aqueous media (NaOH 2 wt. %). All samples were solubilized overnight.

* Successfully tested as molds to prepare PCL screws (according to section 4.2.5).
** Successfully tested as molds to prepare PCL and silicone screws (according to section 4.2.5).

*** Successfully tested as molds to prepare PCL, silicone, and hydrogel screws (according to section 4.2.5).
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4.2.3.Evaluation of other HCL(jef)-based photopolymerizable resins.

Modulation of the properties of the printed parts

The HCL(abc)xPEGMEA100-x systems studied in the previous section have
shown to be perfectly printable, although the printed parts showed low moduli
(they exhibited some flexibility) and limited deformation before breaking. An
optimization of the properties of the printed parts was addressed through the
evaluation of other monofunctional monomers and combinations of them. For this
purpose, HCL(jef) was selected as crosslinking agent and, thus, incorporated in
the formulations in a fixed wt. percentage of 15% (minimum crosslinking required
for printability). It is worth mentioning that a lower content of HCL (jef) will favour
subsequent hydrolysis since the system will swell to a higher extent and the
crosslinking density will be lower. HCL (jef) was chosen because the properties of
HCL(jef)1sPEGMEAss and HCL(pip)1sPEGMEAss are similar.

As alternative monofunctional monomers to PEGMEA the selected monomers
were: HEA, CEA, and MAA (see structures in Figure 4.12). A study on the
preparation of resins with 15 wt. % HCL (jef) and different combinations of HEA,
CEA, and/or MAA has been carried out in two stages: binary and ternary
formulations, that is, first analysing the effect of each monomer separately and
secondly evidencing the possibility of modulating the properties by using mixtures

of two different monomers.
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Figure 4.12. Viscosity values as a function of shear rate for the HCL(jef)1sPEGMEAss,
HCL(jef)1sHEAgs, HCL(jef)1sCEAss, and HCL(jef)1sMAAgs resins. Error bars are contained
inside the symbols, hollow points are therefore used.

4.2.3.1. Design and evaluation of HCL(jef)-based binary photopolymerizable

resins

In a first series of experiments, binary resins were prepared containing, in addition
to 15 wt. % of HCL (jef), one of the four selected monomers. These binary systems
were labeled as HCL(jef)isPEGMEAss, HCL(jef)1sHEAss, HCL(jef)1sCEAss, and
HCL(jef)1sMAAss. HEA was selected as a low molecular weight model of
PEGMEA, for two reasons: on one hand, for the selected fixed HCL(jef) content
of 15 wt. %, the monofunctional monomer size will define the crosslinking molar
density, i.e., monomers with higher molar masses will result in higher crosslinking
molar density. Thus, the HCL(jef)1sPEGMEAss and HCL (jef)1sHEAss correspond
to molar ratios of 7.5/1 and 1.9/1 respectively. This difference in crosslinking
density will have a great influence on the final properties of the printed parts, as
already indicated by the comparative analysis of HCL(jef) and HCL(pip)
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described in section 4.2.2. On the other hand, HEA, compared to PEGMEA, leads
to polymer chains with a higher glass transition temperature (Tg). Thus, the Tg of
PEG-(meth)acrylate type homopolymers has been reported to be around -70 °C
(which is in agreement with the flexible nature of the HCL(jef)1sPEGMEAss
samples)?!, whereas that of poly-HEA is around -2 °C?223, Therefore, CEA and
MAA were selected as precursor monomers for polymers with higher Tg values
of 30 and 228 °C, respectively?*. Therefore, a range of polymer precursors with
increasing values of Tg was employed in this study. It was expected that the
rigidity and strength of the printed parts can be controlled with this selection.
Furthermore, CEA and MAA are ionizable moieties and are expected to facilitate

the dissolution process (involving both swelling and hydrolysis).
4.2.3.1.1. Analysis of the VPP printability of HCL(jef)-based binary resins

Once the rationale behind the selection of the monomers was provided, the resins
were rheologically evaluated to analyse whether the viscosities of the resins
remain suitable for printing when exchanging PEGMEA by other monomers.
Figure 4.12 shows the viscosity values as a function of the shear rate for the 4
systems. It is observed that all the photopolymerizable mixtures have Newtonian
behaviours and, except for the HCL(jef)1sCEAss system, presented viscosities
below 0.1 Pa:s. The viscosity of the HCL(jef)1sCEAss system, though somewhat
higher (close to 0.5 Pa-s), also proved suitable for printing.

4.2.3.1.2.Properties of parts 3D printed using HCL (jef)-based binary resins

All formulations could be printed using the conditions selected in section 4.2.2
and the resulting 3D printed parts could be solubilized overnight at room
temperature in basic aqueous media. For the mechanical characterization of the
resulting printed materials, specimens for compression and tensile tests were
printed and evaluated (see Figure 4.5). The simple handling of the parts already
showed clear differences: the HCL(jef)1sPEGMEAss system, as described above,
gave rise to somewhat brittle printed parts. Moreover, as will be discussed, the
3D printed parts containing HEA and CEA exhibited improved mechanical
properties. As a result, stronger, either elastic or flexible printed parts with
different degrees of strength (CEA derivatives stronger than HEA derivatives)

(Figure 4.13) can be obtained from the HEA and CEA systems. Finally, systems
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containing MAA gave rise to very rigid parts. These differences in the values of
the mechanical properties are shown in Figure 4.13 and Table 4.2. The Young's
and compression modulus of the pieces obtained from the resins containing
PEGMEA and HEA are one or two orders of magnitude lower than those of the
pieces obtained with resins containing CEA and MAA, respectively. The strain at
break (%) data of the elastic HCL(jef)1sHEAss systems are much higher than
those obtained with the HCL (jef)1sPEGMEAss pieces, which is in good agreement
with the greater fragility of these last pieces. Systems containing HEA give rise
to 3D printed parts with higher modulus and less brittleness than pieces
containing PEGMEA, what can be associated to the difference in crosslinking
molar density, which is more than three times higher for the HCL(jef)1sPEGMEAss
system than for HCL(jef)isHEAss. The pieces of the HCL(jef)1sCEAss system,
which are also elastic, have even higher strain at break values (~142%) for
maximum load than HCL (jef)1sHEAss (~38%). The parts of the HCL(jef)1sMAAss
system hardly deform before breaking at higher loads than any other system,
which is indicative of the aforementioned high rigidity. Compression data at 20%
deformation for the HCL(jef)1sCEAss and HCL(jef)1sMAAss systems were not
included because the maximum load of the apparatus (5000 N) was reached

before reaching that percentage of deformation.
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Figure 4.13. Mechanical characteristics of the 3D printed specimen resulting from
tensile-strain tests for the following systems: HCL(jef)1sPEGMEAgs, HCL(jef)1sHEAss,
HCL(jef)15CEA85, and HCL(jef)15MAA85.
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Table 4.2. Data of the binary systems.

Tension Compression
Label i | el Elongation | Maximum Compression | ;- imum -55% Sacrificial ??)
% % E (MPa) (%) Load (N) K (MPa) stress Load (N) (°C)
. (MPa) 20%
HCL (jef)1sPEGMEAss** | 85 | 92.5| 1.74+0.09 | 5.78 +0.49 | 0.97 £ 0.07 1.61 £ 0.09 34+12 393+19 202 Yes
HCL (jef)1sHEAgs** 85 198.1]259+£0.22 | 38.3+4.7 | 9.05+0.93 2.81+£0.18 55+17 467 + 33 228 Yes
HCL (jef)1sCEAss* 85 |97.6 | 121+17 | 142+21 | 50.2+5.9 93.2+11.3 a) a) 183 Yes
HCL(jef)1sMAAss* 85 | 98.6 | 2200 + 403 | 0.01+0.01 | 308 £ 20 218 + 4 a) a) 217 Yes9

a) The maximum load of the apparatus (5000 N) was reached before reaching 20% of deformation.

b) Immersion in basic aqueous media (NaOH 2 wt. %). All samples were solubilized overnight.

¢) The agqueous solution remains as a gelatinous liquid, indicative of a very poorly crosslinked gel.

* Successfully tested as molds to prepare PCL screws (according to section 4.2.5)

** Successfully tested as molds to prepare PCL and silicone screws (according to section 4.2.5).
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Since the systems prepared herein are intended to be used as sacrificial molds,
it is interesting to analyse the thermal stability of the 3D printed parts, so that a
thermal range can be established for a specific application. Printed samples were
characterized by TGA. From the thermograms (Figure 4.14), the values of Tsw,
that is, the temperature at which the sample has lost 5% of its mass, were
determined and collected in Table 4.2. This temperature has been used as the
temperature where degradation begins. It can be seen that all the systems remain
stable up to ~180 °C with some differences depending on the employed
monomer. Whereas the HCL(jef)1sCEAss system can be used below 183 °C, the
other systems can be used at temperatures around 200 °C for
HCL(jef)1sPEGMEAss and up to 220 °C for HCL (jef)1sHEAss and HCL(jef)1sMAAss
(see Table 4.2. Data of the binary systems.).
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Figure 4.14. Thermograms of the different binary systems investigated using HCL (jef)
as crosslinking agent and the monomers PEGMEA, HEA, CEA, and MAA.
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4.2.3.2.Incorporation of two  monofunctional monomers to the

photopolymerizable resin. HCL (jef)-based ternary systems

The study of binary systems depicted above evidenced that the mechanical
properties of the printed parts can be modulated, at least to a certain extent, by
combining HCL(jef) with different monofunctional monomers with variable side
chain lengths and hydrophilicity/charge. As described above, printed parts with
Young's modulus of 1.74, 2.59, 121, and 2200 MPa were obtained by using
photopolymerizable resins comprising HCL(jef) and PEGMEA, HEA, CEA, and
MAA respectively. Whereas the parts fabricated using PEGMEA were fragile,
those obtained with MAA were very rigid. Moreover, the HEA and CEA systems
made it possible to print robust parts with different degrees of flexibility (the HEA
system being more flexible than the CEA system). In this context, more
continuous or finer modulation of the properties can be achieved by using ternary
systems, i.e., elaborating photosensitive resins comprising HCL(jef) (fixed at 15
wt. %) and dual combinations of the four monofunctional monomers in different
ratios. For clarity purposes, the possible combinations have been restricted to
HEA-based ternary systems with different wt. % of HEA and the third component
selected from PEGMEA, CEA, or MAA, see Table 4.3. The rationale behind this
selection relies on the fact that HCL(jef)1sHEAss is the binary resin with the lowest
viscosity (see Figure 4.12), and the expected contribution of HEA to the
improvement of the thermal stability, robustness, and flexibility, as well as to its
homology with PEGMEA. Thus, in systems with CEA and MAA, it is expected
that the ternary combinations will lead to parts with gradual Young modulus from
highly rigid systems with only MAA to highly flexible and robust systems with only
HEA, through systems with intermediate flexibility and very robust with only CEA.

