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Window on utopia (Ventana sobre la utopia) 

 

“She is on the horizon, says Fernando Birri. 

I walk two steps, she moves two steps away. 

I walk ten steps and the horizon runs ten steps further. 

As much as I walk, I will never reach her. 

For what does utopia serve? It serves for this:to walk.” 

- Eduardo Galeano (1940-2015), Las Palabras Andantes, 1993  



 

 

 

 

Acknowledgements 

Firstly, I would like to thank my supervisor, Professor Marcelo Ganzarolli, for 

accepting me as a student, for the supervision and most of all, for igniting my flame of 

creativity. Professor Maria do Carmo is thanked not only for being my co-supervisor, but also 

for being my example of professional. I am especially grateful for all the nice and motivating 

talks we had; whenever I talk to you, I feel relief. 

Thanks to Laura, for all the assistance with the analyses and the exchange of ideas. I 

also owe thanks to you for the valuable personal and professional advice. Because of you, I 

am certain that there is still hope for Brazil, at least for its science. 

The National Research Council (CNPq, no. 130619/2018-3) is acknowledged for the 

financial support.  

This study was also financed in part by the São Paulo Research Foundation (FAPESP, 

no. 2016/02414-5). 

Thanks to the infrastructure provided by the Institute of Chemistry (IQ) and 

UNICAMP.  

The security staff deserves to be remembered, especially Nestor and Cristiano, who 

accompanied me during all these years in the IQ, sometimes even after 10 PM. 

I would also like to thank the lab technicians: Monique and Charles for making my life 

easier; To Hugo, for training me on SEM; to Fabiana, for the support with thermal and 

mechanical analyses of the hydrogels, and to Ricardo and Karen for the help with UPLC.  

Thanks to Marcelo Farias and Antônio Borges, from the Brazilian Nanotechnology 

National Laboratory (LNNano), Campinas, SP, for the great support with sample preparation 

and insights into cryo-TEM. Also, to Dr. Mônica Helena Monteiro do Nascimento, Felipe 

Nogueira Ambrosio, Prof. Christiane Bertachini Lombello and Prof. Amedea Barozzi Seabra 

from the ABC Federal University (UFABC), Santo André, SP, for the preliminary evaluation 

of cytotoxicity of the materials. 

I could not forget to say thanks to all the members of the Nitric Oxide Biomaterials 

Group: Matheus, Giovanna, Daniele, Yasmim and Marina, for all the memorable moments we 

had. Of course, I owe special thanks to Mateus Peres, who had the misfortune to work with 

me during his scientific initiation.  

There are still very special people that must be remembered here: 

To my parents, Deonice and Eduardo, who brought me into this world and always 

provided the best they could for their children, even in hard times. I owe you eternal gratitude. 



 

 

 

 

To my sisters, Marina and Meire, for their example, obstinacy, and to always believe 

in my capacities, even when I did not trust myself.  

And, of course, to Larissa, who is more than just a girlfriend or a partner, is someone 

who makes my life far more interesting and joyful… and colorful, and tasty! 

To my friends: Agnes, Chárbel, Douglas, Letícia, Ian, João Paulo, Mateus(in), 

Eupídio, Elisa, Camilla, Victor, Thiago, Guilherme (Sumido). You made me who I am too. 

For that, no money can pay. 

I would like to say that I praise life in every form and color, because it gave me the 

opportunity to share wonderful experiences with all the people that I mentioned in these lines. 

I hope we can write a lot more lines together. 

 

MURILO I. SANTOS  



 

 

 

 

Resumo 

Hidrogéis têm sido amplamente propostos como plataformas de liberação de óxido 

nítrico (NO) devido à comprovada ação cicatrizante do NO, fazendo-os ótimos candidatos 

para a produção de scaffolds em engenharia de tecidos. Contudo, tais aplicações requerem 

formatos complexos e detalhados, muitas vezes não atingidos por simples moldagem. Este 

inconveniente pode ser contornado pela manufatura aditiva, popularmente chamada de 

impressão 3D, ainda pouco explorada com sistemas desenvolvidos para a entrega de NO. Este 

trabalho mostra o desenvolvimento de hidrogéis semi-interpenetrados baseados em poli(ácido 

acrílico) (PAA), Pluronic F127 (F127) e nanocristais de celulose (CNCs) (PAA/F127/CNC) 

para a liberação controlada de NO via Processamento Digital de Luz (DLP). As formulações 

para impressão dos hidrogéis foram desenvolvidas com o auxílio de metodologias de 

planejamento de experimentos (DOE), que mostraram grande contribuição de efeitos 

composicionais nas propriedades mecânicas dos materiais testados. Adicionalmente, hidrogéis 

contendo até 1% m/m de CNCs foram impressos com sucesso, formando estruturas com 

menos de 200 µm de espessura. Os hidrogéis PAA/F127/CNC preservaram estruturas 

micelares características do F127 contidas nos materiais. Além disso, os hidrogéis impressos 

apresentaram morfologia densa, sem evidências de separação de camadas de impressão. 

Porém, agregados de CNCs foram observados quando concentrações acima de 0.25 m/m% 

CNCs foram empregadas e podem estar relacionados a falhas nas propriedades mecânicas 

destes hidrogéis. A adição de CNCs revelou ainda efeito modulador na cinética de 

intumescimento e provocou aumento nas taxas de liberação de NO dos hidrogéis 

PAA/F127/CNC. Testes preliminares de citotoxicidade mostraram viabilidade celular 

aceitável quando hidrogéis impressos foram lavados em tampão PBS, tornando hidrogéis 

PAA/F127/CNC candidatos a pesquisas mais aprofundadas com biomateriais destinados à 

entrega de NO. 

  



 

 

 

 

Abstract  

Hydrogels have been widely proposed as platforms for nitric oxide (NO) release due 

to the proven wound healing activity of NO, making them good candidates to produce 

scaffolds in tissue engineering. However, such applications require complex and detailed 

shapes, frequently not achievable by simple molding. This drawback can be overcome by 

additive manufacturing, popularly called 3D printing, which is still scarcely explored in 

systems designed to NO delivery. This work shows the development of semi-interpenetrating 

hydrogels based on poly(acrylic acid) (PAA), Pluronic F127 (F127) and cellulose 

nanocrystals (CNCs) – PAA/F127/CNC via Digital Light Processing (DLP) for NO controlled 

release. Hydrogel printable formulations were developed with the help of design of 

experiment (DOE) tools, which showed high contribution of compositional effects in 

mechanical properties of the tested materials. Additionally, hydrogels containing up to 1 wt% 

CNCs were successfully printed, producing less than 200 µm-wide constructs. 

PAA/F127/CNC hydrogels preserved the characteristic F127 micellar structures enclosed in 

the materials. Moreover, printed hydrogels displayed dense morphologies, without evidence 

of layer tearing. However, CNC aggregates were observed when concentrations higher than 

0.25 wt% CNCs were employed and may be related to failure in mechanical properties. Still, 

CNC introduction revealed a modulating effect in swelling kinetics and increased NO release 

rates. Preliminary citotoxicity tests showed acceptable cell viability when printed hydrogels 

were washed in PBS solution, making the PAA/F127/CNC hydrogels candidates for further 

research in NO donor biomaterials.  
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Introduction 

 

Hydrogels 

According to the IUPAC, gels are materials formed by colloidal or polymeric matrices 

expanded by a fluid. When expansion is driven by water, a hydrogel is obtained.1  

Hydrogels are formed by tridimensional crosslinked polymers with hydrophilic 

character, capable to retain up to 1000 times their dry weight in water.2,3 Water retention, 

flexibility, and nutrient permeability in hydrogels share similarities to living tissues and make 

them attractive for biological applications,4 such as wound dressings, contact lenses and tissue 

scaffolds. 

Hydrogels are versatile materials, due to the diversity in synthetic approaches and 

existent hydrophilic polymers. The junction points between the polymer chains are called 

crosslinks and can be based on non-covalent bonds, resulting in physically crosslinked 

hydrogels. Materials such as gelatins, the popular slimes obtained by tetraborate (borax) and 

poly(vinyl alcohol) (PVA) crosslinking5 and calcium alginate gels6 are classic examples of 

physical hydrogels. Alternatively, the polymer chains can be crosslinked by chemical 

reactions, such as thiol-ene coupling7 or free-radical polymerization of vinyl monomers.8–10 

Chemical crosslinking has advantages over simple physical association, since the permanent 

junctions enable a better control over composition and physical properties, what broadens the 

possible uses of the hydrogels.  

The so called “smart hydrogels” are susceptible to changes in the swelling rates driven 

by external stimuli, e.g. temperature, pressure, ligand-specific interactions, pH, etc.11 and have 

drawn attention of material scientists, being promising strategies to obtain smart medical 

devices.  

 

Poly(acrylic acid) hydrogels  

Poly(acrylic acid) (PAA) is considered a model of pH-responsive polymer, due to the 

pendant carboxyl groups in the polymer backbone. These functional groups confer a 

pronounced hydrophilic character to PAA, since they can establish hydrogen bonds with 

water molecules. When pH is greater than the acrylic acid pKa (pH = 4.75),12 carboxyl 
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deprotonation leads to a polyanionic structure, with higher osmotic pressure and intense water 

uptake. In such a condition, PAA is considered a superabsorbent polymer (Fig. 1) 

 

 

Figure 1. Representation of the PAA ionization equilibrium. 

 

The superabsorbent capacity of PAA is extensively used in products from diapers to 

medical patches for fluid absorption. Additionally, non-crosslinked PAA (carbomers) are used 

in cosmetic formulations as dispersing agents, emulsifiers and rheology modifiers.13  

PAA can be crosslinked with small amounts of polyfunctional monomers 

(crosslinkers). The resulting PAA hydrogels exhibit good biocompatibility.14 However, the 

brittleness of PAA hydrogel pieces is notable and, in most cases, PAA is blended or 

copolymerized with other polymers, resulting in multicomponent hydrogels.15–17  

 

Multicomponent Hydrogels 

Recent advances in hydrogels for tissue scaffolds and drug delivery applications focus 

on hybrid hydrogels, in which synthetic and natural polymers, or even nanomaterials18 are 

combined to mimic properties from the host environment and to tune the drug release kinetics. 

Polymers can be combined via copolymerization or by means of multicomponent networks: 

full interpenetrating networks (IPN) or semi-interpenetrating networks (semi-IPN). The IPN 

networks consist of two or more intertwined crosslinked networks, without covalent bonds 

between them. In thesis, it is impossible to separate the polymers in full IPN networks, except 

by breaking chemical bonds. On the other hand, semi-IPN networks contain non-crosslinked 

polymers (linear or branched) dispersed into a crosslinked network and in thesis, their 

separation does not require breaking of covalent bonds1 (Fig. 2).  
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Figure 2. Schematic representation of the components involved in the synthesis of 

interpenetrating (IPN) and semi-interpenetrating (semi-IPN) networks.  

 

Pluronic® F127 

The production of multicomponent hydrogels is a common strategy to improve PAA 

mechanical properties maintaining pH-responsiveness.19–21 Baskan and coworkers10 reported 

the synthesis of IPN hydrogels by thermoinduced copolymerization of acrylic acid (AA) and 

N,N’-methylenebisacrylamide (MBA), in the presence of 20 w/v% Pluronic F127 (PEO100-

PEO65-PEO100 - F127). The resulting hydrogels showed increased compression strength and 

toughness, compared to pure PAA, as well as thermo-responsiveness, derived from the F127.  

The polymer class known as poloxamers (trade name: Pluronics – BASF) is 

represented by triblock polyol copolymers made up of a central hydrophobic poly(propylene 

oxide) block flanked by two hydrophilic poly(ethylene oxide) blocks, forming a symmetrical 

PEOx-PPOy-PEOx structure, which confers them an amphiphilic character and surface 

activity, in resemblance to long-chain polar surfactants.22 

F127 is a well-studied poloxamer and its amphiphilicity leads to self-assembling in 

micelle structures. This phenomenon relates to hydrophobic interactions and dehydration of 

PPO central blocks.23,24 The change in hydrophilicity of PPO and PEO blocks induced by 

temperature, as well as the growing repulsive interactions between micelles, driven by the 

increase in polymer concentration, promote sol-gel transitions, characterized by a long-range 

ordering of micelles, the so-called liquid crystals25 (Fig. 3).  
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Figure 3. Schematic representation of the reversible micellization and liquid crystal formation 

in aqueous F127 solutions.  

 

The micellization and gelation processes in Pluronics are closely related to the relative 

size of PEO and PPO blocks. At room temperature, aqueous solutions of F68 (PEO80-PPO30-

PEO80) gel at concentrations above 50 w/v%.23,26 In similar conditions, F127 (PEO100-PEO65-

PEO100) shows the lowest gelation onset concentration among the Pluronics (20 w/v%),23,24 

which is an appealing feature for medical applications. 

Due to its low toxicity,27 F127 has been studied in medical formulations as a 

dispersing agent for hydrophobic drugs.28 Additionally, the Food and Drug Administration 

(FDA) approved a formulation for temporary endovascular occlusion of blood vessels 

containing 20 wt/vol% F127,29 thus stimulating a search for new medical uses for this 

polymer.  

Recently, our research group produced hydrogels comprised of PAA crosslinked by 

MBA in the presence of F127 to obtain supramolecular hydrogels containing packed F127 

micelles. The presence of such structures after thermally induced photocrosslinking was 

capable to control hydrogel swelling rates and to modulate the kinetics of nitric oxide (NO) 

release for therapeutic applications.30  

Considering the potential structure directing actions of F127, due to micelle self-

assembling, it is expected that these structures may induce structural changes in semi-IPN 

hydrogels capable to improve drug release kinetics. Moreover, the hydroxyl chain-ends in 

F127 may provide multiple anchoring points between the crosslinked PAA network and the 

micellar structures. Summing up all these features, this work proposes to use semi-IPN 

constructs, made up of PAA and F127, as a framework to develop hybrid hydrogels for drug 

delivery applications. 
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Cellulose Nanocrystals (CNCs) 

Lignocellulosic materials have been widely used to produce hydrogels and composite 

materials, owing to their distinctive features such as renewability, availability, 

biocompatibility, biodegradability, low density and the addition of value to biomass.31,32 

Among these materials, great attention is focused on cellulose nanocrystals (CNCs), which 

are essentially rod-shaped nanostructures with a 3 – 10 nm diameter and length between 100 – 

500 nm, consisting of cellulose with high degrees of crystallinity.33,34 CNCs are obtained from 

cellulose contained in plant cells, bacteria, fungi and even animals (tunicates).33  

Cellulose chains consist in D-glucopyranose units bound by β-1,4-glycosidic linkages 

and are found in nature as semi-crystalline fibers. Upon exposure to strong acids, glycosidic 

linkages in amorphous domains are preferentially cleaved and the crystalline domains are 

released. Generally, hydrolysis of cellulosic fibers is performed by sulfuric acid and 

introduces anionic sulfate half-ester groups on the CNC surface. Further mechanical 

processing or ultrasonication produces the CNCs.33 Nowadays, CNCs obtained from different 

sources and chemical treatments are commercially available, such as the sulfate half-ester 

CNCs produced at the University of Maine employed in this work, shown in Fig. 4.  

 

 

Figure 4. Schematic representation of the hierarchical structure of cellulosic fibers, location 

of CNCs in the microfibrils and TEM micrograph of the commercial CNCs used in this work. 

Scheme adapted from Martin-Martinez et al.35 

 

CNCs show impressive mechanical properties, being capable to bear longitudinal 

stresses of ca. 8 GPa, with axial stiffness about 150 GPa, along with low density (ca. 1.6 g 
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cm-3)32 and high surface area (400 – 500 m2 g-1)36. All the above cited properties make CNCs 

promising reinforcement agents in composite materials.  

Composite hydrogels containing CNCs are commonly prepared by simple dispersion 

of CNCs into a monomer precursor mixture, followed by free-radical polymerization, 

resulting in semi-IPN networks.37,38 Lim and coworkers20 produced PAA-based semi-IPN 

networks in the presence of CNCs and reported increases in the hydrogel storage moduli 

according to CNC mass proportion.  

Furthermore, above a certain threshold concentration (usually ca. 10 wt/wt%) CNCs 

can self-assemble into ordered, nematic phases.39 Hydrogel crosslinking in the presence of 

such structures can lead to macroscopic percolation networks, which are frequently associated 

with  mechanical reinforcement of these hydrogels. These networks show better dissipation of 

energy during deformation, due to the transient physical interactions between nanocrystals.40 

Despite the advantages of percolated CNC networks, the hydrogels containing physically 

entrapped CNCs are usually produced under low CNC concentrations (0 – 6 wt/wt% based on 

swollen hydrogel weight),34 probably due to a tendency of high-concentrated CNC samples to 

aggregate in polymeric solutions. Consequently, crosslinking and mechanical properties are 

imparted.32,41 The presence of CNCs in composite materials can also contribute to improve 

barrier properties, since CNCs can obstruct pores and extend diffusion pathways, together 

with a decrease in matrix elasticity, caused by hydrogen bonding between CNCs and the 

crosslinked polymer.42 Consequently, CNCs can be used as a strategy to modulate the kinetics 

of water swelling.  

This work aims at producing hybrid hydrogels based primarily on PAA and F127 

containing CNCs as a filler additive. Considering the advantages of CNCs, such as their 

hydrophilicity and intrinsic mechanical strength, CNCs could act not only improving hydrogel 

mechanical properties, but also tuning drug release, which is intensely connected to swelling 

kinetics.  

 

3D Printing (Additive Manufacturing) 

The manufacturing processes based on simple molding and casting limit the possible 

uses of hydrogels when complex geometries are required. After Charles Hull’s 

Stereolithography apparatus in the late 80’s,43 the rise and popularization of additive 
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manufacturing techniques, commonly called 3D printing, has circumvented these limitations 

and engaged scientists to produce customer-tailored medical devices that are rapidly evolving 

to cell-laden hydrogel constructs, intended to print tissues and even whole organs by a process 

known as bioprinting.44  

All 3D printing processes share a common chain of events,45 starting from the 

modelling by computer-aided design (CAD) or data obtained by computed tomography (CT) 

scan. Then, the 3D model is digitally processed in form of printing layers, in a process called 

slicing and sent to the printer. The fabrication step occurs in a layer-by-layer fashion and 

afterwards the construct can pass through post-processing, in order to remove printing 

supports and to apply thermal or post-curing treatments, resulting in 3D objects (Fig. 5).  

 

 

Figure 5. Schematic representation of a 3D printing process chain. 

 

The fabrication method in the 3D printing depends mainly on the material and the 

application of the printed model. Among the existent methods, inkjet-, extrusion- and 

photopolymerization-based 3D printing are the currently applied techniques to obtain 

hydrogel constructs,46 as shown by a simplified scheme in Fig. 6. 

 

 

Figure 6. Simplified representation of the available technologies for hydrogel 3D printing. 
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Inkjet-based 3D printing bears resemblance to ordinary paper printers, considering that 

drops of a hydrogel precursor are deposited during layer formation.47 Several works have 

applied this approach to build cell-laden hydrogels48,49 by using bioinks containing cells, 

growing factors and biocompatible supporting polymers. However, the great dependence on 

rheological parameters is one of the major drawbacks of this technique.47 Extrusion-based 

printing combines hydrogel deposition through a nozzle with different solidifying methods, 

which can be an increase in viscosity after deposition (i.e. shear-thinning effect)50,51 or a 

cryogenic cooling of the hydrogel,52 just to name a few. The compatibility with multimaterial 

printing, along with the diversity in crosslinking methods, are major advantages of this 

technique. Still, rheology plays an important role in resolution, which is lower than that 

showed by other hydrogel printing methods.  

Photopolymerization-based printing provides the best dimensional control compared 

to the previously described techniques. It relies on selective irradiation and curing of 

photopolymerizable mixtures (resins), with help of appropriate photoinitiators, which are 

capable to generate free-radicals when exposed to light and initiate a polymerization 

reaction.53 Particularly, in Digital Light Processing (DLP) printing, bidimensional (2D) light 

patterns are created by a light source associated with an array of micromirrors (Digital 

Micromirror Device – DMD). The individual tilting of these mirrors focuses the light on 

selected spots in the resin and generates a printing layer all at once. In general, the light 

source is placed under a resin tray containing a transparent window and the 3D model is built 

layer-by-layer onto a liftable platform. 

Some examples of DLP printing applications involving PAA hydrogels were reported 

by Sujan & Cohn (2017),54 regarding the copolymerization of AA and methacrylate-

functionalized F127 to obtain pH- and thermoresponsive hydrogels and by Jin and coworkers 

(2016),55 who applied DLP to build miniaturized PAA-based pH-sensors, with a sub-micron 

vertical resolution of 0.2 µm. 

DLP printing is faster than other photopolymerization-based methods, since its 

printing speed depends essentially on the number of layers (model height). Commercial 

printers can reach xy-plane resolutions as low as 25 µm.56 Vertical plane resolution relates to 

light penetration and can be tuned by photoblocking agents, reaching values of a few 

microns.55,56 Still, the DLP technique has limitations regarding printing of cell-laden 

constructs, due to cellular damage caused by resin components and light exposure. 
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Additionally, photoinitiators and photoblockers are generally poorly soluble in water and 

require using of unfriendly organic solvents.57 In this regard, the DLP 3D printing of PAA 

hydrogels in the presence of F127, such as proposed in this work, is an interesting strategy to 

integrate printing additives through a more biological friendly approach, owing to the F127 

surface-activity, which helps to solubilize high amounts of the printing additives in water.  

 

Nitric Oxide (NO) 

Nitric oxide (NO) releasing medical devices have been increasingly proposed, given 

the central role of NO in processes such as vascular homeostasis, angiogenesis and platelet 

adhesion.58 NO is a diatomic molecule produced endogenously from L-arginine and has a 

radical character. Despite of its reactivity against paramagnetic species like O2, and short half-

life in solution,59 NO is capable to diffuse across cell membranes and interact with biological 

targets as a signaling agent. Studies in murine models indicate that NO helps wound healing 

by stimulating re-epitalization and collagen synthesis.60 Besides, it is suggested that NO has a 

protective role in cartilage tissues.61 

The biological effects of NO are highly dependent on its concentration in the cell 

environment. In vitro studies have shown that exposing cells to pico- to nanomolar NO 

concentrations resulted in cell survival and proliferation62 and motivated the development of 

new drugs and platforms for a controlled release of NO. Instead of releasing the gaseous and 

unstable NO itself, current research focus on the application of compounds able to release NO 

in situ, named NO donors.63 

The S-nitrosothiols are an important class of NO donors and have a NO group bound 

to a sulfur atom (-S-N=O), which can be released under influence of light, temperature, 

transition metals, free thiols and several enzymes.64 S-nitrosothiols present advantages against 

other NO donors, since some of them are endogenously found and are intrinsically non-toxic. 

Besides, biological tests indicate their use as antiplaquetary agents, without risk from 

tolerance induction under prolonged use.63 The S-nitrosoglutathione (GSNO) is a low-molar 

mass endogenous S-nitrosothiol, formed by a tripeptide containing a -SNO moiety attached to 

a primary carbon (Fig. 7). 
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Figure 7. Molecular structure of S-nitrosoglutathione (GSNO). 

The efficacy of GSNO on the inhibition of platelet activity has been tested in patients 

with cardiovascular diseases, without causing hypotension.65 Besides, GSNO has been linked 

to angiogenesis in vitro on human cells66 and animal models.67 The combination of such 

effects could be explored to obtain less thrombogenic implants and medical devices, with a 

reduced probability of rejection in the acute inflammatory phase after surgery. 

Hydrogels have emerged as candidates for the exogenous NO release since 

biocompatible hydrophilic polymers can be used to release drugs locally. In these materials, 

NO donors can be chemically attached to the polymer chain68 or can be dispersed into 

hydrogels. Topical formulations comprising GSNO-containing F127 hydrogels were 

successfully applied in topical vasodilation and wound healing.69,70 Recently, our research 

group produced supramolecular hydrogels, comprised of PAA in the presence of a F127 gel. 

These hydrogels were thermally crosslinked in glass molds, for 24h. The resulting materials 

were charged with GSNO by swelling in drug aqueous solutions and applied onto wounds in 

rats, showing improved healing than control hydrogels.30 This work follows this line of 

thought and proposes to print these hydrogels in the presence of CNC and introduce GSNO in 

the sequence. 

Despite the therapeutic potential of GSNO, there is no widespread clinical application 

of this compound up to date, due to its low thermal stability, particularly in the presence of 

light and water. Consequently, the development of GSNO-charged hydrogels as platforms for 

NO release is a promising strategy to increase GSNO life span. Up to date, no references were 

found in the literature regarding semi-IPN PAA-based hydrogels containing F127 and CNC 

simultaneously, charged with GSNO for the NO release. This choice of components, allied to 

the 3D fabrication, which is still little explored with NO-releasing materials, may expand the 

range of GSNO biomedical applications.  
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General objectives 

This work aims at the 3D printing of semi-IPN hydrogels based on PAA, F127 and 

CNCs (PAA/F127/CNC) using a commercial DLP device, together with a novel method to 

produce the printable mixtures, in the absence of organic solvents. Moreover, this work seeks 

to investigate the influence of CNC content on the hydrogel mechanical properties and the 

kinetics of NO release.  

 

Explanatory note 

This master dissertation is organized in three chapters. Chapter 1 focuses on the 

development of semi-IPN PAA/F127 and PAA/F127/CNC photopolymerizable hydrogel 

formulations. The influence of variables such as the reaction time, monomer and crosslinker 

concentration on hydrogel physico-chemical properties was studied. Particularly, mechanical 

properties were evaluated with the help of Design of Experiment (DOE) tools. Chapter 2 

presents, in form of a manuscript, the 3D printing of PAA/F127/CNC hydrogels via DLP 

technique and the study of CNC influence on morphology, compression properties, swelling 

and kinetics of NO release. Lastly, Chapter 3 shows preliminary results of the indirect testing 

of PAA/F127/CNC cytotoxicity against Vero cells, comparing samples washed with ethanol 

or PBS solution. 