The PEGMEA system has been included for comparative purposes.

The ternary systems have been therefore labeled as HCL (jef)1sHEAxmonomerss-
x, where monomer is PEGMEA, CEA, or MAA, and X is the weight percentage of
HEA (0 < X < 85).
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Tension Compression
Wt. %2 el . . Compression . Ts% o
Label molar . Sacrificial??)
% E (MPa) EIon((g;()z;non l\(lj);(;n(uNr;I K(MPa) streszsoo(/I(:/IPa) '\I/I_?;?(UNT (°C)

85-0** 1.9 259+0.22 | 383+4.7 | 9.05+0.93 2.81+0.18 55+ 17 467 £ 33 228 Yes

60-25*** 2.4 2.52 +0.03 26.0+1.1 4.82 £0.22 2.60+£0.17 56 +4 453 £ 28 271 Yes

HCL(jef)1sHEAXPEGMEASss-x 40-45 3.2 1.94 +0.20 19,0+ 3.2 3.04 £ 0.49 2.28 +0.20 47+ 4 444 + 31 261 Yes
20-65 4.4 1.87+£0.09 | 13.3+21 | 2.10+0.29 2.27 £0.01 43+1 421 + 22 264 Yes

0-85** 7.5 1.74+£0.09 | 5.78+£0.49 | 0.97 £0.07 1.61 +0.09 34+12 393+19 202 Yes

85-0** 1.9 2.59 +0.22 38.3+4.7 9.05 £ 0.93 2.81+£0.18 55+17 467 £ 33 228 Yes

60-25 2.0 7.52 +1.87 44.1+£0.1 128+1.0 26.6 + 2.3 351 £ 67 4055 £ 740 196 yes

HCL(jef)1sHEAxCEAss-x 40-45** 2.1 100 + 22 64.1+ 3.5 155+54 64.2 + 8.2 c) c) 195 Yes
20-65 2.2 107 £13 103 +10 26.4+7.3 86.6 + 9.3 c) c) 190 Yes

0-85* 2.4 121 +17 142 + 21 50.2 +5.9 93.2+11.3 c) c) 183 Yes

85-0** 1.9 259+0.22 | 38.3+4,7 | 9.05+0.93 2.81+0.18 55+ 17 467 £ 33 228 Yes

60-25 1.7 50.9+9.7 3.05+0.32 29.3+1.8 75.9+2.0 c) c) 201 Yes

HCL(jef)1sHEAxMAAss.x 40-45** 1.6 1019 +122 | 0.15+0.02 104 + 8 d) d) d) 195 Yes
20-65 1.5 1642 +221 | 0.07+£0.01 221 +16 d) d) d) 224 Yes
85-0* 1.43 2200+403 | 0.01£0.01 308 + 20 d) d) d) 217 Yes®)

a) HEA-PEGMEA, HEA-CEA or HEA-MAA wt. % for a fixed wt. % of HCL(jef) of 15.

b) Immersion in basic aqueous media (NaOH 2 wt.%). All samples were solubilized overnight.

¢) The maximum load of the apparatus (5000 N) was reached before reaching the 20% of deformation.

d) Data not shown because experiment reached 5000 N at deformations below 3%.

e) The aqueous solution remains as a gelatinous liquid, indicative of a very poorly crosslinked gel.

* Successfully tested as molds to prepare PCL screws (according to section 4.2.5).

** Successfully tested as molds to prepare PCL and silicone screws (according to section 4.2.5).

*** Successfully tested as molds to prepare PCL, silicone, and hydrogel screws (according to section 4.2.5).
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4.2.3.2.1.Analysis of the VPP printability of HCL(jef)-based ternary resins

The rheological study confirmed that all the ternary resins show a Newtonian
behaviour, and that the viscosity values obtained are intermediate between the
values of the binary systems, being dependent on the composition (see Figure
4.15). Of interest is the variation of the viscosity in the system
HCL(jef)isHEAxCEAss-x, from 0.5 Pa-s. of the resin with only CEA
(HCL(jef)15CEAss) to values close to 0.01 of the system made of only HEA
(HCL(jef)1sHEAss; please note that the Y-axis is displayed as a logarithmic scale).
Taking into account the background of the study of binary systems (section
4.2.3.1), it can be considered that all resins have appropriate viscosities for
printing. This was further confirmed by printing all of them into stable pieces
(2.0x2.0x0.2 cm?). It also should be mentioned that the explored compositions
did not significantly affect the solubilization process and, therefore, all samples

were solubilized overnight at room temperature in basic aqueous media.
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Figure 4.15. Viscosity values for a shear rate of 1 s for the different resins. Please note
that the wt. % of HCL is always 15%. Error bars are contained inside the symbols, hollow

points are therefore used.
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4.2.3.2.2.Properties of parts 3D printed using HCL(jef)-based ternary resins

The 3D printed parts obtained with the different systems were thermally and
mechanically characterized by TGA, tensile, and compression tests respectively
(specimens were prepared according to the Experimental Section and Figure
4.5). The mechanical properties of the different systems obtained from the
tensile-strain tests have been depicted in Figure 4.16. Upon thoroughly analysing
system by system, it is possible to evidence that in HCL(jef)1sHEAXxPEGMEAsgs-x
an increase in the flexibility of the printed materials is observed in the
photopolymerizable resins with higher HEA content. As described before, the
HCL(jef)1sPEGMEAss binary system is very brittle, breaking at 5% strains with
very low load (0.97 N), while HCL(jef)1sHEAss is significantly more flexible and
elastic, breaking at 38% strain and under load one order of magnitude higher (9
N, also low). Systems with both components show intermediate and
compositionally correlative properties, being the compositions close to
HCL(jef)1sHEAss eligible for their use as molds according to their resistance. The
differences associated with the composition must be ascribed, at least in part, to
the change in the molar crosslinking density, which progressively decreases with

increasing amount of HEA.
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HCL(jef),sHEAPEGMEAgs « HCL(jef)1sHEACEAgs HCL(jef);sHEAMAAgs

Modulus (MPa)

Max. Load (N)

Strain Break (%)

0 20 40 60 80 20 40 60 80 ’ 20 40 60 80
wt. % HEA wt. % HEA wt. % HEA

Figure 4.16. Parameters from tensile tests of ternary systems as function of the HEA
content.

Regarding thermal stability (Figure 4.17a, b, and c), ternary systems have shown
significantly higher stability than the binary controls, and can be used up to
temperatures of 260-270 °C. This unexpected increase in the thermal resistance
still requires further investigation but nevertheless will allow for their use in a

larger range of temperatures.
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Figure 4.17. Thermograms of a) HCL(jef)1sHEAXPEGMEAgs.x, b) HCL (jef)1sHEAxCEAss.
x, and c¢) HCL(jef)1sHEAxMAAss.x respectively.

The HCL(jef)isHEAXCEAy system is flexible and elastic in all compositions.
Nevertheless, an increase in the molar amount of CEA produced parts with
improved modulus, improved deformation capacity before breaking (it is more
elastomeric) and, therefore, the load at break increases. Intermediate
compositions have intermediate properties correlated with the composition. The
thermal stability of these series of resins presented maximum temperatures of

use of around 190 °C.

Finally, 3D printed parts fabricated from HCL(jef)1sHEAxMAAss-x ternary
photopolymerizable resins were, in comparison with the previous systems, rather
rigid. More precisely, moduli of the parts were -independently of the material
composition- near the binary control HCL (jef)1sMAAss and above 1 GPa. These
materials are brittle, they break at minimal deformations, although they require

very high loads to do so. The thermal stability is similar to the binary controls.
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A global analysis indicates that it is possible to modulate the mechanical
properties  of
(HCL(jef)1sHEAXCEAss-x system), to very rigid parts (MAA-rich formulations in the

printed parts, from elastic and highly flexible parts
HCL(jef)isHEAxCEAss-x system), and therefore robust flexible and rigid parts can
be manufactured. All materials can be used at temperatures below 180 °C. If
higher temperatures are required, there are options to select materials with

ranges of use up to 270 °C.
4.2.4.Dimensional accuracy analysis

We have carried out dimensional measurements on cylinder-type representative

samples, printed from the digital design mentioned in Table 4.4. The
measurements have been made in triplicate. It can be seen that in most cases,
the dimensional accuracy is excellent. Only in the pieces that contain CEA is a
small deviation observed. This behavior may be related to the measurement
method and the high elasticity of CEA derivatives, which may make the

measurement less reliable.

Table 4.4. Dimensional accuracy data.

Cylinders Screw’ molds
Diameter Height Thread pitch
DlmenS|on§ frpm the digital 29.00 12.00 200
esign
Label M_easured Mea_sured Measu_red
diameter height thread pitche
HCL (jef)1sPEGMEAgs 29.01 +0.01 12.50 £ 0.01 n.d.
HCL(pip)ssPEGMEAss 29.05 + 0.02 12.50 £ 0.01 n.d.
HCL (jef)1sHEAgs 29.00 + 0.01 1251 +0.11 2.00 + 0.04
HCL(jef)1sCEAss 28.69 + 0.11 12.51 +0.11 n.d.
HCL(jef)1sHEA40PEGMEA4s 29.01 + 0.05 12.50 + 0.05 2.00+0.13
HCL(jef)1sHEA40CEA4s 29.96 + 0.11 1250+ 0.13 2.13+0.14
HCL (jef)1sHEA10MAA4s 29.05 + 0.02 12.46 £ 0.02 n.d.

n.d.: non-determined

4.2.5.Proof of concept of the use of photopolymerizable resins for the

preparation of high-resolution sacrificial molds

Provided an adequate printability and sacrificial nature (based on their hydrolysis
and solubility in basic aqueous solutions) of all the systems described in the
previous sections, selected formulations were used for the preparation of
sacrificial molds. SLA/LCD/DLP are without any doubt the current commercially

available technology with the best resolution. Different sectors ranging from
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dentistry to jewelry employ this technology for the fabrication of molds requiring
high level of detail. In addition to the part resolution, for some particular
applications where mold removal supposes a challenge such as those parts with
intricate internal structures or with delicate surface patterns, the use of soluble
molds could be an interesting alternative.

For this proof of concept, a mold with an internal screw shape was selected (mold
designs are described in the Experimental Section). To test the dimensional
accuracy on these samples, the thread pitches of three printed screws have been
analyzed for representative formulations (Figure 4.18), obtaining values very
close to those of the digital design (these measurements have been included
in Table 4.4).

Figure 4.18. Screw’ molds printed from HCL(jef)1sHEAgs, HCL(jef)1sHEA4PEGMEA.s,
HCL(jef)1sHEA40CEA4s formulations, from the left to the right.

More interestingly, to test the versatility of these fabricated molds three different

applications that require different processing methods were evaluated.

First, the fabrication of rigid screws made using a thermoplastic polymer able to
melt and flow into the mold were explored. As thermoplastic polymer PCL was
selected. PCL is a semicrystalline polymer, biocompatible, FDA approved and
extensively used for biomedical applications. The mold was filled with solid PCL
pellets, heated at 100 °C (above the PCL melting point) for the time necessary
for the molten polymer to completely fill the mold, after which it was allowed to
cool to room temperature. Finally, the screw-shaped PCL was recovered by

complete solubilization of the resin in basic conditions overnight. It is worth
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mentioning that PCL upon melting decreases significantly the viscosity and, as

depicted in Figure 4.19c and Figure 4.19f, was able to completely fill the mold.

Secondly, reactive processable materials were equally explored. More precisely,
elastic silicone screws prepared by filling the mold with the commercial liquid two-
component formulation Sylgard 184, followed by overnight curing at 60°C. Similar
to the example depicted above the silicon-based screws were recovered by
overnight immersion in a basic aqueous medium (Figure 4.19d and Figure
4.199).

These preparative processes selected to evidence the potential of these
materials have been evaluated with representative samples of the two families of
materials described above. The selected compositions have been indicated in
Table 4.1, Table 4.2, and Table 4.3 with one or two asterisks (indicating whether
it has only been used in the preparation of PCL screws or if it has been used to
obtain screws of both types, respectively). Interestingly, in all cases the
fabrication of the desired part was successfully achieved, that is, the conditions
employed for the preparation (temperature and time) did not alter the 3D printed
structure and, upon immersion in basic aqueous solution, the mold could be

completely removed in all the explored cases.

This experiment, although a proof-of-concept, highlight the potential of these
soluble materials for their use in many different applications where the high-
resolution of VPP 3D printing is required.

4.2.5.1. Use of sacrificial molds to photocure VCL-based hydrogels

As mentioned in the introduction and objectives of the thesis, part of this thesis
work is focused on the possibility of obtaining VCL-based 3D thermosensitive
hydrogels by 3D printing through vat photopolymerization (Chapter 6). In this
context, the development carried out in this chapter may allow to obtain tailored
3D hydrogels not by direct printing but by the alternative use of sacrificial molds.
It should be remembered that these VCL-based 3D thermosensitive hydrogels,
which are the supports of the iFABCell technology mentioned in the Introduction,
have been prepared in the past as flat films by photocuring, using an optimized
formulation containing, in addition to VCL and the photoinitiator, a mixture of
EGDMA and DVI as crosslinkers.
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With this background, we therefore wondered whether the sacrificial molds
described in this chapter could be used as molds for the photocuring process of
the VCL-based photopolymerizable mixture. For this purpose, the mold was
simply filled with the liquid resin formulation and photocured under the standard
conditions used to obtain flat hydrogels: 40" at 365 nm of wavelength. It should
be noted that the liquid formulation and the mold were preheated beforehand to
50 °C, as indicated in experimental. Using these experimental conditions the
polymerization, take place thus leading to a solid screw-shaped filler that could
be recovered again by overnight immersion in a basic aqueous medium (Figure
4.19e and Figure 4.19h). This experiment can be considered as a proof of
concept that sacrificial molds can be used to obtain VCL-based 3D
thermosensitive hydrogels, being an alternative to the direct 3D printing that will
be studied in Chapter 6. In addition, this study shows that sacrificial molds are
compatible with the light curing process which is an exothermic radical

polymerization process.

a)

hC(

3D Print Silicone
» 5 >
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%

X

Figure 4.19. Scheme of the proof on concept to prepare PCL or silicone screws using
the sacrificial molds described in this work. a) Digital design of the mold. b) Printed mold.
¢) Printed mold filled with the molten PCL (100 °C). d) Printed mold filled with the two
components liquid Sylgard 184 (please note that in this case the print support columns
have been removed). e) Printed mold filled with the VCL-based liquid resin. f) Final PCL

screw. g) Final silicone screw. h) Final VCL-based hydrogel screw.

130



Chapter 4

4.3. Conclusions

A direct and scalable route to obtain printable formulations containing
hydrolysable crosslinkers has been demonstrated. The 3D printing of these
resins, through VPP, has given rise in all cases to sacrificial pieces in basic water,
that is, soluble, fulfilling the starting hypothesis that sacrificial networks could be
obtained using hydrolysable crosslinkers. The versatility of the approach was
shown when it comes to intervening in the components of the formulations, which
has allowed the properties of the printed parts to be tuned in terms of moduli,
stress required for breakage or their elasticity. Moreover, the 3D printed parts
presented a thermal resistance up to 180-240 °C which establish the limits in their

use.

The proposed strategy involves the preparation of sacrificial molds and using
them to recover the 3D part with the complementary counter shape. As materials
for the targeted part, we have explored the use of a molten thermoplastic,
(followed by cooling and solubilization), a bi-component silicone system,
(followed by chemical crosslinking and solubilization), or a VCL-based
thermosensitive hydrogel liquid formulation, (followed by photopolymerization
and solubilization). Please note that these VCL-based hydrogels are the focus of

an important part of this thesis.

The three alternatives explored evidenced that the templates have shown thermal
stability in the PCL range, as well as chemical stability during the chemical and
photocrosslinking reaction. These three systems illustrate proofs of concepts that
can be extended to other chemical systems and shapes (provided by the additive
manufacturing versatility and the high-resolution of VPP), offering a wide myriad
of applications.
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Chapter 5

Chapter 5. Vat photopolymerization 3D printing of

hydrogels with re-adjustable swelling

5.1. Introduction

As mentioned in the previous chapter, 3D printing by means of VPP commonly
employs resins with high contents of di- or multifunctional polymerizable
crosslinkers?, thus yielding parts with a highly crosslinked network structure with
dimensional stability and little or no swelling capacity. However, crosslinked
networks capable of swelling in water, that is, hydrogels, are materials of great

interest in biomedicine and in other applications3-5.

To print hydrogels, the crosslinking density should be designed, in principle,
according to the characteristics of the targeted swelling. According to literature
data, selected as an example, if it is desired to print an acrylate-based hydrogel
that mimics soft tissues, that is, with a certain amount of water (for example,
containing double the amount of water of a polymer), the photocurable
formulation must contain around 1 wt. % of a crosslinker such as ethylene glycol
dimethacrylate’. This percentage, which is much lower than those crosslinking
densities obtained using standard resins, may not be compatible with certain
aspects of VPP because the technique usually requires a minimum amount of
crosslinkers to obtain parts with adequate resolution and desirable mechanical
properties>8-19, On certain occasions, low crosslinking is related to poor adhesion

to the platform.

In order to overcome this issue, one strategy that can allow for the printing of
hydrogel-type networks with the desired swelling capacity using VPP 3D
printing'! involves the preparation of formulations containing a mixture of stable
and labile crosslinkers. In this way, the crosslinker content in the resin would be
enough for printing pieces with good definition and mechanical properties,
although the printed part could be subsequently readjusted by selectively
breaking the labile crosslinking bridges. As a result, the final network will have a
crosslinking density defined by the amount of stable crosslinker. If the labile
character refers to hydrolytic sensitivity, as is the case in this work, the printed
network will be able to readjust in water, a non-toxic and ubiquitous solvent,

rendering it very attractive for commercial implementation.
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In addition, the network readjustment may be of interest for certain applications,
such as filling cavities in regenerative medicine!?, the use of hydrogels as
supports and reservoirs in hydroponics and aquaponics?!®, or for pharmaceutical
and cosmetic manufacturing*4*®, which could benefit from a controlled increase

in size upon swelling in water.

When designing the printing of a network precursor of a hydrogel, it must be taken
into account that the size of the fresh printed part is smaller than that of the
swollen networks. If the swelling is isotropict®1’, the swollen part replicates the
shape of the printed part, and the original dimensions and their increase via

swelling can be designed to obtain a final custom hydrogel.

Based on the previous experience explained in Chapter 4, in this work, different
formulations containing mixtures of stable and hydrolysable crosslinkers have
been optimized and evaluated for 3D printing. The resulting printed parts were
characterized in terms of the size variation and water content. Although LCD 3D
printing has been used in this work, the procedure studied here could be
extended following slight modifications of the photosensitive resin composition to
other VPP techniques, such as SLA and DLP.

5.2. Results and discussion

5.2.1.Design of the photopolymerizable resin and optimization of the 3D

printing parameters

Figure 5.1 schematically shows the strategy used in this chapter as well as the
structures of the components of the formulation, which includes a stable, SCL,
and a hydrolysable crosslinker, HCL (as mentioned in the Introduction section).
Three-dimensional printing via VPP renders type A networks, which have a
crosslinking density defined by the sum of SCL and HCL. This A network, before
any swelling readjusting, is capable of uptaking some amount of water to become
a type B network. B networks are then capable of readjusting their swelling upon
selective hydrolysis of the hydrolysable crosslinking agents to give rise to C, with
network C being the network with the maximum readjustment in swelling (only
the permanent crosslinking agents remain ensuring the hydrogel’'s integrity).
Thus, the adjustable network design is based on the simultaneous use of the SCL

and HCL. In this way, the adjustable character of hydrogels refers to the ability to
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modulate the degree of swelling, starting from an initial value (network B
in Figure 5.1), through the controlled hydrolysis of the HCL bridges. The final
(and maximum) swelling is defined by the residual SCL bridges (after hydrolysis
of all the HCL; network C in Figure 5.1).
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Figure 5.1. Scheme of the strategy used in this work for printing re-adjustable hydrogels
via VPP. (A) A 3D printed part obtained directly after printing and post-curing. (B) Initial
swelling in PBS. (C) A 3D printed part upon swelling in basic media due to the HCL
hydrolysis. The jeff tag refers to the spacer of the Jeffamine (R of H.N-R-NH).