 

 

Chapter 1. Development of PAA/F127 and PAA/F127/CNC 

hydrogels 

 

Abstract 

This chapter focuses on the development of semi-IPN PAA/F127 and PAA/F127/CNC 

hydrogel formulations. Herein, the reaction time, monomer (AA) and crosslinker (MBA) 

concentrations, as well as the CNC content were treated as experimental variables. Lastly, 

design of experiments (DOE) was employed to analyze the effect of these variables in 

hydrogel mechanical properties. This strategy was important for further 3D printing of 

PAA/F127/CNC hydrogels and indicated that the overall hydrogel composition, rather than 

the reaction time, played a central role in defining hydrogel physical properties.  
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Experimental procedure 

Materials 

Pluronic® F127 (PEO99-PPO65-PEO99) of 12,600 g mol-1 nominal molar mass, acrylic acid 

(AA, 99%, containing 200 ppm 4-methoxyphenol - MEHQ inhibitor), photoinitiator 

Irgacure® 819 – phenylbis(2,4,6-trimethylbenozoylphosphine) oxide (97%), sodium 

phosphate monobasic monohydrate (NaH2PO4.H2O, ≥98%) and sodium phosphate dibasic 

anhydrous (Na2HPO4, ≥98%) were acquired from Sigma Aldrich (St. Louis – MI, USA). 

N,N’-methylenebisacrylamide – MBA (96%) was obtained from Acros Organics (Geel, BE). 

Reagents were used without previous purification steps. Cellulose nanocrystals – CNC 

(nominal width: 5-20 nm; length: 150-200 nm) were acquired as an aqueous gel (11.5-12.5 

wt% CNCs) from the University of Maine (Orono – ME, USA) and further dialyzed in 

deionized water for 5 days to remove salts and preservatives, resulting in a 9.21 wt% aqueous 

suspension. All the solutions were prepared with deionized water from a Direct-Q 3 UV 

system (Merck Millipore – Burlington, MA, USA). 

 

Synthesis of semi-IPN PAA/F127 and PAA/F127/CNC hydrogels 

Preparation of F127 stock solution 

A 35% wt% F127 stock solution was prepared according to the method described by 

Schmolka (1972).26 Briefly, 65 g of cold water were weighted in a bottle-necked flask. In the 

sequence, 35 g of F127 were added under stirring and the flask was stored at 4°C until 

complete polymer solubilization.  

 

Hydrogel photopolymerization 

Semi-IPN hydrogels based on PAA and F127 (PAA/F127) and their counterparts 

containing CNCs (PAA/F127/CNC) were produced via free-radical photopolymerization. As 

an example, 25 g of the PAA/F127 photopolymerizable mixtures were prepared as described 

in Fig. 8: known amounts of crosslinker (MBA) and photoinitiator (Irgacure 819 - 0.00418 g, 

0.017 wt%) were weighted (1) and mixed with the monomer (AA) (2). Subsequently, ca. 14 g 

of a previously prepared 35 wt% F127 solution were added and homogenized under magnetic 

stirring in an ice bath (3), resulting in a final concentration of 20 wt% F127, in order to obtain 

F127 micelles in the resin bulk. Addition of known amounts of a previously dialyzed CNC 

suspension (9.2 wt%) was required to prepare PAA/F127/CNC formulations (4). CNCs were 

vigorously mixed with the above described monomer-F127 cold solution until a homogeneous 
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whitish suspension was observed. Finally, the mixture weight was adjusted by adding water 

(5) and the content was kept protected from light and stored at 4°C for at least 16h to 

solubilize the F127 and reduce foaming.  

Prior to the hydrogel preparation, the mixtures were degassed in ultrasonic bath for 10 

min and 10 g of them were transferred to PTFE molds (Ø = 65mm), placed on a leveled 

heating plate set at 30 °C (6). The molds were kept for 15 min under a low N2 flux via a 3-

necked glass cover (7).  

 

 

Figure 8. Experimental scheme of the photopolymerizable mixtures preparation: (A), the 

photopolymerization process (B) and the setup used to obtain PAA/F127 and PAA/F127/CNC 

hydrogels (C). 

 

After the N2 purging, The molds were irradiated with an 8W (780 lumen) double-

headed LED source (Cole-Parmer, Vermon Hills – IL, US) (8). After light exposure, 

hydrogels were post-cured with a mercury lamp for 15 min. Samples were then immersed in 

water for 48 h to remove residues (9) and  vacuum dried until constant weight and stored in a 

desiccator (10).  

 

Hydrogel formulations 

Regarding the composition, PAA/F127 hydrogels were developed considering two levels 

of the monomer (AA) concentration, crosslinker (MBA) concentration and irradiation time, 
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comprising 8 different formulations. PAA/F127/CNC hydrogels were prepared after 

preliminary PAA/F127 characterization, which determined beforehand the polymerization 

time and the AA concentration. In this case, the MBA concentration and CNC concentration 

were treated as variables, describing 4 different formulations. A summary of the component 

concentrations for each hydrogel formulation, relative to the total resin feed, as well as 

photopolymerization time are presented in Table 1.  

 

Table 1. Hydrogel component concentrations and polymerization time. 

Hydrogel 
AA F127 MBA CNC Irgacure  AA:MBA  Time 

 (wt%) (wt%)  (wt%) (wt%) (wt%) ratio (min) 

PAA/F127 (AB30/T6) 28.8 20 2.1 0 0.02 30 6 

PAA/F127 (AB30/T3) 28.8 20 2.1 0 0.02 30 3 

PAA/F127 (AB25/T6) 28.8 20 2.6 0 0.02 25 6 

PAA/F127 (AB25/T3) 28.8 20 2.6 0 0.02 25 3 

PAA/F127 (AB15/T6) 14.4 20 2.1 0 0.02 15 6 

PAA/F127 (AB15/T3) 14.4 20 2.1 0 0.02 15 3 

PAA/F127 (AB12/T6) 14.4 20 2.6 0 0.02 12 6 

PAA/F127 (AB12/T3) 14.4 20 2.6 0 0.02 12 3 

PAA/F127/CNC1.5 (AB30) 28.8 20 2.1    1.5 0.02 30 6 

PAA/F127/CNC1 (AB30) 28.8 20 2.1 1 0.02 30 6 

PAA/F127/CNC1.5 (AB25) 28.8 20 2.6    1.5 0.02 25 6 

PAA/F127/CNC1 (AB25) 28.8 20 2.6 1 0.02 25 6 

 

The hydrogels described in Table 1 were randomly synthesized and produced in the 

presence of ca. 50 wt% water and 20 wt% F127. PAA/F127 hydrogels were named after the 

monomer to crosslinker (AA:MBA) molar ratio and the polymerization time. As an example, 

the PAA/F127 (AB25/T6) sample was produced in the presence of 25:1 AA:MBA molar ratio 

and 6 min irradiation time. For PAA/F127/CNC hydrogels, time was fixed at 6 min and 

samples were named after the AA:MBA molar ratio as well as the CNC concentration in the 

formulation.  

 

Material characterization 

Hydrogel swelling  

Hydrogel discs were cut by using a surgical punch (Ø=6 mm) and immersed in 2 mL 

of a 10 mM phosphate buffered saline solution (PBS, pH 7.4) at 25°C. Hydrogels were 
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removed from solution in defined intervals, and then the surfaces were wiped with filter paper 

for weighting. Swelling degree was determined according to the Eq. 1. 

 

𝑆𝑤𝑒𝑙𝑙𝑖𝑛𝑔 𝑟𝑎𝑡𝑖𝑜 (𝑔/𝑔) =
𝑚𝑆 − 𝑚0

𝑚0
 (Equation 1) 

 

where mS corresponds to the swollen weight and m0 to the weight of a previously dried 

hydrogel sample, respectively.  

 

Scanning Electron Microscopy (SEM) 

Scanning electron micrographs of dried hydrogel samples were obtained after 

cryogenic fracture for morphology analysis in a JEOL 6360-LV microscope (JEOL 

Instruments, Akishima, Tokyo – JP) using a 10 kV acceleration voltage. Samples were 

mounted onto brass stubs and coated with iridium in a MED 020 sputtering device (BAL-TEC 

AG, Balzers – LIE) for 180 s and 15.5 mA current. 

 

Infrared Vibrational Spectroscopy (FTIR) 

FTIR spectra of dried hydrogel samples and their respective components were 

acquired in a 630 FTIR spectrometer (Agilent Cary, Santa Clara, CA – US), in the range 4000 

– 400 cm-1 and ATR mode, by depositing the samples directly onto the ZnSe crystal. 

 

Compression tests – Thermomechanical Analysis (TMA) 

The compressive response of the PAA/F127 and PAA/F127/CNC dried hydrogel 

samples was analyzed in a thermomechanical analyzer (TMA) TA2940 (TA Instruments, 

New Castle – DE, US). Discs of the samples were cut with surgical punch (Ø = 6 mm; width 

= ca. 2 mm) and subjected to a single loading-unloading cycle, to a 1 N maximum force, at a 

constant 0.05 N min-1 compression rate and 25 °C temperature. Samples were analyzed in 

single measurements.  

 

Tensile tests 

Tensile properties of the PAA/F127 and PAA/F127/CNC hydrogels were analyzed in 

a universal test machine EMIC 23-20 (Instron do Brasil, São José dos Pinhais – PR, BR) at 

room temperature and at 50% relative air humidity, by using dumbbell-shaped specimens cut 
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from hydrogel samples, according to the ASTM D1708 standard (gauge length: 22 mm; 

diameter: 5 mm; width: ca. 2 mm). Unless specified, measurements were carried out in 

duplicate samples.  

 

Design of Experiments (DOE) 

The parameters used in the production of PAA/F127 hydrogels were screened to 

define a formulation to be employed in the 3D printing process. A complete 23 factorial 

design was proposed, according to Barros et al.,71 to evaluate the effects of experimental 

variables in the tensile Young’s moduli of the photopolymerized PAA/F127 hydrogels. 

Herein, each factor varied between two levels: AA concentration (low - 2 mol L-1
, high - 4 

mol L-1), MBA concentration (low - 0.13 mol L-1, high - 0.16 mol L-1) and LED irradiation 

time (low - 3 min, high - 6 min). 

Briefly, this methodology stems from a linear model, which describes a response 

surface based on variations in independent factors and their interactions, as given by Eq. 2 

 

𝑦 = 𝛽0 + ∑ 𝛽𝑖
𝑘
𝑖 𝑋𝑥𝑖 + ∑ 𝛽𝑖

𝑘
𝑖𝑗 𝑋𝑥𝑖𝑋𝑥𝑗 +  ∑ 𝛽𝑖

𝑘
𝑖𝑗𝑘 𝑋𝑥𝑖𝑋𝑥𝑗𝑋𝑥𝑘 + ε (Equation 2) 

 

In the above described linear model, y represents the points which enclose a response 

surface. In this work, the response relates to the Young’s modulus (YM) values obtained from 

tensile tests of PAA/F127 hydrogels. The βi coefficients represent the intercept (β0) and 

individual factor contributions to the model (i.e. β1: AA concentration; β2: MBA 

concentration and β3: polymerization time), whereas βij (β12, β13 and β23) and bijk (β123) refer to 

interactions between two and three factors, respectively.  

After fitting the model to the response values, analysis of variance (ANOVA) was 

carried out to validate it by using the software Minitab 19 (Minitab Inc., State College – PA, 

USA). Considering the ANOVA results, the coefficient β123 was truncated and used to obtain 

the standard error for the model coefficients. 
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Results and Discussion  

Hydrogel photopolymerization 

PAA/F127 hydrogels were produced via photopolymerization and molded as discs, 

following the formulations described in Table 1. Images of the synthesized hydrogels after 

lyophilization are shown in Fig. 9.  

 

 

Figure 9. Representative images of dried PAA/F127 hydrogel discs. 

 

According to Fig. 9, the overall composition plays an important role in determining 

the hydrogel properties. The hydrogels prepared in the presence of high monomer 

concentration (high AA:MBA ratios - AB25 and AB30 samples) were transparent and flexible 

even after the drying procedure. Samples coded as AB12 and AB15 (small monomer 

concentration) resulted in brittle pieces with irregular surfaces and an opaque appearance. 

Hydrogels tended to present cracks due to the freezing process employed for drying. In this 

sense, in subsequent processes, samples were dried at room temperature, what required 

extended drying periods.  