In addition to the crosslinkers, monofunctional monomers responsible for
modulating certain properties of the final hydrogel were added to the formulation.
Results from Chapter 4 were used to select the components and the starting
parameters!®, The HCL(jef) containing a Jeffamine derivative carrying
activated B-aminoesters for hydrolysis was chosen because it has shown its
effectiveness in the preparation of sacrificial templates in the previous chapter.
PEG derivatives (PEGDMA as the crosslinker and PEGMEA as the
monofunctional monomer, from now on PEGDMA and PEGMEA respectively),
as well as their ethoxylated low molecular weight homologue (HEA), were chosen
as structures of the SCL (PEGDMA) and monofunctional monomers (PEGMEA
and HEA) in order to build PEO-related structures. In this sense, Jeffamine is also

a PEO-related structure.

The crosslinking percentage was established as 15 wt. % (total amount of the
SCL + HCL(jef)), as this value has been shown in the previous chapter to be the
minimum required to print parts with good resolution and acceptable mechanical

properties?®,

Initially, the influence of the monofunctional monomers (HEA and PEGMEA) on
the printing process and the properties of the printed pieces has been addressed.
For this purpose, the HCL/PEGDMA weight percentages were set at 7.5/7.5, and
the samples were prepared by varying the HEA/PEGMEA weight ratio, as shown
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in Table 5.1. Using the format of the previous chapter, this series would be
labelled HCL (jef)7.sPEGDMA7s HEAXPEGMEAss.x where 0 < X < 85. However,
for ease of reading, the label was shortened to HCL(jef)7.s-HEAx since
HCL+PEGDMA is always 15.

Table 5.1. Data concerning the HCL(jef)7s-HEAx series, including the penetration depth
(Dp) and critical exposure (E¢) calculated from the Jacobs working curves.

PEGDMA/HCL (jef)) PEGDMA/HCL (jef)/

Crosslinker mol% v D, E.
Label HEA/PEGMEA HEA/PEGMEA .
(PEGDMA + HCL(jef)) = (Pa-s) (um) (mJ-cm)
wt. % mol %
HCL(jef)7,5-
7.5/7.5/0/85 6.9/3.6/0/89.5 10.5 0.041 102 3.82
HEA,
HCL(jef)7_5-
7.5/7.5/20/65 4.2/2.2/52.4/41.2 6.4 0.034 105 3.49
HEA2
HCL(jef)7_5-
7.5/7.5/40/45 3.0/1.6/75.0/20.4 4.6 0.026 165 4.35
HEA4
HCL(jef)7_5-
7.5/7.5/60/25 2.3/1.2/87.7/8.8 3.5 0.019 221 4.69
HEAs
HCL(jef)7_5-
7.5/7.5/85/0 1.8/1.0/97.2/0 2.8 0.012 311 4.89
HEAgs

v = Viscosity for a Shear Rate of 1 s™ (deviation error 0.001)

First of all, in order to evaluate the photopolymerizable resin printability, a
rheological study was carried out to measure the viscosity as a function of the
shear rate. All the samples have shown Newtonian behavior (see Figure 5.2).
Although there is a certain dependence on the composition (the higher the
amount of HEA, the lower the viscosity), the viscosities remain in all cases below
0.050 Pa-s, evidencing their suitability for DLP/LCD printing, which requires low
viscosities'®?0, The values of the shear rate measured for a frequency of 1

s™" have been quoted in Table 5.1.
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Figure 5.2. Viscosity values as a function of the shear rate for the
HCL(jef)7sHEAx system.

In order to select the optimal printing parameters, and more specifically, the
exposure time for a layer of 100 um, the Jacobs working curves?-2* (see Figure
5.3) were determined as described in the Experimental Section. These lines,
which represent the cured depth (Cd) against the energy that the printer lamp
radiates on the surface of the part for different exposure times, allow for the
selection of the most appropriate exposure times for the layer height selected in
the printing parameters. As can be observed in Figure 5.3, for each exposure
time, the Cd decreases as the amount of HEA decreases. This working line
provides information about the Ec (mJ-cm™), the starting point for the transition
from liquid to solid, and the Dp (um), the penetration depth. The parameters

calculated from these curves are presented in Table 5.1.
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Figure 5.3. Working curves for the HCL(jef)7 sHEAx series when exposed to 405 nm light
(0.5 mW-cm™). Data correspond to (from right to left in each group of data) exposure

times of 35, 30, 25, 20, 15 and 10 s. Linear regressions are included.

The HEA/PEGMEA weight ratio does not have a great influence on the Ec,
although it does on the Cd. The greater the amount of HEA, the greater the Dy, for
each exposure time. Table 5.1 shows that the variation in the HEA/PEGMEA
ratio has a great influence on the molar crosslinking density: the more HEA, the
lower the molar crosslinking density, which means, in principle, that it will require
longer irradiation times (or energy) to reach a gel structure. In addition, by varying
the HEA/PEGMEA ratio, the ratio between the low molecular weight monomer
(HEA) and the macromonomer (PEGMEA) is also being varied. It has been
described that the degree of functionality of the components (mono- vs.
difunctional) and their molecular weight have a profound influence on both the
gel point and the curing depth?>.

Based on the graph shown in Figure 5.3, and taking into account that the
objective is to obtain a layer height of 100 microns, 20 s was chosen as the
common exposure time for all the printings. For this exposure time, the different

systems result in curing depths close to the target value.

142



Chapter 5

To assess the printability and make an initial characterization of the dimensional
readjustment, pieces with dimensions of 2.0x2.0x0.2 cm? were printed for the
different formulations. According to previous studies?®, and to the study of the
previous chapter, the photoabsorber Sudan | was added at 1.35 wt. %, to limit
the UV light penetration. Please note that Sudan | was already used in the
previous study to obtain the Jacobs working curves. The optimized printing
parameters employed to print the parts are summarized in the Experimental

Section.

It is worth mentioning that an increase in the amount of HEA in the
photopolymerizable mixture leads to more resistant and less brittle parts. This
fact may be associated with the large variation in the crosslinking molar density,
I.e., an increase in the HEA content involves a reduction in the crosslinking molar

density.

5.2.2.3D printed part swelling: Toward a selective rupture of the

hydrolysable crosslinking agents

The pieces printed according to section 5.2.1. were immersed either in PBS or in
basic water (2 wt. % of NaOH) and gravimetrically monitored to determine their
water content and calculate the corresponding swelling according to Equation
3.2. In PBS, a gradual increase in swelling was observed until reaching an
equilibrium value varying in the 100-170% swelling range, depending on the
composition. This equilibrium value, which is reached between 24 and 96 h
(depending on the system), is plotted in Figure 5.4. Interestingly, although the
crosslinking density decreases with an increasing HEA content, this does not
translate into a correlative increase in swelling. Swelling increases slightly up to
40 wt. % HEA but then decreases, remaining in all cases above 100%. To the
naked eye, it is observed that very HEA-rich hydrogels have a transparent outer
layer and a colored core, which is probably slightly swollen. This behavior can be
explained as follows. With an increasing HEA content, on the one hand, there is
initially a slight increase in swelling in PBS due to the significant decrease in the
molar percent crosslinking. From 40%, on the other hand, these variations in the
degree of crosslinking are not as high, and swelling decreases due to the greater
water absorption capacity of PEGMA-based systems compared to HEA-based

systems for similar degrees of crosslinking?’=2°.
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Figure 5.4. Red circles: swelling at equilibrium in PBS. Black squares: swelling after 24
h in water with 2 wt. % NaOH; in both cases, data are for samples of the HCL(jef)7.5-
HEAx series.

In a basic medium, much higher and faster swelling is observed than in PBS. In
this case, an increase in the molar amount of PEGDMA in the photopolymerizable
mixture (see Table 5.1) produces parts with lower swelling capacity. Since 3-
aminoesters are sensitive to the pH, that is, they are hydrolyzed much faster at a
basic pH, the behavior of the samples represented in Figure 5.4 is compatible
with the idea that the samples in PBS correspond to the type B networks
in Figure 5.1, that is, swollen networks that have not undergone HCL hydrolysis.
On the other hand, where the samples are in basic medium, there is already
HCL(jef) hydrolysis and the networks are initially between B and C (when the
hydrolysis of the HCL(jef) is not complete), and finally correspond to the type C
networks in Figure 5.1. HCL hydrolysis gives rise to networks with a lower degree
of crosslinking than type B networks, and therefore, with a greater swelling
capacity. These C-type networks have, in principle, a crosslinking density, after
HCL(jef) hydrolysis, defined by the amount of the SCL (see Table 5.1). This could
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explain why an increase in the molar amount of PEGDMA within the resin can

produce parts with less pronounced swelling after hydrolysis.

Once the HCL(jef)7.s-HEAXx series was studied, a fixed HEA/PEGMEA weight
ratio was selected (60/25, for a total wt. % of 85) and the PEGDMA/HCL (jef)
weight ratio was varied (between 2/13 and 15/0) to analyze the role of the amount
of HCL in the initial swelling and to determine whether the swelling of the partially
hydrolyzed part can be modulated. The rationale behind the selection of the
HEA/PEGMEA weight ratio of 60/25 was based on the fact that being HEA-rich
systems are less fragile, this composition still contains a significant amount of
hydrophilic PEGMEA macromonomer. This series has been labeled as
HCL(jef)xHEAs0, where X is the weight percentage of the HCL(jef). The
characteristics of the samples studied in this second group are collected in Table
5.2. It can be seen that the molar crosslinking density (moles of PEGDMA + moles
of HCL) increases with the amount of PEGDMA.

Table 5.2. Data concerning the HCL (jef)xHEAso series, including the penetration depth

(Dp) and critical exposure (Ec) calculated from the Jacobs working curves.

Label PEGDMA/HCL (jef)/ PEGDMA/HCL (jef) v Dp Ec
HEA/PEGMEA wt. % mol % (Pa-s) (um)  (mJ-cm™?)

HCL(jef)1sHEAso 2/13/60/25 0.6/2.1 0.024 221 4.69
HCL(jef)10HEAso 5/10/60/25 1.5/1.6 n.d. n.d. n.d.
HCL(jef)7sHEAs0 7.5/7.5/60/25 2.3/1.2 0.019 176 4.52
HCL(jef)sHEAs0 10/5/60/25 3.1/0.8 n.d. n.d. n.d.
HCL(jef)2HEAs0 13/2/60/25 4.0/0.3 n.d. n.d. n.d.
HCL(jef)oHEAs0 15/0/60/25 4.6/0 0.012 133 5.08

v = Viscosity for a Shear Rate of 1 s™* (deviation error 0.001), n.d.: non-determined

A rheological study was carried out again on three representative samples to
address the printability of the prepared resins, as quoted in Table 5.2 (viscosity
values for a shear rate of 1 s™"). All of them exhibited Newtonian behavior
(see Figure 5.5) and a slight dependence on the composition, i.e., an increase
in the amount of PEGDMA leads to a decrease in resin viscosity. However, the
viscosities in all cases remain in the range of 0.012-0.024 Pa-s, suitable values
for VPP12:20,
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Figure 5.5. Viscosity values as a function of the shear rate for the
HCL(jef)xHEAso system.

From the Jacobs working curves (see Figure 5.6), the Dp and Ec values quoted
in Table 5.2 were obtained. These results are in good agreement with those
obtained with the HCL(jef)7zsHEAx system, i.e., a higher nominal molar
crosslinking density leads to greater curing depths. Again, a time of 20 s was
found to be the most appropriate one to carry out the printing of all the pieces

with common parameters.
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Figure 5.6. Jacobs working curves of the HCL(jef)xHEAgo series when exposed to 405
nm light (0.5 mW.cm™). Data correspond to (from right to left in each group of data)

exposure times of 35, 30, 25, 20, 15, and 10 s. Linear regressions are included.

Pieces of 2.0x2.0x0.2 cm?® could be successfully printed using the conditions
described in the experimental section. Following the procedure described in this
experimental section, these 3D printed pieces were immersed either in PBS or in
basic water (2 wt. % of NaOH), and the swelling was determined via gravimetry
as a function of the time (Figure 5.7). As occurred with the HCL(jef)7.5-
HEAXx series, these samples were found to reach equilibrium in PBS after a few
days, with moderate swelling values in the range 100-200%. After 24 h in a basic
medium, the swelling was, however, much higher and appeared to depend on
the amount of PEGDMA. An increase in the amount of PEGDMA within the
photopolymerizable resin resulted in 3D printed parts with lower swelling
capacity. Again, the overall behavior in PBS and 2 wt. % NaOH was compatible
with the re-adjustable hypothesis. In PBS, the hydrogel would correspond to a
type B network (see Figure 5.1), whereas in the basic medium, there is hydrolysis
of HCL(jef), with the networks initially falling between B and C, and eventually
becoming type C. The dependence on the amount of PEGDMA is consistent with

this process, because the swelling of the C type network is defined by the amount
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of SCL, that is, of PEGDMA. In the case of PBS, when there are B type networks,
the global molar crosslinking density comprising the contribution of both stable
and hydrolysable crosslinkers (SCL + HCL(jef)) increases only slightly with an
increasing amount of PEGDMA, which explains the small swelling differences in
PBS. The results of high swelling after treatment with an alkaline medium for
networks with less PEGDMA are consistent with the literature data for similar

HEA networks prepared with a very low crosslinking percentage.
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Figure 5.7. Red spheres: swelling at equilibrium in PBS. Black squares: swelling after
24 h in water with 2 wt. % NaOH; in both cases, the samples correspond to the
HCL(jef)xHEAeo series. Error bars are contained inside the symbols, hollow points are
therefore used.

While it appears that after 24 h in basic media the swelling started to stabilize,
longer studies revealed an unexpected behavior. All the samples for both series
described above did not reach the swelling equilibrium in 2 wt. % NaOH
(see Figure 5.8). In most of the cases, a continuous gradual increase in swelling
values was observed.
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Figure 5.8. Swelling vs. time (from 1 h up to 20 days) in water with 2 wt. % NaOH for the
(a) HCL(jef)7sHEAx and (b) HCL(jef)xHEAso series.
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Aiming to understand this behavior, reference structures were prepared from a
formulation in which the HCL (jef) was replaced by twice the number of moles of
the glycerol monomethacrylate, GMM (Figure 5.9). It is worth mentioning that
GMM has the same structure as the HCL(jef) units upon hydrolysis in basic
media, i.e., in the C network. By using these reference models, we expected to

be able to determine a reference swelling for the C structure.

polymerization

hydrolysis

HO

ol =-og= o
HO) z 9 HO—{
i CH3 %o

Figure 5.9. 1: Scheme of the polymerization and hydrolysis of the HCL(jef)xHEAso or
HCL(jef)7sHEAso systems. 2: Scheme of the preparation of reference structures carrying
GMM. The jeff tag refers to the spacer of the Jeffamine (R of HaN-R-NHy).

For this purpose, reference systems of the HCL(jef)13-HEAes0 and HCL(jef)10-
HEAso samples were prepared (see the experimental section for examples of the
system formulation and reference formulation). These reference networks were
immersed in PBS until reaching equilibrium (using gravimetry), and these
swellings in the equilibrium state are plotted in Figure 5.8b as dashed horizontal
lines. These values are the values that a type C network should reach after
breaking all the HCL maintaining the wt. % of the HCL(jef)isHEAs and
HCL(jef)i1oHEAs0 systems... It can be seen how the HCL(jef)13-HEAs0 and
HCL (jef)10-HEAs0 networks reach these reference data after about 50-100 h,

although after that they continue to increase continuously.
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The behavior at short times (up to 50 h) is in good agreement with the breakage
of the majority of the HCL (jef) links occurring within the first 24 h. However, the
fact that equilibrium is not reached must be explained by some other concomitant
degradation process. In this sense, a NaOH solution may be aggressive enough
to also break the acrylic side chain esters, even though they are not S-activated
due to the presence of amines. There are also literature data evidencing that
certain acrylates similar to those used in this work can be hydrolyzed in alkaline
media3l. To confirm if this process occurs in the proposed systems, a linear
homopolymer of poly-HEA was synthesized, dissolved in D20 with a 2 wt. %
NaOH, and monitored via *H NMR. This analysis showed changes in the spectra
that are compatible with the breakdown of the acrylates (see Figure 5.10a and
5.10b). The broad peaks corresponding to the chain protons of polyHEA (CH»-
CH), initially centered at 2.4, 1.75, and 1.6 ppm, change shape and shift to
broader peaks centered at 2.0 and 1.4 ppm, which is coincident with the chain
displacements of polymethacrylic acid®2. In addition, the signals of the side chain
(O-CH2-CH2>-O in HEA) also undergo changes compatible with hydrolysis,
detecting the peaks corresponding to ethylene glycol at 3.5 ppm. Residual HEA

peaks are observed centered at 4.2 and 4.0 ppms.
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Figure 5.10. a) *H NMR spectra of polyHEA in D.O with 2 wt. % of NaOH at time 0. b)
at time 24 h.
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As the objective of this work was to demonstrate that it is possible to control the
transition from a type B network to a type C network, the hydrolytic process of the
HCL structures was addressed using less aggressive conditions that selectively
allowed for the hydrolysis of the HCL. Specifically, a pH 10 buffer medium was
employed, and the swelling variation was monitored both at room temperature
(RT, 20 °C) and at 60 °C to address if the temperature could play a role in the
hydrolysis. For this study, the HCL(jef)13-HEAs0 sample has been chosen
because it is the sample with the greatest readjustment capacity (remember that
this formulation contains the largest amount of HCL(jef), 13 wt. %). Figure
5.11 shows the variation in swelling of this system when submerged in pH 10
buffer at RT and at 60 °C, as well as in intermediate situations where the samples
were first heated at 60 °C during either 17 h or 25 h and then transferred to PBS
at RT. The graph includes the data corresponding to the swelling change in an
alkaline medium (2 wt. % NaOH) and in PBS as a function of the time. At pH 10
and 60 °C, a rapid increase in weight was observed until reaching a limit value
close to 700% after about 70 h. The fact that an equilibrium limit value is reached,
and that this value is slightly less than the swelling of the reference structure
(dashed line), confirms that the pH 10 buffered medium is capable of hydrolyzing
HCL (jef) but not the rest of the acrylic esters. At RT, the swelling change is much
slower, which means that the rate of hydrolysis of the HCL S-aminoesters in the
pH 10 buffer can be controlled by the temperature.
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Figure 5.11. (a) Swelling of HCL(jef)1s-HEAgo in different media or temperatures. (b)

Scheme of the hydrolytic process from a B to a C network. The blue and black knots

BC2 network

represent, respectively, the knots corresponding to HCL and PEGDMA.

Figure 5.11 shows that in PBS the equilibrium swelling value is reached after
about 24 h and remains constant for weeks. This would be the swelling of the
type B network. Networks with structures and swellings between network B and

network C can be obtained via immersion in pH 10 for a selected time to allow
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partial hydrolysis of the B-aminoesters, followed by the stabilization of the
structure via immersion in PBS, as shown in the diagram of Figure 5.11b. This
strategy was carried out via immersion in pH 10 for 17 and 25 h, followed by
stabilization in PBS. These curves are represented in Figure 5.11a and show
that it is possible to modulate the swelling between the two networks, B and C.

5.2.3.Proof of concept of the methodology: Preparation of 3D printed

hydrogels with tunable swelling and complex structures

Once the re-adjustable behavior was thoroughly analyzed with square-shaped
model parts, the dimensional readjustment in more complex pieces was
addressed. Using the HCL(jef)13-HEAso formulation, spheres (SP) and tubes (Tu)
with the dimensions indicated in Table 5.3 were prepared. In addition, a seahorse
figure was printed to show this behavior in a piece with a more complex shape.
The bottom image in Table 5.3 shows the freshly printed seahorse and when it
was swollen after immersion in PBS for 72 h. It can be observed that the initial

proportions are fully maintained, which indicates that the swelling was isotropic.

Table 5.3. Data concerning spheres, tubes, and a seahorse printed from the formulation
HCL(jEf)lg-HEAeo.