Alternatively, PAA/F127/CNC hydrogels were prepared after fixing polymerization 

time (6 min) and the monomer concentration (4 mol L-1). Four different formulations were 

developed by employing 1 wt% or 1.5 wt% CNCs and 25:1 or 30:1 AA:MBA molar ratio, as 

shown in Table 1. PAA/F127/CNC hydrogel samples are depicted in Fig. 10. 
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Figure 10. Images of PAA/F127/CNC hydrogels in dry and swollen state. (A) 

PAA/F127/CNC1.5 (AB25), (B) PAA/F127/CNC1 (AB25), (C) PAA/F127/CNC1.5 (AB30), 

(D) PAA/F127/CNC1 (AB30). 

 

PAA/F127/CNC hydrogels were largely similar to hydrogels produced in the absence 

of CNCs (PAA/F127) under the same experimental conditions. Samples exhibited flexibility 

during handling and preserved transparency when dried, due to the low CNC content 

employed. 

 

Hydrogel Swelling 

Water swelling is a key property to define applications of hydrogels, as it is intimately 

related to drug release profiles and to dimensional changes. The swelling profiles of 

PAA/F127 hydrogels were obtained during 24 h in 0.01 M PBS buffer (pH 7.4) at 25°C, as 

shown in Fig. 11. 
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Figure 11. Swelling profiles of PAA/F127 hydrogels in 0.01 M PBS (pH 7.4) at 25 °C for 24 

h. 

 

According to Fig. 11, PAA/F127 hydrogels can be arranged in two groups: the first is 

represented by samples produced with high monomer concentration, i.e. 25:1 (AB25) and 

30:1 (AB30) AA:MBA molar ratios. These hydrogels exhibited lower swelling rates and 

equilibrium swelling ratio than samples of the second group, which encompasses hydrogels 

produced with 12:1 (AB12) and 15:1 (AB15) AA:MBA ratios. The hydrogels produced with a 

small monomer concentration presented not only faster swelling and higher equilibrium 

swelling than their counterparts but resulted in more fragile samples when handled during the 

experiment. This result is reasonable, since properties intimately related to the swelling 

behavior, such as the crosslinking density and the gel fraction are affected by the monomer 

and crosslinker concentrations.2 

It is important to mention that a characteristic of semi-IPN hydrogels is the possibility 

of the non-crosslinked polymers to be extracted. In the PAA/F127 hydrogels, the extraction of 

F127 was noted due to foam formation during the swelling measurements. Additionally, in 

the AB12 and AB15-type hydrogels, F127 leakage was intense due to lower crosslinking 

density and to hydrogels breaking during handling, resulting in high mean deviations. 

Considering the reproducibility of the swelling profiles and the structural stability of the 

photopolymerized PAA/F127 hydrogels, PAA/F127/CNC hydrogels were produced using 

high monomer concentration and monomer to crosslinker ratios (AA:BIS = 25:1 or 30:1). 
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The swelling behavior of the PAA/F127/CNC samples was analyzed similarly to the 

PAA/F127 hydrogels. Hydrogels were immersed in PBS buffer until swelling equilibrium was 

achieved (Fig. 12). 

 

 

Figure 12. Swelling profiles of PAA/F127/CNC hydrogels in 0.01 M PBS buffer (pH 7.4) at 

25 °C. 

 

The incorporation of CNCs in hydrogel formulations increased swelling in 

approximately three times, compared to the samples shown in Fig. 11, which were produced 

under the same AA:MBA ratios (25:1 and 30:1). Moreover, swelling equilibrium was reached 

after four days. As reported by Lim et al.,72 the presence of small CNC contents (up to 5 wt% 

relative to monomer mass) increases the number of available hydrophilic groups and 

consequently leads to increases in PAA hydrogel swelling ratio. Hydrogel formulations 

containing 1 wt% CNCs resulted in higher swelling than that with 1.5 wt% CNCs, probably 

due to a barrier effect to water, caused by CNCs. Particularly, PAA/F127/CNC1 (AB30) 

exhibited the highest swelling among the analyzed samples, a feature that may be related to a 

less dense hydrogel matrix, given the lower crosslinker and CNC concentrations. 

 

Infrared Vibrational Spectroscopy (FTIR) 

Transmittance infrared spectra in ATR mode were acquired to assess hydrogel 

crosslinking and to compare hydrogels produced from different formulations: PAA-only, 
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PAA/F127 and PAA/F127/CNC1 hydrogels (Fig. 13). Hydrogels were synthesized according 

to the same procedure and AA:MBA ratio was fixed at 25:1. 

 

 

Figure 13. FTIR-ATR spectra of PAA/F127/CNC (A) hydrogel components acquired 

between 4000 cm-1 and 400 cm-1. (B) The onset graph is a magnification in the range from 

2000 cm-1 to 400 cm-1 of PAA (AB25) (red), PAA/F127 (AB25) (blue) and PAA/F127/CNC1 

(AB25) (green) hydrogel spectra. The arrows highlight major differences between hydrogels 

and their components.  

 

In the Fig. 13A, the main assignments in the AA spectrum were a large O-H stretching 

band between 3650 cm-1 and 2750 cm-1, a strong C=O stretching band centered at 1696 cm-1, 

along with a C=C stretching at 1632 cm-1.73,74 The MBA spectrum shows bands at 3305 cm-1 

(N-H stretching), 3105 cm-1 (CH2 stretching), 1655 cm-1 (C=O stretching - amide I band), 

1627 cm-1 (C=C stretching), 1539 cm-1 (N-H bending – amide II) and 1304 cm-1 (C-N 

bending – amide III).75 The F127 presents in its FTIR spectrum a C-H stretching vibration at 

2884 cm-1, strong bands at 1342 cm-1, 1040 cm-1 and 960 cm-1, assigned to in-plane bending 

of O-H bonds, C-O stretching and CH2 rocking vibration, respectively.76,77 Lastly, the FTIR 
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spectrum of lyophilized CNCs shows a large O-H stretching band, centered at 3300 cm-1 and 

C-H stretching band at 2894 cm-1. The strong  vibration band around 1060 cm-1 was assigned 

to C-O stretching in pyranose units.78 

The comparison between a set of hydrogel spectra with those obtained from the main 

components, as depicted in the onset graph (Fig. 13B), reveals that characteristic monomer 

(AA and MBA) vinyl stretching bands (black arrows in Fig. 13A) were absent in all hydrogel 

samples, suggesting that the photopolymerization process resulted in high conversion of these 

reactive groups. The appearance of δ O-H (1348 cm-1), ν C-O (1077 cm-1) and ρ CH2 (943 cm-

1) bands in PAA/F127 and PAA/F127/CNC spectra, as highlighted by the red arrows in Fig. 

13B, stems from F127, which are absent in PAA hydrogels. Additionally, these δ O-H and ν 

C-O bands in hydrogels were shifted towards higher wavenumbers compared to pure F127, 

although ρ CH2 band was shifted to lower wavenumbers. The carbonyl bands, derived mainly 

from AA, were also shifted in the hydrogel spectra. In PAA hydrogels, C=O band was 

centered at 1700 cm-1. In PAA/F127 and PAA/F127/CNC hydrogel spectra, the same band 

was found at 1705 cm-1. The observed shifts in absorption maxima suggest that intermolecular 

interactions between F127 and PAA carbonyl groups may be present in hydrogel structure, 

and consequently forming a semi-IPN network.79 Lastly, CNC contributions to the 

PAA/F127/CNC spectrum were undistinguishable from other bands, given the low CNC 

content. 

 

Scanning Electron Microscopy (SEM)  

Scanning electron micrographs of cryogenically fractured PAA/F127 hydrogels, were 

obtained for morphological analysis and are shown in Fig. 14. 
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Figure 14. Representative cross-sectional SEM micrographs of PAA/F127 hydrogels. (A) 

AB30/T3; (B) AB30/T6; (C) AB25/T3; (D) AB25/T6; (E) AB15/T3; (F) AB15/T6; (G) 

AB12/T3; (H) AB12/T6. The arrows highlight regions of clear tonalities 

 

The analyzed PAA/F127 hydrogels presented dense morphologies, without pores. 

However, cracks in hydrogel cross-sections were observed in AB25/T3 (Fig. 14F), AB15/T6 
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(Fig. 14G), AB12/T3 (Fig. 14G) and in AB12/T6 samples (Fig. 14H). The presence of cracks 

after hydrogel drying occurred due to brittleness induced by the simultaneous decrease in 

monomer and increase in crosslinker concentrations. Moreover, in samples AB25/T3 (Fig. 

14C), AB25/T6 (Fig. 14D), AB15/T6 (Fig. 14F) and AB12/T6 (Fig. 14H), the white arrows 

indicate regions with different tonalities compared to hydrogel bulk, which could be related to 

changes in local composition. In summary, PAA/F127 (AB30) hydrogels (Fig. 14A, Fig. 

14E) resulted in the most uniform samples and were the least prone to cracks. 

The PAA/F127/CNC hydrogels were also investigated, and cross-sectional images are 

shown in Fig. 15. 

 

 

Figure 15. Representative cross-sectional SEM micrographs of PAA/F127/CNC hydrogels: 

(A) PAA/F127/CNC1 (AB30), (B) PAA/F127/CNC1.5 (AB30), (C) PAA/F127/CNC1 

(AB25), (D) PAA/F127/CNC1.5 (AB25). 

 

The synthesis of hydrogels in the presence of CNCs was carried out using 25:1 and 

30:1 AA:MBA molar ratios, since in these conditions PAA/F127 hydrogels were the most 

uniform, compared to hydrogels containing lower AA:MBA ratios. The micrographs shown 

in Fig. 15 reveal that PAA/F127/CNC hydrogels have smooth fractures and dense 
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morphologies, suggesting that CNC incorporation does not affect substantially the hydrogel 

morphology, compared to the corresponding PAA/F127 samples. A remarkable feature is 

presented by the PAA/F127/CNC1.5 (AB25) hydrogel (Fig. 15D), due to the appearance of 

dots on the fracture surface, which suggests the presence of CNC aggregates. These 

aggregates could be formed by incomplete homogenization during the photopolymerizable 

mixture preparation. 

 

Mechanical properties 

The investigation of mechanical behavior is of major importance for biomedical 

applications of hydrogels, since the materials must be designed to mimic the properties of a 

host tissue. With this aim, the compressive properties of dried PAA/F127 and 

PAA/F127/CNC hydrogels were evaluated by unconfined compression tests at 25 °C. The 

samples were subjected to a single loading/unloading cycle at a constant compression rate. 

Stress versus strain graphs were plotted as shown in Fig. 16.  

 

 

Figure 16. Compressive stress versus strain curves for (A) PAA/F127 hydrogels and (B) 

PAA/F127/CNC hydrogels. 

 

Compressive experiments were performed to a maximum force of 1 N, which resulted 

in low deformations (max. 16%). All hydrogels exhibited a viscoelastic behavior under 

compression and did not fully recover their original dimensions after loading removal. The 

stress versus strain curves displayed in Fig. 16 show hysteresis, which indicates a permanent 

deformation of the hydrogels and relates to the energy dissipation during the compression 

cycle.80 Furthermore, to investigate the influence of polymerization time and overall 

composition in the compressive properties, compressive moduli were calculated as the initial 
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slope of PAA/F127 (Fig. 16A) and PAA/F127/CNC (Fig. 16B) hydrogel loading curves from 

each measurement. The results are listed in Table 2.  

 

Table 2. Compressive moduli of PAA/F127 and PAA/F127/CNC hydrogels. 

Hydrogel Compressive modulus (MPa) 

PAA/F127 (AB30/T6) 0.052 

PAA/F127 (AB30/T3) 0.040 

PAA/F127 (AB25/T6) 0.067 

PAA/F127 (AB25/T3) 0.031 

PAA/F127 (AB15/T6) 0.028 

PAA/F127 (AB15/T3) 0.055 

PAA/F127 (AB12/T6) 0.034 

PAA/F127 (AB12/T3) 0.016 

PAA/F127/CNC1.5 (AB30) 0.089 

PAA/F127/CNC1 (AB30) 0.058 

PAA/F127/CNC1.5 (AB25) 0.044 

PAA/F127/CNC1 (AB25) 0.086 

 

PAA/F127 hydrogels produced from low monomer concentrations (AB12 and AB15 

samples) exhibited higher deformation and a more viscous behavior than samples AB25 or 

AB30. The predominant viscous behavior and the permanent deformation presented by AB12 

and AB15 are undesirable considering that this work intends to develop candidate materials 

for tissue implants.  

Moreover, hydrogels exposed to a longer photopolymerization time (T6 samples), 

tended to display an increase in compressive strength, since they were less deformable and 

resulted in higher moduli than T3 samples. These results suggest that not only the monomer 

concentration, but also the irradiation time was a relevant parameter to determine hydrogel 

compressive properties. Possibly, the network density was affected mainly by composition 

and in less extent by reaction time since low polymerization conversion can lead to 

inhomogeneities.  

PAA/F127/CNC hydrogels (Fig. 16B) exhibited a viscoelastic compressive behavior, 

comparable to corresponding PAA/F127 samples (AB25 and AB30). However, according to 

Table 2, CNC introduction apparently increased hydrogel compressive moduli, with 

exception of PAA/F127/CNC1.5 (AB25) sample. Additionally, trends in moduli related to 

CNC proportion could not be observed, possibly due to the small differences in CNC 

concentration used. 



44 

 

 

 

Tensile properties of dried PAA/F127 and PAA/F127/CNC hydrogel samples were 

assessed via strain tests. Stress-strain curves of the tested hydrogels are shown in Fig. 17. 

 

 

Figure 17. Typical stress-strain curves of PAA/F127 and PAA/F127/CNC hydrogels. (A) 

PAA/F127 (AB25) and PAA/F127 (AB30); (B) PAA/F127 (AB12) and PAA/F127 (AB15); 

(C) PAA/F127/CNC hydrogels. In (A) and (B), solid curves represent hydrogels polymerized 

during 6 min and dashed curves relate to a 3 min photopolymerization time.  

 

Tensile tests of PAA/F127 (AB25) (Fig. 17A, black) and PAA/F127 (AB30) (Fig. 

17A, grey) resulted in linear behavior, followed by rupture, indicating that these samples were 

predominantly elastic when subjected to stress. On the other hand, PAA/F127 (AB12) (Fig. 

17B, black) and PAA/F127 (AB15) (Fig. 17B, grey) hydrogels presented a distinct viscous 

behavior. These samples were also rigid, as noticed by higher slopes on the initial linear 

regions, when compared with samples prepared with higher monomer concentrations. 

Moreover, cracks occurred during AB12 and AB15 hydrogel handling and drying, what 

induced premature breaking under stress and limited the number of analyzed samples to a 

single measurement per composition. 
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The strain properties of PAA/F127/CNC hydrogels (Fig. 17C) were investigated by 

using four replicate samples and exhibited similar stress-strain profiles as to the correspondent 

PAA/F127 hydrogels (AB25 and AB30). However, introduction of CNCs seems to increase 

resistance to strain, noticed by an apparent increase in the slopes, while keeping the 

predominant elastic behavior. The curves shown in Fig. 17 were used to obtain the Young’s 

modulus (YM), ultimate stress and elongation at break of the hydrogels. These data were 

summarized in Table 3, which were averaged only for PAA/F127/CNC hydrogels.  

 

Table 3. Young’s Modulus, ultimate stress and elongation at break values, calculated from 

stress-strain curves of PAA/F127 and PAA/F127/CNC hydrogels. 

Hydrogel 
Young’s modulus  Ultimate stress Elongation at break  

(MPa) (MPa) (ε) 

PAA/F127 (AB30/T6) 0.92±0.04 0.50±0.01 0.57±0.01 

PAA/F127 (AB30/T3) 0.76±0.16 0.51±0.05 0.64±0.01 

PAA/F127 (AB25/T6) 1.62±0.17 0.67±0.08 0.56±0.11 

PAA/F127 (AB25/T3) 1.06±0.10 0.40±0.04 0.35±0.03 

PAA/F127 (AB15/T6)* 1.23 0.32 0.56 

PAA/F127 (AB15/T3)* 1.04 0.42 1.03 

PAA/F127 (AB12/T6)* 7.10 0.56 0.34 

PAA/F127 (AB12/T3)* 4.59 0.55 0.43 

PAA/F127/CNC1.5 (AB30) 2.15±0.42 0.68±0.07 0.51±0.14 

PAA/F127/CNC1 (AB30) 1.60±0.13 0.55±0.08 0.48±0.05 

PAA/F127/CNC1.5 (AB25) 2.24±0.34 0.64±0.11 0.46±0.05 

PAA/F127/CNC1 (AB25) 1.87±0.17 0.64±0.11 0.59±0.02 

*single measurements 

 

The results show that dried PAA/F127 hydrogels can support ca. 0.5 MPa ultimate 

stress. Particularly, the AB25/T6 hydrogel, produced under the longest polymerization time 

and highest monomer and crosslinker concentrations, reached the highest stress among the 

PAA/F127 samples. The average maximum strain was ca. 55%, which is an intermediary 

value considering the existence of hydrogels capable to maintain much higher elongations.81,82 

Additionally, YM values of ca. 1 MPa were obtained for PAA/F127 hydrogels, excluding 

AB12-like samples. 

PAA/F127/CNC hydrogels presented higher YM and ultimate stress values than 

equivalent PAA/F127 hydrogels, keeping the average elongation at break. YM values of 

PAA/F127/CNC1.5 hydrogels were higher than corresponding values presented by 

PAA/F127/CNC1 samples. These results suggest that CNCs acted as a reinforcing agent for 

PAA/F127/CNC hydrogels.  
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Design of Experiments (DoE) 

The trends in YM values related to the composition of PAA/F127 hydrogels were 

further investigated considering a complete 23 factorial design, where the AA and MBA 

concentration, as well as the time of LED irradiation were the factors used to fit the YM 

values response, as shown in Table 4.  

 

Table 4. Variables of a complete 23 factorial design for YM values obtained from tensile tests 

of PAA/F127 hydrogels.  

  - 1 +1   

Factors A: AA concentration (mol L-1) 2 4   

 B: MBA concentration (mol L-1) 0.13 0.16   

 C: Irradiation time (min) 3 6   

Trial Hydrogel A B C YM (MPa)  

1 PAA/F127 (AB30/T6) +1 -1 +1 0.89 

2 PAA/F127 (AB30/T6) +1 -1 +1 0.95 

3 PAA/F127 (AB30/T3) +1 -1 -1 0.87 

4 PAA/F127 (AB30/T3) +1 -1 -1 0.65 

5 PAA/F127 (AB25/T6) +1 +1 +1 1.74 

6 PAA/F127 (AB25/T6) +1 +1 +1 1.50 

7 PAA/F127 (AB25/T3) +1 +1 -1 1.13 

8 PAA/F127 (AB25/T3) +1 +1 -1 0.99 

9 PAA/F127 (AB15/T6) -1 -1 +1 1.23 

10 PAA/F127 (AB15/T3) -1 -1 -1 1.04 

11 PAA/F127 (AB12/T6) -1 +1 +1 7.10 

12 PAA/F127 (AB12/T3) -1 +1 -1 4.59 

 

The factorial design was carried out with 12 trials, as AB25 and AB30 samples were 

analyzed in duplicate. Regression analysis was then applied to obtain the equation coefficients 

and their standard errors, as shown in Table 5. The 3-factor interaction effect (AA + MBA + 

time) was statistically non-significant and used for estimating the standard errors of the effects 

in the model, since no central point trial was employed. The effects were standardized (i.e. 

divided by the respective standard deviation) and plotted in a Pareto chart, for a better 

understanding (Fig. 18).  
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Table 5. Regression analysis of the response surface based on Young’s moduli of PAA/F127 

hydrogels.  

Term Effect Coefficient Standard Error T-value P-value 

Intercept   2.29 0.11 20.3 0 

A -2.40 -1.20 0.11 -10.64 0.0001 

B 2.61 1.30 0.11 11.54 0.0001 

C 0.86 0.43 0.11 3.79 0.0128 

AB -2.11 -1.05 0.11 -9.33 0.0002 

AC -0.50 -0.25 0.11 -2.19 0.0797 

BC 0.52 0.26 0.11 2.44 0.0584 

(A) – AA, (B) – MBA, (C) - time 

 

 

Figure 18. Pareto chart of the standardized effects for YM values of PAA/F127 hydrogels in 

a complete 23 factorial design.  

 

The Pareto chart presented in Fig. 18 enables the identification of the statistically 

significant effects, where the vertical line represents the minimum value of significance, 

considering p=0.05. The results suggest that the effects assigned to the hydrogel composition 

were statistically significant. Particularly, the increase in MBA concentration (B) caused an 

increase in the YM values. On the other hand, the AA concentration (A) had the opposite 

effect. As a result, high AA:MBA ratios (AB) led to low YM values, which were expected 

and related to flexible PAA/F127 hydrogel samples in the dry state. Consequently, high 

AA:MBA ratios (i.e. AB30-type samples) were recommended for future experiments due to 

an increased network density, while keeping hydrogel flexibility during handling. The effect 
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of irradiation time was also significant, however, it played a minor role in defining the YM 

values in this experiment, with non-significant interactions with the other effects.  

Additionally, ANOVA testing was used to evaluate the model applicability, as shown 

in Table 6.  

 

Table 6. Analysis of Variance (ANOVA) test sheet of the linear model proposed in the 

complete 23 factorial design for PAA/F127 hydrogels.  

Source 
Degrees of Freedom Sum of Squares Mean Square  

F-value P-Value 
(DF)  (SS) (MS) 

Model 6 40.94 6.82 50.24 0.0003 

Linear 3 35.41 11.80 86.91 0.0001 

A 1 15.36 15.36 113.11 0.0001 

B 1 18.10 18.10 133.26 0.0001 

C 1 1.95 1.95 14.35 0.0128 

2-factor interactions 3 13.28 4.43 32.60 0.0010 

AB 1 11.82 11.82 87.01 0.0002 

AC 1 0.65 0.65 4.81 0.0797 

BC 1 0.81 0.81 5.97 0.0584 

Error 5 0.68 0.14     

Lack of adjustment 1 0.61 0.61 38.04 0.0035 

Pure Error 4 0.06 0.02   

Total 11 41.62       

S 0.368511 R2(adj) 96.41%   

R2 98.37% R2(pred) 62.36%     

 

ANOVA testing supports the statistical significance of composition effects (A, B and 

AB) and time (C). Moreover, R2 and adjusted R2 were high, showing that the model fitted 

well to data. However, the predicted R2 is low, meaning that the proposed model was not fully 

optimized for prediction of YM values if theoretical parameters are to be used. Possibly, the 

model can be improved by increasing the number of experiments and replicates, although it 

provides help to screen for the factor contributions to YM response. A similar mathematical 

approach could not be applied to analyze compositional effects in PAA/F127/CNC hydrogels, 

since data fluctuation produced a poor-quality fitting (results not shown).  

 

The 3D printing of PAA/F127/CNC hydrogels is one of the main objects of this work 

and is thoroughly explored and explained in Chapter 2. Still, it is worth to mention that 

preliminary printing tests were performed with PAA/F127 (AB30) formulations, due to the 
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best performance observed in the screening of mechanical properties through the factorial 

design, generating objects such as the one displayed in Fig. 19. 

 

 

Figure 19. Example of a PAA/F127 (AB30) 3D printed hydrogel net exhibiting a crack  

 

Despite the possibility to obtain 3D printed objects, hydrogel pieces were brittle and of 

difficult handling, showing cracks during removal from printing head. Moreover, resolution 

was low due to intense light penetration, which can be improved by addition of photoblockers 

(dyes). Considering these results, crosslinker concentration had to be 5-fold reduced, resulting 

in a 150:1 AA to MBA molar ratio, used in further experiments, along with the addition of a 

dye to improve printing resolution.  

 

Conclusions 

PAA/F127 and PAA/F127/CNC hydrogels were synthesized according to an easy and 

fast photopolymerization process, by using LED irradiation in the visible spectrum range. 

The influence of irradiation time and concentration of major hydrogel components 

(monomer – AA, crosslinker – MBA, and CNCs) in physical properties was studied. As a 

result, non-porous hydrogels were obtained, according to SEM micrographs, and showed 

significant dependence on the relative concentrations of AA and MBA in the formulations. A 

decrease in monomer concentration from ca. 4 mol L-1 to 2 mol L-1 was followed by a 2-fold 

decrease in AA:MBA molar ratios (AB25 to AB12 and AB30 to AB15), which impaired 

hydrogel strain and compressive strength, as well as increased water swelling.  

Hydrogel Young’s moduli were obtained by linear fitting of stress-strain curves and 

were employed as responses in a complete 23 factorial design for PAA/F127 hydrogels. The 
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model confirmed a major dependence of mechanical properties on composition, while 

reaction time acted in a lesser extent to define the YM response.  

Additionally, PAA/F127/CNC hydrogels revealed improved mechanical properties 

when compared to corresponding PAA/F127 hydrogels and an increase in CNC content from 

1 wt% to 1.5 wt% resulted in increased YM values 

In summary, the results indicate that mechanical properties of semi-IPN PAA/F127 

hydrogels can be tuned by CNCs, such as to mimic living tissue features. However, future 

applications and 3D manufacturing of these materials require further studies, especially 

regarding the crosslinking density of these networks, which must be improved to avoid 

material failure and premature cracks in swollen state. 



 

 

Chapter 2. Nitric oxide-releasing 3D printed poly(acrylic 

acid)/F127/cellulose nanocrystal hydrogels  

 

Abstract 

3D printing has been increasingly proposed to produce smart hydrogels for biomedical 

applications, considering their similarity to tissue structure and drug delivery capacity. 