Fresh printed parts, diameter (cm)
SP1:0.50 SP2:0.75

PBS (after 48 h), swelling
SP1 SP2
140+ 1 142 +2

Spheres

pH 10, 60 °C (after 372 h), swelling
SP1 SP2
853+ 10 820+ 73
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Fresh printed parts: diameter, wall thickness, length (mm)
Tul: 10, 0.5, 10 Tu2: 15, 0.75, 15 T3u: 20, 1, 20

Tubes pH 10, 60 °C (after 144 h); swelling

Tu3
Tu2 748 + 48

PBS, 72h

Seahorse

Spheres SP1 and SP2 reached equilibrium swelling values after being immersed
in PBS for 48 h, with values close to 150. In a basic medium, i.e., pH 10 buffer,
they showed a continuous increase in swelling up to approximately 300 h, with
the kinetics of the larger sphere being slower than those of the smaller sphere
(see Figure 5.12a). The tubes displayed a similar behavior (Figure 5.12b). It

must be taken into account that these pieces, especially the spheres, have larger
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dimensions than the pieces studied in Figure 5.11, which reached equilibrium

within less than 100 h.
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Figure 5.12. Swelling vs. time (from 1 h up to 20 days) of the spheres (a) and tubes (b)

in pH 10 buffer at 60 °C.
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In any case, the printed parts in Table 5.3 show the same re-adjustability as
previously described for the larger parts. In the case of the spheres, this capacity
may be of interest in applications such as hydroponics and aquaponics crops 13,

or in regenerative medicine to fill cavities!?, among others.
5.3. Conclusions

In this work, it has been shown that the strategy of using a mixture of stable and
hydrolysable crosslinkers allows for printing pieces by VPP with different sizes
and shapes, and with initial high crosslinking (PEGDMA and HCL (jef) knots) and
then for transforming them into hydrogels via treatment in pH 10 buffer (with only
remaining HCL(jef) knots). The swelling in water of the printed part ranges from
the initial swelling (PEGDMA + HCL (jef) knots) to the swelling for total hydrolysis
(only remaining PEGDMA knots are present). The intermediate swellings
between these two states can be precisely controlled by adjusting the immersion
time and temperature in pH 10 buffer. These target swellings have been

stabilized by immersing the pieces in PBS at RT.
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Chapter 7

Chapter 7. Thermosensitive hydrogels based on
Poly(VCL-co-VP) loaded with carbon nanotubes for

tissue engineering

7.1. Introduction

Carbon nanotubes (CNTs) are among the most extensively studied
nanomaterials, renowned for their excellent electrical conductivity and
appropriate mechanical properties®. Liquid dispersions of CNTs are emerging
functional advanced materials? that are seen as promising candidates for
applications such as biocompatible transport, drug delivery, optical limiting,
optical sensors, etc®®. In addition, research has shown that the modification of
materials such as hydrogels with CNTs can significantly enhance their specific
biofunctions®, making them highly attractive for applications in tissue engineering.
In this work, we specifically address the CNTs loading of thermosensitive
hydrogels based on the vinyl-lactam VCL. As previously described, these
hydrogels with a VPTT close to 34 °C, have shown their capacity to serve as cell
culture supports at 37 °C, and to allow a non-aggressive cell detachment, even
of whole monolayers, by simple temperature decrease’'°. CNTs loading of a
hydrogel with these performances may be of interest to improve properties such

as mechanical or electrical and ultimately influence cell response.

The loading of hydrogels, hydrophilic networks swollen in water, with CNTS,
remains a significant challenge because CNTs exhibit poor dispersibility in
agueous medium and poor compatibility with hydrophilic structures (or highly
hydrophilic when ionic hydrogels). Nevertheless, CNTs nanocomposite
hydrogels have demonstrated remarkable improvements in mechanical
properties and toughness'?!, electrical conductivity*?, thermal stability2, and rapid
sensor responsel4 compared to conventional hydrogels. Indeed, the applications

of CNTs nanocomposite hydrogels span various fields of human endeavor?®.

Polymeric chains thermosensitive in aqueous media, such as those derived from
VCL, are neutral and base their thermosensitivity on an appropriate
amphiphilicity. Importantly, amphiphilic polymers have been found to be high
dispersing agents of CNTs6-18, Therefore, in this chapter we hypothesize that
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CNTs can be loaded on thermosensitive hydrogels through 1- dispersion of CNTs
in the VCL-based amphiphilic formulation, and 2- mass polymerization. Since
VCL is solid at room temperature, it is proposed in this work the use of another
vinyl lactam, VP, structurally related to VCL, as a comonomer/dispersing agent.
In the context of CNT dispersion, it is well known that polyVP, in addition to being
highly cytocompatible?®, is an excellent non-ionic polymeric surfactant®. It is —
although amphiphilic— slightly more hydrophilic than VCL. The use of VP
therefore allows a simplified, solvent-free dispersion design, using only the
polymerizable components (hydrogel chain units after polymerization), and

avoiding water and/or solvents that can have a negative effect on the dispersion.

The hydrogel will therefore consist of crosslinked poly(VCL-co-VP) chains, which
have been studied in the previous chapter (section 6.2.2). From this previous
study, and as it will be explained later, VCLssVP15[65/35] and VCL70VP30[65/35]
have been selected to disperse the CNTs and prepare the nanocomposites.
However, from now on they will be labelled as VCLssVP15 and VCL70VP30
respectively, due to the complexity of the complete labels of this chapter. An
optimized loaded system was evaluated using adherent endothelial and neural
cell lines in order to analyse biological processes such as adhesion, proliferation,
and transplant ability?*. In addition, the conductivity properties of the hydrogel can
improve cell-to-cell and cell-to-scaffold communication, and, coupled with
electrical stimulation, may enable the transmission of electrical signals to
electroactive tissue such as the central nervous system??23, Finally, a proof-of-
concept -based on the results of the previous chapter- has been developed by

3D printing by vat photopolymerization of the hydrogels loaded with CNTSs.
7.2. Results and discussion
7.2.1.Dispersion and loading with CNTs

As mentioned in the introduction, the hydrogel loading procedure is based on an
initial dispersion of CNTs in the VCL/VP precursor mixture (without solvent). As
expected, pristine CNTs did not display an acceptable dispersibility?+-2°.
Therefore, initial efforts focused on the CNT functionalization to improve their
dispersibility. To this end, CNTs were treated with 4-vinylaniline and nitrite to
perform the popular Tour reaction (Figure 7.1)2427-0,
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Figure 7.1. Tour reaction on CNTs with 4-vinylaniline and isoamyl nitrite.

7.2.1.1. CNT functionalization

Based on previous works?4, initial harsh conditions listed in entry 1 of Table 7.1
were tested (as indicated in the experimental section). TGA was used to
determine the functionalization degree (as wt. %); this calculation is based on the
weight loss of treated CNTs at 600°C compared to pristine CNTs at the same
temperature3l. These conditions resulted in a functionalization level nearing 15
wt. % (see Figure 7.2a), which is relatively high (it has been labeled as HF-CNT,
with HF indicating high functionalization) and it can be related to a consistent
number of defects in the CNT structure, thus negatively affecting their electronic
properties®2. Therefore, the milder conditions of entries 2 and 3 were selected,
which resulted respectively in wt. % functionalization corresponding to 11.6 and
4.2 wt. %, respectively. These samples have been correspondingly labeled as
MF-CNT (medium functionalization) and LF-CNT (low functionalization).
Therefore, the functionalization degree can be modulated by varying the reagent
concentrations and the reaction time. A complete description of the three

procedures can be found in the Experimental Section.

Table 7.1. Functionalization reaction conditions and characterization by Raman
spectroscopy and TGA. Representative TEM images are shown at the top.
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CNT Gl
VA/IAN/CNTs | Reaction . o functionalization | (Ip/lg)®
Label b . functionalization . :
(uL/uL/mg)® | Time (h) (wt. %) (styrenic moiety | Raman
' mmol/g CNT)
1. HF-CNT 180/300/15 2.0 142+1.1 14+0.1 1.10
2. MF-CNT 110/250/15 15 11.6 +0.6 1.1+0.1 1.13
3. LF-CNT 44/200/15 1.0 42+0.2 0.4+0.0 1.37
pristine
CNT n.d. n.d. 0 0 1.52

a) TEM images of the HF-CNT after dispersion in DMF and drying (scales 100 and 10 nm)
b) VA = 4-vinylaniline: IAN = isoamyl nitrite;

¢) Ratio of Raman intensities of the D and G bands of CNTs (Io/lc) from Raman spectra.

Pristine, HF-CNT, MF-CNT, and LF-CNT samples have also been characterized
by Raman spectroscopy, as shown in Figure 7.2b. The characteristic peaks
corresponding to the G and D bands appear at 1590 cm™*and 1350 cm™
respectively®3-35, The D band is related to the sp?® states of carbon, and it is used
as an indication of the level of disruption of the aromatic p-electrons system on
the nanotube sidewalls®¢. The ratio of the intensities of the Raman signals
associated with disordered and ordered transitions (Io/lc) gives valuable
information regarding the effectiveness of the functionalization. The Io/lc value
varies from 1.52 for pristine CNTs to 1.37 in functionalized LF-CNT, 1.13 in MF-
CNT, and 1.10 in HF-CNT. The observed trend is the result of the introduction
into the CNTs of styrenic moieties, which are composed solely of sp? carbon
atoms that are characterized by an intense Raman signal at ~1585 cm, thus
overlapping with the D band. As the functionalization level increases, the styrenic

aromatic signal at 1180 cm* becomes visible in MF-CNTs and HF-CNTs®.
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Figure 7.2. (a) Thermograms of the CNTs: pristine, LF-CNT, MF-CNT and HF-CNT. The
dashed line marks the temperature of 600 °C that was used to calculate the
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functionalized level. (b) Raman spectra (532 nm excitation) of pristine CNTs and CNTs
with different degrees of functionalization (i.e., LF-CNT, MF-CNT, and HF-CNT).

7.2.1.2. CNT dispersion and photocuring

Based on the previous study in section 6.2.2.1 of Chapter 6, pc-VCLssVP1s and
pc-VCL70VP30, from now on VCLssVP1s and VCL7oVP30 due to photocuring
technology is used through this chapter and being this label shorter and simpler,
have been selected as candidates for CNTs dispersion and preparation of loaded
hydrogels after photocuring as for these systems rich in VCL the VPTT will be
kept as close to 37°C. Some of the CNTSs functionalized according to the previous
section dispersed much better than the pristine CNTs in the VCLssVP15 and
VCL70VP30 photocurable formulations. It is worth noting that CNTs dispersed
faster in the VCL70VP30 mixture than in the VCLssVP1s, so the former was the one
selected for the rest of the study. This is probably due to the higher content of
VP, a known surfactant unit. Therefore, we aimed to obtain VCL70VP30 loaded
with functionalized CNTSs.

Table 7.2 provides the general picture of the dispersibility of functionalized CNTs
(i.e., HF-CNT, MF-CNT, and LF-CNT) in VCL70VP30 formulation. In particular, four
weight percentages were assessed, i.e., 0.01, 0.1, 0.3, and 0.5 wt. %. As
expected, the CNTs with the higher functionalization level (i.e. HF-CNT) were
those that could be dispersed at CNTs wt. % till 0.3 wt. %. Nevertheless, at the
lowest loading of 0.01 wt. %, also the other CNT samples (i.e., LF-CNT and MF-
CNT) could be dispersed.