Herein, we describe an innovative method for the 3D-printing of semi-interpenetrating (semi-

IPN) hydrogel networks made up of poly(acrylic acid)/Pluronic F127/cellulose nanocrystals 

(PAA/F127/CNC) in the absence of organic solvents. 3D printed PAA/F127/CNC hydrogels 

were obtained by Digital Light Processing (DLP) and displayed a dense morphology, 

modified by CNC concentrations above 0.25 wt%, as revealed by SEM micrographs. TEM 

analysis revealed the presence of F127 micelles in a partial long-range order arrangement in 

the photopolymerized PAA/F127/CNC hydrogels, which conferred compressibility to the 

material. 3D printed PAA/F127/CNC hydrogels charged with the NO-donor S-

nitrosoglutathione (GSNO) showed dose-response NO release profiles upon hydration, with 

NO release initial rates increase due to the presence of CNCs. Therefore, 3D-printed 

PAA/F127/CNC/GSNO hydrogels may serve as a versatile soft biomaterial for NO delivery 

in biomedical applications. 
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Introduction 

In recent years, three-dimensional (3D) printing has shown great potential for the 

fabrication of medical devices83,84 and tissue scaffolds52,85 based on hydrogels. However, the 

balance between printing quality and material properties remains a great challenge and relies 

strongly on composition and printing technique.86 In this regard, several 3D printing methods 

are reported for the synthesis of hydrogels, e.g. extrusion-based,50,52,85 inkjet-based87 and 

photopolymerization-based 3D printing83,86,88. The latter depend on selective exposure of 

monomeric mixtures (i.e. resins) to light. In digital light processing (DLP) 3D printers, the 

polymer is cured by dynamic patterning of layers, with the aid of digital micromirror devices 

(DMD) capable of moving and directing the light in the form of 2D patterns (“slices”).89 DLP 

printing offers advantages when compared to other photopolymerization techniques, such as 

reduced building times, less influence from O2 inhibition and high resolution.46 

Hydrogels comprised of poly(acrylic acid) (PAA) fulfil the requirements for DLP 

printing of biomedical devices, since the acrylic acid monomers are easily photoinitiated. 

PAA is a highly hydrophilic and pH-responsive polymer, due to pendant carboxylic groups. 

Additionally, it is biocompatible,8,90 which is attractive for smart drug delivery, but results in 

fragile and brittle assembles.91 The preparation of semi-interpenetrating (semi-IPN) polymer 

networks is a promising strategy to deal with the poor mechanical properties of PAA 

hydrogels. In these materials, PAA forms a crosslinked network, where linear or branched 

polymers are non-covalently dispersed.1 PAA hydrogels produced in the presence of Pluronic 

F127 (F127) have been extensively studied.10,30,79 F127 is a triblock copolymer of 

poly(ethylene oxide)-b-poly(propylene oxide)-b-poly(ethylene oxide) (PEO-PPO-PPO), 

capable of micellization due to dehydration and hydrophobic interactions of PPO chain 

segments, thus resulting in a PPO core surrounded by a PEO shell. Furthermore, the hard-

sphere interactions of F127 micelles lead to liquid crystalline mesophases, depending on the 

temperature and concentration.23–25 The enclosure of these F127 micellar structures within the 

hydrogel can provide multiple non-covalent interactions with the crosslinked PAA network, 

enhancing the mechanical performance. 

Regarding the 3D printing of PAA-based hydrogels containing F127, Viana et. al.92,93 

presented a rheological study to compatibilize mixtures of AA and F127, resulting in 

extrudable gels, which can be further exposed to light, in order to obtain crosslinked PAA. 

The approach was promising considering the possibility to use non-expensive, homemade 
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printing devices but was unable to achieve the high resolution of DLP printing. Moreover, the 

work from Dutta et al.54 shows a SLA printing methodology to copolymerize F127-

dimethacrylate with acrylic acid. Despite the high resolution achieved, characteristic of a 

photopolymerization-based printing, the method used for F127 functionalization required a 

metal catalyst and non-friendly solvents. 

Recently, considerable effort has been made towards the synthesis of semi-IPN 

hydrogels containing cellulose nanocrystals (CNCs).20,37 Briefly, CNCs are rod-like particles 

(diameter ca. 5-20 nm and length 100-200 nm) derived in general from cellulose hydrolysis.34 

Due to their impressive mechanical properties and hydrophilicity, they are considered 

promising filler agents. Furthermore, CNCs are renewable, sustainable, biocompatible, and 

low-cost materials.31,94 These features are useful to modulate the physico-chemical properties 

of semi-IPN PAA hydrogels for biomedical applications and the compatibilization of both 

CNC and F127 in a PAA-based hydrogel remains a novel approach up to now.  

In previous works from our group, hydrogels have been applied as a delivery platform 

for nitric oxide (NO).30,95 This small, free-radical molecule has a central role in vascular tonus 

and mediates wound healing, platelet adhesion, as well as angiogenesis.62,96 These properties 

can be explored in the fabrication of medical devices, envisioned for improved host-guest 

interactions in implants and tissue scaffolds.  

So far, very few works have applied 3D printing to obtain NO-releasing constructs, 

however, in a nozzle-based approach.97 Consequently, the development of both new printing 

methodologies and materials are necessary and could represent a great progress in 

regenerative and personalized medicine. With this aim, we developed DLP 3D-printed semi-

IPN hybrid hydrogels made up of poly(acrylic acid) (PAA) and F127, containing physically 

entrapped CNC (PAA/F127/CNC) for local NO release from S-nitrosoglutathione (GSNO), 

incorporated through absorption from solution. The PAA/F127/CNC hydrogels were 

formulated through an innovative approach, in the presence of CNC concentrations ranging 

from 0 to 1 wt%. All compositions were printable in a DLP printer. Hydrogel morphology, 

swelling and compression properties were investigated. Finally, NO release profiles were 

characterized for PAA/F127/CNC/GSNO hydrogels. 
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Experimental procedure 

Materials  

Pluronic® F127 (PEO99-PPO65-PEO99) of 12,600 g mol-1 nominal molar mass, acrylic 

acid (AA, 99%, containing 200 ppm MEHQ inhibitor), Irgacure® 819 – phenylbis(2,4,6-

trimethylbenozoylphosphine) oxide (97%), SUDAN I - 1-(phenyldiazenyl)naphthalen-2-ol 

(≥95 %), sodium phosphate monobasic monohydrate (NaH2PO4.H2O, ≥98%), sodium 

phosphate dibasic anhydrous (Na2HPO4, ≥98%); potassium chloride (KCl, ≥99.0%), sodium 

chloride (NaCl, ≥ 99.0%), L-glutathione reduced (GSH, ≥ 98.0%) and sodium nitrite (NaNO2, 

≥ 99%) were acquired from Sigma Aldrich (St. Louis – MI, USA). N,N’-

methylenebisacrylamide – MBA (96%) was obtained from Acros Organics (Geel, BE). 

Hydrochloric acid (37%) was purchased from Synth (Diadema – SP, BR). Reagents were 

used without previous purification steps. Uranyl acetate solution (4 wt/vol%), used for 

negative staining of cryosectioned hydrogels, was kindly provided by the Brazilian Center for 

Research in Energy and Materials – CNPEM (Campinas – SP, BR). Cellulose nanocrystals – 

CNCs (nominal width: 5-20 nm; length: 150-200 nm) were acquired as an aqueous gel (11.5-

12.5 wt% CNCs) from the University of Maine (Orono – ME, USA). All the solutions were 

prepared with deionized water from a Direct-Q 3 UV system (Merck Millipore – Burlington, 

MA, USA).  

 

Preparation of 3D-printable resins 

Firstly, F127 was solubilized in water to form a 35 wt% solution, following the cold 

method, as described elsewhere.26 As an example, 35 g F127 were added to 65 g cold DI 

water under stirring and stored at 4°C until complete solubilization. CNCs were dialyzed in 

DI water for 5 days to remove salts and preservatives, resulting in a suspension with 8.3 wt% 

CNCs, measured after 24 h under vacuum drying. 

To prepare the 3D-printable resins, as depicted in Fig. S1, the required amounts of 

water and CNC suspension were mechanically mixed and then the cold F127 solution was 

added, resulting in a 20 wt% final concentration of F127 relative to total resin feed. 

Simultaneously, MBA (crosslinker), Irgacure 819 (photoinitiator) and SUDAN I 

(photoblocker) were directly added to the monomer (AA) at room temperature, and 

vigorously mixed with the F127-CNC suspension in an ice bath. The printable resin was kept 

protected from light and stored at 4 °C to avoid degradation.  
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The required amounts of each component in the resin formulations are summarized in 

Table 7. PAA/F127/CNC X formulations were named after the relative percentage of CNCs 

in the resin: 0 wt%; 0.25 wt%; 0.5 wt%; 0.75 wt% and 1 wt%. Hydrogels were produced in 

the presence of a 150:1 monomer:crosslinker (AA:BIS) molar ratio, except for samples 

prepared for TEM and SAXS experiments, where AA:MBA = 30:1. In this case, samples 

were coded as AB30, to distinguish them from the original formulations. 

 

Table 7. Component concentrations of the 3D-printable resins containing increasing amounts 

of CNCs. 

Hydrogel AA MBA Irgacure F127 SUDAN CNC 

 (% wt.) (% wt.) (% wt.) (% wt.) (% wt.) (% wt.) 

PAA/F127/CNC0 28.8 0.4 0.08 20 0.01 0 

PAA/F127/CNC0.25 28.8 0.4 0.08 20 0.01 0.25 

PAA/F127/CNC0.5 28.8 0.4 0.08 20 0.01 0.5 

PAA/F127/CNC0.75 28.8 0.4 0.08 20 0.01 0.75 

PAA/F127/CNC1 28.8 0.4 0.08 20 0.01 1 

PAA/F127/CNC0/AB30* 28.8 2.1 0.02 20 0 0 

PAA/F127/CNC1/AB30* 28.8 2.1 0.02 20 0 1 

*Samples used only for structural analyses in TEM and SAXS experiments. 

 

DLP 3D printing of hydrogels  

3D modelling was performed using Blender 2.80 source software (Blender 

Foundation, Amsterdam – NE). The printing process was carried out at 25 °C in a DLP-

printer MoonRay D75 (SprintRay, Los Angeles – CA, USA) equipped with a LED projector 

with 405 nm emission wavelength. The maximum resolution on the xy-plane was 75 µm, 

according to the manufacturer specifications. The printing step size was set on 100 µm.  

For printing, ca. 100 mL of a previously prepared printable resin were transferred to 

the printer tank and the system was configured with a pre-determined set of parameters, such 

as exposure time, light intensity and interval between irradiations, originally designed for 

NextDent® Ortho IBT resins. After printing, hydrogels were removed from the printing head 

and rinsed several times with ethanol and water to remove uncured superficial resin. 
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Subsequently, hydrogels were immersed in water and were UV post-cured in a photocuring 

oven (LabFlo, S. Bernardo do Campo – SP, BR) equipped with a 70 W LED source for 6 min. 

Hydrogel samples designed for NO release experiments were extracted in ca. 500 mL ethanol 

for 5 days and in the same volume of water for 2 days under stirring. The solvent was daily 

changed. After washing, hydrogels were vacuum dried and stored. Finally, samples were 

inspected under an optical microscope (Nikon 50i, Minato - Tokyo, JP). 

 

Fourier Transformed Infrared Spectroscopy (FTIR) 

FTIR spectra of previously dried hydrogels and resin components (AA, MBA, F127, 

CNCs) were obtained in a 630 FTIR spectrophotometer (Agilent Cary, Santa Clara – CA, 

USA) in the 4000-400 cm-1 range and ATR mode, by depositing the samples directly over the 

ZnSe crystal.  

 

Scanning Electron Microscopy (SEM) 

Surface and cross-sectional morphologies of dried PAA/F127/CNC hydrogels were 

investigated using a Quanta FEG 250 microscope (FEI Company, Hillsboro – OR, USA) at 

a10 kV acceleration voltage. For cross-sectional imaging, hydrogel samples were frozen in 

liquid N2 and then cryo-fractured. Subsequently, samples were mounted onto brass stubs and 

coated with iridium in a high vacuum MED 020 coating system (BAL-TEC, Balzers, LI), 

operating at 13.8 mA, for 180 s. 

 

Cryogenic Transmission Electron Microscopy (Cryo-TEM) 

The long-range ordering of F127 micelles was investigated by Cryo-TEM in a TEM-

JEOL 1400 (JEOL Instruments, Akishima – Tokyo, JP) at 120 kV acceleration voltage. 

Images were recorded in a OneView camera system (GATAN, Pleasanton – CA, USA). F127 

20 wt% solution and PAA/F127/CNC0/AB30 resin were deposited on lacey carbon grids (300 

mesh, TED PELLA, INC., Redding, CA, USA) previously glow discharged, at 15 mA for 25 

s in a PELCO EasiGlow device (TED PELLA). Sample preparation was performed in a 

Vitrobot equipment (Thermo Fisher Scientific, Hillsboro – OR, USA), according to the 

following procedure: 2 µL of sample were deposited onto the grid at 15 ºC and 100% water 

saturation. The excess of liquid was removed by double blotting (blot force = -2, time per blot 
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= 1.5 s). Immediately, temperature was elevated to 30 ºC during 300 s drain time. In 

sequence, grids were plunged into liquid ethane for vitrification and stored in liquid N2 before 

transference to the thermalized microscope sample holder. 