Table 7.2. The dispersibility of the different CNTs at several wt. % is shown.

wt. % CNTSs Pristine LF-CNT MF-CNT HF-CNT
in VCL/VP Dispersibility in VCL7VP30 mixture*
0.01 LOW HIGH HIGH HIGH
0.1 LOW HIGH
0.3 LOW LOW LOW HIGH
0.5 LOW LOW LOW LOW

* |t is considered a LOW dispersion when the photocurable formulation was not a
homogeneous liquid dispersion. A dispersion was considered MEDIUM when it could be
photocured but the resulting hydrogel was macroscopically heterogeneous
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(agglomerates were perceived even to the touch; an image is shown in Supplementary
Information). A HIGH dispersion was when a macroscopically homogeneous hydrogel
could be obtained after light curing.

Pristine CNTs did not disperse at any of the concentrations tested, which is not
surprising considering their infamous tendency to aggregate without
functionalization. Based on these results, HF-CNT were chosen for the
preparation of hydrogels VCL70VP30 with different CNT content, even though a
higher number of defects in the CNTs structure is to be expected with high

functionalization level38.

Hydrogels listed in Table 7.3 were prepared by photocuring a formulation
containing VCL70VP30, as described in the Experimental Section. Samples with
HF-CNT content of 0.01, 0.1, and 0.3 wt. %, as well as a control without CNTs
were prepared, labelled as VCL70VP30CNTx being X the weight percentage of
CNTs per hundred of vinyl-lactam (VCL+VP=100). The different hydrogels were
characterized in terms of transparency, mechanical properties, conductivity at

RT; and swelling at different temperatures (to evaluate also thermosensitivity).

Table 7.3. Swelling at representative temperatures, VPTT, absorbance, mechanical
properties, and conductivity values of the different loaded hydrogels. Representative

images of the hydrogels are shown at the top.

VCL;oVP3, VCLyoVP3,CNTo o1 VCL;oVP3,CNT, 4 VCLyoVP3CNT, 5

Swelling % at (°C)

Label VPTT Load - E
10 37 60 (C) N) (%) (MPa) (s:mY)
VCLoVPso 15:?5 * 423;1 142 * 46 03+01 12+1 82+2 06402 (8.6+13).10°

VCL7VP30 1235 + 338 + 118 +

. -2
CNToo 7 2 22 43 02+00 13x2 72+x2 1704 (1.5%0.3)10

VCL7VP30 1199 + 300 87 %

. -2
CNTo, 11 26 17 42 06+00 13+1 681 2907 | (25%0.2)10

VCL7VP30 1072 291 + 79

102
CNTos 124 48 17 42 1.2+01 192 60+ 2 3.7+05 (8.1+1.5)-10

*Abs = Absorbance; E = Elastic Modulus; Load = Maximum Load; ¢ = Elongation; ¢ = Electrical conductivity
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Figure 7.3a shows the swelling variations of the 4 hydrogels listed in Table 7.3
as a function of the entire temperature range. The higher the CNTs loading, the
lower the swelling, especially at low temperatures, below the VPTT. This behavior
can be explained by the hydrophobic contribution of the CNTs. This small
hydrophobic contribution also explains the slight decrease of VPTT in the loaded
systems. It is known that hydrophobic contributions shift this transition value
towards lower values®. In any case, the thermosensitivity can be considered
similar because on the one hand, the VPTT variations are very small (the shapes
of the curves are similar), and, on the other hand, the swelling variations below

and above the VPTT are very large in all cases.
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Figure 7.3. (a) Swelling (%) in PBS of the hydrogels prepared using variable amounts

of HF-CNT (from 0% or control to 0.3 wt. %) as a function of temperature. Right:
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Oscillatory rheology at room temperature of the loaded hydrogels obtained by

photopolymerization. (b) Stress sweeps. (¢) Frequency sweeps.

Regarding the mechanical properties of hydrogels, which were evaluated at 20
°C in the hydrated state and by compression tests, an evident increase in
compression modulus was observed as the HF-CNT content increased, ranging
from 0.58 MPa in the control hydrogel at 20 °C (a value in the range of previously
reported VCL-based hydrogels)’ to 3.7 MPa for hydrogels with HF-CNT content
of 0.3 wt. %. These values are extraordinary for this type of hydrated hydrogels.
Part of the increase in modulus can be attributed to the lower water content,
although swelling only decreases by 30% from VCL70VP30 to VCL70VP30CNTo.3
while the modulus increases six times. Therefore, the data is indicative of a
reinforcing effect of the CNT filler, in agreement with the literature*®41, Since the
goal is to use these hydrogels for biological applications, it will be important to

check if cells may be sensitive to these differences in mechanical properties.

This reinforcement effect is in agreement with the study carried out with
oscillatory rheology, since stress sweeps (Figure 7.3b) confirmed an increase in
the hydrogel elastic modulus from 11.2 + 0.1 MPa for VCL70VP30 to 29.7 + 2.3
MPa for VCL70VP30CNTo.3. Furthermore, the linear viscoelastic region (LVR)
exceeded the range of stress values tested, being indicative of high stability for
all the tested samples. Frequency sweeps (Figure 7.3c) confirmed the stability
of the hydrogels even at the highest loading level of HF-CNT, with both elastic
(G") and viscous (G") moduli being independent of the applied frequency across

the whole range tested.

The variations in the electrical conductivities of the as-prepared swollen
composite hydrogels are quoted in Table 7.3. VCL70VP30 exhibit 8.6-10° +
1.3-10° S':ml. The increasing HF-CNT content enhances the electrical
conductivity by an order of magnitude reaching values from 1.5-102 + 3.3-10° to
8.1:102 + 1.5-102 S-mL; these values corresponding to VCL70VP30CNTo.01 and
VCL70VP30CNTo.3. As a point of interest, electrical conductivity of nerve tissues
has been reported from 102 to 10° S-m142-46, so that hydrogels loaded with CNTs
are within or very close to the range. Above all, in accord with the results of the
compression test, these results manifest the effective enhancement effect of the

CNTs on the VCL-based hydrogels in both mechanical and electrical properties.
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7.2.2. Biological evaluation of the hydrogels
7.2.2.1. Biological evaluation of the hydrogels with endothelial cultures

At this point, hydrogels with different wt. % of HF-CNT were evaluated as cell
harvesting platforms as previously described in experimental section 3.5.1 in
Chapter 3. Thus, hydrogels were seeded with C166-GFP cells, and micrographs
were obtained at 4 hours in order to analyze differences in early adhesion
process. No evidence of a modulation of this mechanism was evidenced (Figure
7.4a), with a good response in all platforms. At 48 hours, endothelial monolayers
were observed proliferating over hydrogels, with high-confluence areas
especially in VCL70VP30CNTo.1 and VCL70VP30CNTo.3.

To validate these observations, double-stranded DNA was quantified in
endothelial cultures proliferating over hydrogels. It can be observed in Figure
7.4b that CNTs content upregulated cell growing in these platforms. Especially,
VCL70VP30CNTo.1 samples reached a high proliferation rate, supporting the
micrograph analysis shown before.

However, when hydrogels with different % of HF-CNT were used to detach
endothelial monolayers by a temperature decrease as previously described, no
significant amount of transplanted culture was observed in the new TCP surface.
Only a few cells were observed, suggesting that cell attachment to these surfaces

is stronger than in control hydrogels, as swelling behaviour was similar.
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Figure 7.4. (a) Fluorescence images of C166-GFP cell cultures on the hydrogels after 4
and 48h after seeding process (scale bar: 200 um). (b) Fluoreporter dsDNA assay on
the hydrogels after 48h of the seeding process.

7.2.2.2. Biological evaluation of hydrogels with neuronal cultures

Section carried out by collaborators at “Hospital Nacional de Parapléjicos” from
Toledo (Dr. Manuel Nieto-Diaz)

As HF-CNT could affect neuron adhesion, proliferation, and migration, it has been
employed cultures of Neuro2a murine neuroblasts cell line seeded over hydrogel
platforms with 0, 0.01, 0.1, and 0.3 wt. % CNT to evaluate their effects on neural
cells. Microscopy observation of the cultures revealed that Neuro2a cells adhered
well to all types of hydrogels analyzed, with no differences being observed
between platforms (Figure 7.5a-g). Most of the cells on the hydrogels maintained
a spherical shape while, when cultured directly on the plastic bottom of the well,
a large part of them took a flattened shape or developed prolongations (Figure
7.5h, 1 and j). Spherical or round morphology in Neuro2a cells is associated with
a loose attachment to the substrate and a high proliferative state, whereas the
flattened shape is a sign of differentiation, often associated with the development
of neurites*’. Therefore, it appeared that hydrogels, including those including

CNTs, limit the differentiation of Neuro2a cells in favour of a round proliferative
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phenotype.

Video time-lapse (VTL) analyses of the numbers of Neuro2a cells in 5 fields per
culture on the different hydrogels confirm the proliferative state of Neuro2a when
cultured on the hydrogels. As shown in Figure 7.5k, cells proliferated at a rate
comparable to that exhibited on plastic (light blue line) without showing major
differences associated with the % of CNT on the hydrogel. Conversely, MTT
values (Figure 7.5l) suggest that higher concentrations of CNT in the hydrogel

may increase proliferation rate.

A final aspect revealed by the VTL analyses of the cultures over hydrogels was
the lack of cell migration. While Neuro2a showed a great capacity for movement
when seeded directly on plastic plates, when cultured on hydrogels hardly any
cell movement was observed. Therefore, as a whole, the hydrogels, irrespectively
of the CNT loading, promote a proliferative, non-differentiated, and non-migrating
Neuro2a phenotype. These observations also indicate that there is no influence
of CNT loading on cell response. Nevertheless, these studies are preliminary
and, given the contribution of CNTs to conductivity, should be further confirmed
and amplified.
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b)

e)

Neuro2a cell proliferation on hydrogels

g

g

Proliferation (% relative to initial number of cells)
g

0 s w0 s 0 » M M
Time in culture (hours)

Figure 7.5. Neuro2a culture on hydrogels. a-j) Details of the cells after culture on the
different hydrogels and the control (on plastic). a) VCLzVP3o after 12 hours. b) and c)
VCL7VP3CNTo.01 after 42 and 48 hours, respectively. d) and e) VCL7oVP3,CNTo1 after
36 and 48 hours respectively. f) and g) VCL70VP3CNTo 3 at 24 and 27 hours. h), i), and
j) Culture on plastic at 48, 24, and 0 hours after sowing. Except for the control images
that were taken in the same field, all images correspond to different wells or fields. k).
Proliferation on the different hydrogels measured as the number of cells in a field every
3 hours (for a total of 36 hours). Values are expressed as percentage relative to sowing
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time. ) MTT values after 48 hours of culture on the hydrogels. Values were standardized

to make values comparable among the two independent experiments.

7.2.3. 3D Printing by vat photopolymerization

For reasons of confidentiality, this section
(pages 221 to 224) has been omitted.
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7.3. Conclusions

The functionalization of CNTs was effectively achieved, enabling their
homogeneous impregnation into the copolymer matrix, leading to high
dispersibility in the matrix until 0.3 wt. %. The incorporation of high-
functionalization CNTs significantly improved the mechanical and conductive
properties of the hydrogels. Importantly, cell adhesion and proliferation were
positively correlated with the increasing percentage of HF-CNT in the hydrogel
composition, indicating their potential in supporting cellular activities.
Furthermore, the hydrogels were compatible with alternative cell lines, including
Neuro2a neural cell line, showing promising results in terms of cellular integration
and functionality. The ability to successfully print these optimized CNT-loaded
hydrogels using LCD 3D printing technology underscores the practical
applicability and versatility of these advanced biomaterials. This result is
promising for future applications, in particular in the field of the 3D printing of
thermosensitive hydrogels loaded with CNTs for biological applications. In
addition, the successful printability of these resins indicates their potential
usefulness in the creation of intricate and highly detailed structures, which is
essential for biological applications such as neural tissue. This opens up new
opportunities for the development of advanced biomedical devices and materials
with the ability to print complex shapes at high resolution. These findings
collectively highlight the potential of VCL-VP copolymer-based hydrogels,
reinforced with functionalized CNTs, as robust platforms for a wide range of

biomedical applications, including tissue engineering and regenerative medicine.
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Chapter 8. Overview and final conclusions

The diagram in Figure 8.1 illustrates the process developed during the thesis,
which involves all the steps in the preparation and use of materials used in this
PhD, starting from the synthesis of the photopolymerizable resins and the
fabrication (in this case by AM) to the evaluation of their potential applications,
herein focusing on the biomedical area. The different steps are interconnected
and thus a control in each of the steps allow us to produce versatile materials and
explore a wide myriad of possible innovations in the use of networks such as

hydrogels.

The starting point of this thesis is based on a novel strategy for the synthesis of
networks and their possible applications have been presented. The strategy
proposed is based on the chemical design of a novel class of crosslinking agents

that can be hydrolyzed in basic aqueous media.

In order to validate the concept, this thesis started by designing and fabricating
photocrosslinked parts by 3D printing through vat photopolymerization using
exclusively the novel crosslinking agents in their preparation. As expected, the
parts fabricated could be dissolved in basic water, allowing them to be used in
applications such as high-resolution molds. These initial experiments allowed us
to establish the basis for other preparations in particular focusing on obtaining
readjustable hydrogels that, as is thoroughly depicted in the thesis, exhibit
potential for different biorelated applications. The idea of using hydrolysable
crosslinkers was successfully adopted in combination with permanent
crosslinkers to prepare tailor-made hydrogel networks with both variable
chemistry and swelling capacity by introducing different hydrophilic monomers
and also with the ratio between permanent and hydrolysable crosslinkers among
others. This property facilitates their use as implantable devices, such as surgical
fillers. To the best of our knowledge, this approach offers unprecedented unique
opportunities since the chemical composition is directly defined by the feed
composition but also the final degree of swelling can be finely tuned by the partial
hydrolysis of the network.

Provided the basis for the preparation of hydrogel networks based on different

(meth)acrylate monomers, it resulted in interest to explore other monomers.
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Inspired by the ongoing work within the group we introduced an additional
challenge attempting to prepare VCL-based thermosensitive hydrogels by vat
photopolymerization. For this purpose, we started from an original formulation of
photosensitive resins previously developed in our group (now part of the iFABCell
technology) that in view of the impossibility of being directly printed was
redesigned and optimized to be employed in VPP 3D printing. For that purpose,
in addition to the use of hydrolysable crosslinkers in the photosensitive resin, as
has been depicted above, we made an intensive effort to find also other strategies
including the use of a solvent, or the addition of another vinyl-lactam, which
allowed the resin to be liquid (thus solubilizing VCL, solid at room temperature)
and stable at room temperature. All these three alternatives were explored and
successfully employed for the preparation of thermoresponsive hydrogels
although we found that the final properties of the hydrogel clearly are, at least to

some extent, related to the approach followed for the preparation.

In the last part of this thesis, it was attempted to go one step beyond and it was
decided to investigate the incorporation of both active compounds as well as
nanometer-size additives within the networks for two different purposes. On the
one hand, Icariin is an extensively employed biomolecule for stimulating cell
growth, differentiation of chondrocytes as well as differentiation of embryonic
stem cells towards cardiomyocytes, depending on the biological niche. Thus, its
incorporation within the hydrogels enable us to induce the formation and harvest

of differentiated cell monolayers.

On the other hand, the hydrogels were also loaded with carbon nanotubes
(CNTs). Herein, the objective was both to simultaneously improve their
mechanical and confer to the material electrical conductivity. Based on
collaborations with the HNP in Toledo, this composite was evaluated for its
potential interest in the development of conductive hydrogel supports for neuronal
cell culture. The hydrogels designed for these two applications, although they
are in the initial steps, exhibited a huge potential and preliminary testing
concluded that they have been successfully employed as supports for non-
aggressive detachment of cell monolayers by temperature change, in the case of
endothelial cells and, in the case of, those containing CNTs have been shown to

permit neuronal cell culture.
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Figure 8.1. Scheme of the development of the thesis.

At this stage, | would like to highlight and summarize the most relevant

achievements obtained in my PhD thesis:

1. A scalable method, developing a one-step strategy for the preparation of

hydrolysable crosslinkers, has been established for producing printable
formulations with hydrolysable crosslinkers. The 3D printing of these
resins via VPP consistently results in sacrificial parts that dissolve in basic
water, confirming the hypothesis that sacrificial networks can be created
with hydrolysable crosslinkers. The flexibility in adjusting the formulation
components has allowed tuning the printed parts' properties, such as
young modulus, fracture stress, and elasticity, with thermal resistance
ranging from 180-240 °C.

Furthermore, the materials developed including exclusively hydrolysable
crosslinkers were successfully employed for the fabrication of sacrificial
molds. The applicability of these molds in different thermal and chemical
environments has been demonstrated by three different proofs-of-concept
where these molds were successfully employed in the preparation of 3D
parts based on thermoplastics, bi-component silicone systems, or VCL-
based thermosensitive hydrogels liquid formulations. The potential of
these materials to be employed as molds relies both on the high resolution
obtained as well as the fully customizable design of the mold that could be

easily removed in basic aqueous solutions.
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. It has been demonstrated that combining stable and hydrolysable

crosslinkers enables the 3D printing of pieces via VPP varying sizes and
shapes. Initially, the parts exhibit high crosslinking and therefore only a
limited swelling (PEGDMA and HCL(jef) knots), which can be transformed
into hydrogels (i.e., highly swollen materials) by treatment in a pH 10
buffer, leaving only PEGDMA knots. The swelling behavior of the printed
part can be precisely controlled, ranging from initial swelling to the final
swelling after total hydrolysis of HCL(jef), depending on the immersion
time, the pH of the aqueous solution, and the solution temperature.
Stabilization of the target swelling was achieved by immersing the pieces
in PBS at room temperature. These optimized hydrogels could be utilized

in applications such as surgical filling for regenerative medicine.

. In this thesis, it has been shown that thermosensitive hydrogels based on

VCL can be successfully 3D printed via VPP using different strategies. A
key discovery is that the EGDMA/DVI crosslinker ratio directly influences
layer printing, with ratios of 65/35 or higher improving interlayer adhesion
and yielding stronger hydrogel structures.

. The three strategies explored to 3D print VCL-based hydrogels—using a

liquid solvent, a hydrolysable crosslinker, and an additional liquid vinyl-
lactam—allowed to fabricate of VCL-based hydrogel through VPP. The
first strategy, which incorporates a solvent, shows that NMP offers the best
balance between printability and mechanical strength. The second
strategy, involving a hydrolysable crosslinker, allows faster printing and
results in hydrogels similar to those produced by traditional photocuring
methods after a week of hydrolysis. The third strategy, which includes an
additional hydrophilic vinyl-lactam, enables modulation of the VPTT,

swelling, and mechanical properties.

. Moreover, 3D printed VCL-based hydrogels exhibited cell detachment

properties upon lowering the temperature, as shown by evaluating a
selected material. Therefore, it has been shown that they can be used in

cell sheet engineering.

. 3D printing of hydrogels loaded with ICA has been accomplished, enabling

controlled and temperature-dependent drug release. Therefore, this
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achievement opens up significant opportunities in the field of direct printing
of drug-loaded hydrogels with high-resolution and complex structures,

enabling controlled drug release at different temperatures.

8. Functionalization of CNTs enabled their uniform dispersion in a VCL/VP
formulation and in the corresponding up to 0.3 wt. %, significantly
enhancing the mechanical and conductive properties of the hydrogels. HF-
CNT content of 0.3 wt. % improved cell adhesion and proliferation,
showing potential for these hydrogels to support cell response activities.
These CNT-loaded hydrogels demonstrated compatibility with cell lines

like Neuro2a, indicating promising results for cell viability and functionality.

Additionally, the successful 3D printing of these loaded hydrogels
highlights their potential for creating intricate, high-resolution structures,
particularly for neural tissue applications. This development paves the way
for advanced biomedical devices and materials, especially in tissue

engineering and regenerative medicine as cell sheet engineering.

The results obtained and summarized above demonstrated on the one hand the
feasibility of developing photoprintable functional materials based on
(met)acrylates suitable for obtaining partially or totally sacrificial networks, if
applicable, hydrogels. On the other hand, it has been demonstrated the feasibility
of printing by vat photopolymerization hydrogels based on a vinyl-lactam such as
VCL; worth mentioning that this objective has been achieved by means of 3
different strategies. Finally, VCL-based thermosensitive hydrogels loaded with
Icariin as well as functionalized CNTs have been developed that allow the
modulation of the properties and provide either bioactivity or conductivity, while
maintaining the properties of cell detachment and its printability. Although these
last two parts of the work have been accomplished partially, these promising

results settle the basis for further related investigations.
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