 

Transmission Electron Microscopy (TEM) 

Hydrogels (PAA/F127/CNC0/AB30 and PAA/F127/CNC1/AB30) were sectioned in a 

Leica EM UC/FC6 ultramicrotome (Leica Microsystems, Wetzlar – HE, DE) and mounted 

onto copper grids (TED PELLA, INC., Redding - CA, US). Subsequently, sections were 

negatively stained. For this, a 4 wt/vol% uranyl acetate stock solution was diluted to 2 

wt/vol% and applied at both sides of the grid for 30 s. Imaging was performed in a Libra 120 

microscope (Carl Zeiss, Oberkochen – BW, DE), operating at a 80 kV acceleration voltage. 

 

Small Angle X-Ray Scattering (SAXS) 

SAXS experiments were performed at the SAXS1 beam line of the Brazilian 

Synchrotron Light Laboratory (LNLS – CNPEM, Campinas – SP, BR), operating at 8 keV 

energy and 1.48 Å wavelength, equipped with a 2D detector Pilatus 300k (Dectris, Baden – 

CH). Silver behenate was used as calibration standard for sample-detector distance, which 

was equal to 1 m, resulting in a 0.15 - 5 nm-1 q range. A 20 wt% F127 solution, as well as a 

PAA/F127/CNC0/AB30 3D-printable resin were transferred to transmission cells covered 

with mica at both sides. Dry hydrogels produced without CNCs (PAA/F127/CNC0 and 

PAA/F127/CNC0/AB30) as well as hydrogels produced in the presence of 1 wt% CNCs 

(PAA/F127/CNC1 and PAA/F127/CNC1/AB30) were cut in small blocks and inserted in a 

sample holder between two Kapton tapes. Data were processed for background correction and 

the resulting 2D patterns were radially averaged and converted to I(q) versus q scattering 

patterns. 

 

Hydrogel Swelling 

Hydrogel swelling analysis was carried out on printed discs with ca. 3 mm height and 

6 mm diameter immersed in PBS buffer (pH = 7.4, 0.01 M) at 37 ºC during 72 h. Each 

hydrogel was immersed in a volume at least 20-fold higher than the initial hydrogel mass and 

were weighted in regular time intervals after gently wiping the surface with qualitative filter 

paper. The buffer solution was replaced on a daily basis. The swelling (S) of hydrogels, 
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expressed as weight ratio of absorbed water per hydrogel weight (g/g), was obtained 

according to the Eq. 3: 

 

𝑆 =
𝑊𝑠−𝑊𝑑

𝑊𝑑 
= 𝑘𝑡𝑛 (Equation 3) 

 

where Ws represents the weight of the swollen hydrogel at time t and Wd the weight of the 

dried hydrogel at t=0.  

The swelling ratio can be used to study the mechanism of solvent diffusion through the 

polymeric matrix, according to a power law, where k is a constant related to the solvent-

hydrogel system, and n represents the diffusional exponent.38 To obtain the n values, Eq. 3 

was linearized, resulting in Eq. 4, where C is a constant, equivalent to 𝑛 ln 𝑘. 

 

ln 𝑆 = 𝐶 + 𝑛 ln 𝑡 (Equation 4) 

 

The swelling kinetics of hydrogels was discussed in terms of a second-order process,98 

according to the Eq. 5.  

 

𝑑𝑆

𝑑𝑡
= 𝑘𝑠(𝑆𝑒𝑞 − 𝑆)

2
 (Equation 5) 

 

where ks represents the swelling rate constant, Seq the equilibrium swelling ratio and S the 

swelling at time t. This differential equation can be integrated, resulting in a linear equation in 

terms of time, as shown by Eq. 6.  

 

𝑡

𝑆
= 𝐴 + 𝐵𝑡 (Equation 6) 

 

The intercept in a plot of t/S versus t, =
1

𝑘𝑠𝑆𝑒𝑞
2 =

1

(
𝑑𝑆

𝑑𝑡
)

0

 , represents the reciprocal of the 

initial swelling rate, and the slope 𝐵 =
1

𝑆𝑒𝑞
 is the reverse of equilibrium swelling ratio. 
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Compression tests 

The compression of PAA/F127/CNC 3D printed hydrogels was performed in a TA.XT 

Plus Texture Analyzer (Stable Microsystems, Godalming – SRY, UK) at 25 ºC. Hydrogels 

were previously printed as cylinder probes with 10 mm diameter and ca. 8 mm height and 

kept at 4 ºC in closed vials under saturated water atmosphere to prevent drying. Prior to 

analysis, the vials were equilibrated at room temperature for 72 h. For this analysis, four 

compression-decompression cycles were performed in triplicate with a 5 kg load cell at a 0.1 

mm s-1 compression rate and 50% maximum compression. The Young’s moduli of 

PAA/F127/CNC hydrogels were calculated as the slope of stress versus strain (ϵ=|ΔL|/L) of 

the initial linear section of the compression curves. The analyzed samples were vacuum dried 

for 72 h, resulting in cylinders with ca. 8 mm diameter and 6 mm height, which were 

subjected afterwards to the same analysis conditions.  

 

Chemiluminescence nitric oxide release detection 

The synthesis of GSNO was adapted from Seabra et al.99 Briefly, equimolar amounts 

of GSH and NaNO2 (ca. 0.6 mol L-1) in acidic medium (0.5 M HCl) reacted under mixing for 

90 s in an ice bath, covered on aluminium foil. GSNO was precipitated into five-fold excess 

acetone, vacuum filtered and lyophilized. The resulting GSNO was 95% pure, as quantified 

by liquid chromatography (UPLC Acquity, Waters, Millford – MA, USA).  

Discs of PAA/F127CNC0 and PAA/F127CNC0.25 hydrogels (⌀ = 6 mm, h = 1 mm) 

were impregnated with GSNO in 5 mM, 10 mM and 20 mM aqueous solutions at room 

temperature for 24 h. Hydrogels were afterwards rinsed with water, freeze-dried and stored at 

-20 ºC protected from light and humidity in a desiccator. The total GSNO load in the 

hydrogels was measured by chemiluminescence in a NO analyzer (NOA, Sievers 280i, GE 

Analytical Instruments, Boulder – CO, USA), under 6.0 psig (ca. 310 torr) of O2 and 8.0 torr 

of N2, in accordance to the ascorbate method.100 In brief, hydrogels were immersed in 160 

mM ascorbic acid solution prepared in basic medium (0.2 M NaOH) and exposed to light 

from a 780 lumen LED source (LMI-6000, Dolan-Jenner Industries, Boxborough – MA, 

USA). Results were expressed in units of nmol of GSNO per mass of dry hydrogel (nmol g-1). 

The NO release profiles were acquired using the NOA, operating at the same 

parameters in absence of light. The hydrogel discs loaded with GSNO were placed inside of 

the NOA reaction flask containing 10 mL of PBS buffer (0.01 M, pH 7.4), thermalized at 37 
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°C. Hydrogels were immersed for 180 min and the chemiluminescent signal was converted to 

NO content after calibration with known amounts of NaNO2. The resulting real-time NO 

release profiles were integrated and normalized to the initial hydrogel mass to obtain 

cumulative NO release profiles, expressed as nmol of NO per mass of hydrogel (nmol g-1). 

Data processing and statistical analysis 

In this work, swelling experiments, compression tests, GSNO load measurements, as 

well as NO release profiles were performed in triplicate and results were expressed as mean 

values and standard deviations in appropriate units. Origin® 8.1 software (OriginLab 

Corporation, Northampton, Massachusetts, USA) was used for data plotting, linear curve 

fittings and statistical analysis. One-way ANOVA tests were employed for mean 

comparisons, according to Tukey’s method at significance level of 95% (p˂0.05). 

 

Results and Discussion 

The 3D-printable resins were prepared in a two-step process, as illustrated in Fig. S1. 

The first step concerned the mixing and homogenization of F127 and CNC suspensions. This 

previous dissolution was carried out to avoid the formation of CNC aggregates, but limited 

the maximum CNC concentration to 1 wt% in the final mixtures. Since F127 solutions 

undergo temperature-responsive gelation above 16 wt% at 25 °C,101,102 the dispersion of the 

components was carried out in an ice bath, by mixing the required amounts of water and 

CNCs, and then adding the cold F127 solution.  

Here, we describe a novel method to prepare PAA/F127/CNC hydrogels, where MBA, 

Irgacure 819 (photoinitiator) and SUDAN I (photoblocker) were directly dissolved in the 

acrylic acid monomer, at room temperature. The high concentration of F127 in the 

formulations prevented the use of organic solvents to solubilize the photoinitiator and the 

photoblocker, which are poorly water-soluble. The monomer solution was finally mixed at 

low temperatures with a previously prepared suspension of non-functionalized F127 and 

CNC, resulting in a 3D-printable resin.  

During printing, Irgacure 819 undergoes unimolecular cleavage, yielding free-radicals 

in the resin bulk.103 These radicals initiate the polymerization reaction of AA and MBA vinyl 

groups and then the reaction is propagated. Since polymerization occurs in the presence of 
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non-crosslinked entities, such as F127 and CNCs, a semi-IPN hydrogel network is expected to 

be formed, as depicted in Fig. 20. 

 

 

Figure 20. Proposed reactions of PAA crosslinking and formation of PAA/F127/CNC 

hydrogels during 3D DLP printing. 

 

To print PAA/F127/CNC hydrogels, parameters such as light intensity, time of 

exposure and step size were restrained by manufacturer. In this sense, the resins were adapted 

by controlling the relative proportions of photoinitiator and photoblocker. This balance was 

fundamental to avoid overcuring, when light penetrates deeper than the step size of printing, 

increasing layer thickness beyond programmed boundaries.57 Benjamin et al.86 reported a 

systematic approach for resin formulation, where the curing depth was studied as a function of 

the photoblocker concentration. The curing depth controls not only the limits of each printed 

layer, but also if the next layer can adhere to the latter. One suggestion of their study is to use 

the highest possible photoblocker concentration and vary the layer thickness, in order to avoid 

the obstruction of voids in the 3D printed parts. Considering this, the 3D-printable resins were 

produced with CNC contents in a range between 0 wt% and 1 wt% (Table 7). It was found 

that a 5:1 photoinitiator:photoblocker molar proportion, with a 100 µm layer thickness, 
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enabled high quality printings even under the highest CNC concentration, which caused 

intense light scattering due to the Tyndall effect. 

Additionally, PAA/F127/CNC hydrogels were designed in different shapes to proof 

the effectiveness of the printing methodology and were printed horizontally with respect to 

the printing head, preserving internal channels in the 3D models (Fig. S2).  

 

Fourier Transformed Infrared Spectroscopy (FTIR) 

To assess the polymerization of the resin formulations, FTIR spectra of the printed 

hydrogels were compared to the components of the polymerizable resins, as shown in Fig. 21. 

 

 

Figure 21. FTIR spectra of PAA/F127/CNC hydrogels concentrations and corresponding 

components. Range: (A) 2000 cm-1 – 1500 cm-1; (B) 1500 cm-1 – 800 cm-1. Hydrogels were 

ordered by decreasing CNC concentration, as indicated in (A). 
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The AA FTIR spectrum (Fig. 21A) shows in the 2000 cm-1 and 1500 cm-1 range bands 

centered at 1696 cm-1 and 1632 cm-1, assigned to C=O and C=C stretching vibrations, 

respectively.73,74 The corresponding bands in the MBA FTIR spectrum were found centered at 

1655 cm-1 and 1627 cm-1.75 For all hydrogel compositions, the bands assigned to C=O 

stretching were shifted to a higher wavelength (1703 cm-1) in relation to that of AA and MBA. 

Additionally, the band assigned to the carbon double bonds vanished, indicating that curing 

was effective. The FTIR spectrum of F127 (Fig. 21B) shows an intense band at 1090 cm-1, 

assigned to the -C-O stretching vibration of the PEO and PPO polyether blocks.76 This band 

was found at a lower wavelength, 1077 cm-1 in hydrogel spectra. The observation of shifts 

rather than disappearance of bands supports the hypothesis that F127 interacts with the PAA 

network through hydrogen bonding, suggesting that a semi-IPN network was formed.79 

Lastly, the FTIR spectrum of dried CNCs (Fig. 21B) shows the characteristic C-O vibration at 

1056 cm-1. This band becomes visible by increasing the CNC content in the hydrogels, 

suggesting that the CNC entrapment was successful.  

 

Scanning Electron Microscopy (SEM) 

The 3D printed hydrogels were imaged in a scanning electron microscope and then 

compared with their models to evaluate the printing fidelity, as shown in Fig. 22. 

 

 

Figure 22. 3D-printable discs developed for NO delivery: (A) Disc and (B) net. Photographs 

of the as-printed hydrogels: (C) disc and (D) net. Representative SEM micrographs of a 

PAA/F127/CNC0 (E) disc and (F) net. (G and I) show magnifications of the disc and (H and 

J) respective magnifications of the hydrogel net. 
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Dense discs and discs containing regularly sized voids (nets) were modelled as 

exemplified in Fig. 22A and Fig. 22B, respectively. Photographs of hydrogels printed 

according to these models (Fig. 22C and Fig. 22D) show that PAA/F127/CNC constructs 

were obtained with good fidelity to their originals. A dense PAA/F127/CNC0 disc, such as 

the one displayed in Fig. 22E, exhibited a 6 mm diameter in the dry state, which represented 

shrinkage of ca. 25% with respect to the model. A close look at the top (Fig. 22G) and at the 

lateral side of the disc (Fig. 22I) revealed regular surface patterns. Since these surfaces were 

not directly attached to the printing head, their features were assigned to the micromirror array 

(DMD), which is responsible for generating the patterns of each printed layer. The DMD 

controls the pixel size of the printings and the resolution of the DLP printer over the xy 

plane,89 which is of 75 µm for the printer used in this work. Moreover, the printed net 

micrograph presented in Fig. 22F indicates that the method enables high quality hydrogel 

printing, resulting in widths as low as 180 µm for the magnified structures in Fig. 22H and 

Fig. 22J. The latter also presents a ridged pattern, which is characteristic of the layered nature 

of the DLP printing. 

The internal morphology of the 3D-printed and vacuum dried PAA/F127/CNC hydrogels 

was investigated without any washing step. Representative SEM cross-section micrographs 

obtained by cryofracturing are shown in Fig. 23. 
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Figure 23. Schematic representation of the hydrogel cryofracture process and cross-sectional 

SEM micrographs of the 3D printed PAA/F127/CNC hydrogels. (A) PAA/F127/CNC0, (B) 

PAA/F127/CNC0.25 and (C) PAA/F127/CNC1. The inset micrographs in (B) and (C) 

highlight occurrences of CNC aggregates.  

 

The images reveal uniform cross-sections without pores, which are characteristic of dense 

materials. Moreover, no evidence of tearing was observed, suggesting that the printable 

formulations generated well adhered layers during the printing process. However, the 

introduction of CNCs seems to influence hydrogel morphology. While PAA/F127/CNC0 

hydrogels (Fig. 23A) exhibited smooth cross-sections, PAA/F127/CNC0.25 (Fig. 23B) 

showed roughness, which was even more pronounced in PAA/F127/CNC1 hydrogels (Fig. 

23C). These observations suggest that high CNC contents may lead to more brittle hydrogels, 
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possibly due to CNC aggregation. Aggregates could be observed in rare spots in 

PAA/F127/CNC0.25 but were abundant in PAA/F127/CNC1 cross-sections, as highlighted by 

the white dots in the inset micrographs. Therefore, the mechanical reinforcement expected by 

CNCs in PAA/F127/CNC hydrogels is possibly restricted to a low CNC concentration range, 

which may be expanded by more efficient homogenization methods. 

 

Cryogenic Transmission Electron Microscopy (Cryo-TEM) 

In this work, printable solutions containing 20 wt% F127 were prepared aiming at 

attaining a supramolecular structure of packed F127 micelles entrapped in the hydrogel matrix 

after 3D printing. To investigate the supramolecular structure during the printing process, 

cryo-TEM micrographs were taken (Fig. 24A, Fig. 24B). 

Fig. 24A shows a cryo-TEM micrograph of pure 20 wt% F127 hydrogel. A 13 nm 

interplanar spacing, assigned to the periodic ordering of hydrophobic PPO cores,104 can be 

measured throughout the imaged area. Fig. 24B shows that, in the printable resin containing 

the same F127 concentration, F127 micelles were partially preserved before polymerization, 

forming disordered domains (yellow contours). Therefore, it can be proposed that the 

intermolecular interactions between F127 unimers and the resin components affected the self-

assembling of the micelles. 

 

Transmission Electron Microscopy (TEM) 

Fig. 24C depicts the TEM micrograph of a cryo-ultramicrotomed cross-section of the 

PAA/F127/CNC0/AB30 hydrogel. Uranyl negative staining of the samples revealed white 

dots, which are characteristic of F127 micelles, with sizes in the 14±2 nm range. However, a 

long-range ordering was absent. The same behavior was observed for 

PAA/F127/CNC1/AB30 hydrogels, as shown in Fig. 24D. F127 micelles remained dispersed 

in the polymer matrix, presenting a 18±3 nm diameter.  

The preservation of F127 micelles inside the PAA hydrogel matrix was expected, 

according to Champeau et al.30 Their work revealed, through SAXS analyses, a partial long-

order retention of micelles in dry hydrogel samples, produced via thermally activated 

polymerization  
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Figure 24. Investigation of F127 micellization in resin and photopolymerized 

PAA/F127/CNC hydrogels. Cryo-TEM micrographs of (A) 20 wt% F127 solution and (B) 

PAA/F127/CNC0/AB30 3D printable resin. Insets in (A) and (B) depict the respective fast 

Fourier transform (FFT). The yellow contour in (B) highlights ordered F127 domains. TEM 
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micrographs of (C) PAA/F127/CNC0/AB30 and (D) PAA/F127/CNC1/AB30 hydrogels. 

SAXS profiles are represented below the corresponding micrographs: (a) 20 wt% F127, (b) 

PAA/F127/CNC0/AB30 resin, (c) PAA/F127/CNC0/AB30 hydrogel (solid) and 

PAA/F127/CNC0 hydrogel (dots) (d) PAA/F127/CNC1/AB30 hydrogel (solid) and 

PAA/F127/CNC1 hydrogel (dots). 

 

Small Angle X-ray Scattering (SAXS)  

TEM micrographs provide valuable information on the structural hierarchy of the 

F127 micelles in the hydrogels. However, these images represent only a small portion of the 

sample and techniques such as SAXS render averaged and complementary results. A SAXS 

pattern of a 20 wt% F127 solution at 25 ºC is shown in Fig. 24a. Two peaks at q1 = 0.354 nm-1 

and q2 = 0.67 nm-1 were observed. Their relative positions correspond to a √3: √11 ratio, 

which can be assigned to the (111) and (311) reflections of a face-centered cubic (FCC) 

packing. The observed signals were broad due to incomplete gelation process or even to non-

uniform structures. Additionally, a 30.7 nm lattice parameter calculated for this structure, 

according to the equation aFCC = 2π√3/q1, was consistent with other literature reports.25,30 

The SAXS profile obtained before polymerization of a PAA/F127/CNC0/AB30 resin 

(Fig. 24b) indicates retention of the partial long-order observed in the cryo-TEM 

micrographs, by showing two broad shoulders centered at q1 ~ 0.42 nm-1 and q2 ~ 0.77 nm-1. 

The shift in signals corresponds to a decrease in the lattice parameter to 26.0 nm, which may 

occur due to the interaction of AA with F127 polar and nonpolar blocks, inducing a change in 

gelation process. The work reported by Ivanova et al.105 shows similar results for F127 in the 

presence of ethanol or propylene glycol, and attributes this effect to the swelling of both PPO 

and PEO blocks by the glycols, which can participate in the micelle-solvent interface 

formation.  

Fig. 24c shows a SAXS profile obtained for the polymerized PAA/F127/CNC0/AB30 

hydrogel sample (solid line), which presents two overlapping peaks, followed by another 

broad peak at higher q values. These results suggest the partial retention of the F127 long-

range ordering. In this sample, q1 shifts to 0.53 nm-1 resulting in a 20.4 nm lattice parameter 

value. By using a lower proportion of the MBA crosslinking agent (PAA/F127/CNC0, dotted 

line), the SAXS profile shifted towards lower q values (q1 = 0.48 nm-1), reflecting an increase 

in lattice parameter to 22.9 nm. The changes in F127 lattice parameter are reasonable, since 
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F127 concentration is increased during hydrogel drying and photopolymerization induces 

shrinkage of the polymer matrix.103,106 

Contrastingly, SAXS peaks from hydrogels photopolymerized in the presence of 1 

wt% CNC (Fig. 24d) were shifted to lower q values, when compared to the samples without 

CNC. For a PAA/F127/CNC1/AB30 hydrogel sample (solid line), the primary peak q1 = 0.51 

nm-1 corresponds to a 21.1 nm lattice parameter. Under a lower crosslinker content 

(PAA/F127/CNC1, dotted line), q1 resulted in 0.46 nm-1, with a 23.7 nm lattice parameter. 

This less pronounced decrease in the characteristic dimensions of F127 domains can be 

rationalized by a lower degree of shrinkage, possibly caused by differences in the absorbed 

water content in samples. Moreover, F127 PEO blocks could potentially interact with CNC 

surface. This strategy has been already applied to enhance CNC dispersion through PEG 

adsorption.107 

 

Hydrogel Swelling 

Swelling kinetics and mechanical behavior are key physical properties of hydrogels, 

which define drug delivery capacity and possible applications for these materials. In this 

work, the swelling behavior of the 3D printed hydrogels was characterized in PBS buffer at 

37 °C and is illustrated in Fig. 25. 

 

 

Figure 25. Swelling of 3D printed PAA/F127/CNC hydrogels with increasing CNC 

concentrations and measured during 72 h in PBS buffer 0.01 M, pH = 7.4, at 37 ºC. The graph 

on the left side shows a magnification of the first 6 h of measurement.  
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The analysis of swelling reveals that the PAA/F127/CNC hydrogels exhibited high 

water absorption in physiological conditions, with an equilibrium swelling ratio of ca. 16 

gwater/ghydrogel (1600 wt%), typical for PAA. The hydrogel crosslinking density plays an 

important role in swelling, since it affects the matrix flexibility and the available volume for 

water diffusion across the polymer network.108 In previous experiments (Fig 12), by using a 

five-fold increase in crosslinking agent concentration, the swelling of the hydrogels reached 

ca. 3 gwater/ghydrogel. However, these samples showed poor mechanical properties.  

Additionally, CNC incorporation in the hydrogels modified the swelling kinetics, as 

depicted in the magnified graph in Fig. 25. It was found that, as the concentration of CNCs 

increased, there was a slight decrease in the initial swelling rate of the 3D-printed hydrogels. 

However, this tendency was statistically non-significant and not maintained on swelling 

equilibrium. A mathematical analysis of hydrogel swelling, in accordance with a second order 

process, as described in Eq. 6, was carried out by plotting t/S versus t for different hydrogel 

compositions (Fig. S3A). The respective kinetic parameters, obtained after linear regression, 

are summarized in Table S1 and support the tendency of decreasing swelling rate values upon 

CNC concentration increase, without apparent influence on equilibrium swelling ratios. This 

result was surprising, given the hydrophilic character of CNCs and the divergence of it and 

the results shown in Chapter 1, probably due to the differences in the AA:MBA molar ratio 

and the photopolymerization process, via 3D printing instead of casting and LED irradiation. 

Herein, the promotion of a barrier effect upon addition of CNC could be considered to explain 

the apparent decrease in swelling rates, due to an increase in the diffusional path of water 

molecules in the hydrogels.20  

The mechanism of water diffusion through the PAA/F127/CNC hydrogels was studied 

using the logarithmic model shown in Eq. 4, by plotting ln S versus ln t (Fig. S3B) for each 

hydrogel composition. The slopes obtained by linear regression of these curves represent the 

diffusional exponent n, which are summarized in Table S2. For discs and cylinder 

geometries, if n ≤ 0.5, diffusion occurs through a Fickian mechanism. If 0.5 < n ≤ 1, diffusion 

is non-Fickian, or anomalous.38,109 Since n values ranged from 0.72 to 0.78 for these 

hydrogels, one can conclude that water diffusion through the printed hydrogels is non-

Fickian. This behavior arises when the polymer relaxation rate is comparable to the rate of 

solvent diffusion through the hydrogel matrix,110 and can be related to the dense hydrogel 

morphology.109 
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Compression tests 

The mechanical properties of printed PAA/F127/CNC hydrogels were assessed by 

compression tests of cylinder probes, performed at 25 °C. Hydrogel samples were subjected 

to four loading/unloading cycles at a constant displacement rate. Fig. 26 compares 

compression data for hydrogels with increasing CNC content.  

 

 

Figure 26. Compression tests of PAA/F127/CNC hydrogels. (A) Photographs of a hydrogel 

during a compression cycle. (B) Representative loading/unloading stress-strain curves to a 

maximum of 50% nominal compression per cycle. The inset shows a zoom-in view of the 

indicated region for the PAA/F127/CNC0 hydrogel. (C) Young’s Moduli obtained from 

compression curves. Asterisks indicate statistically significant differences between samples, 

according to Tukey test with p < 0.05.  

 

According to Fig. 26A, PAA/F127/CNC hydrogels elastically restore its original 

dimensions after unloading. However, Fig. 26B reveals the occurrence of a small hysteresis, 

which occurs due to a permanent deformation of the hydrogel. The area within compression 

and decompression curves is proportional to the mechanically dissipated energy per cycle.111 
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Consequently, the hydrogels present a viscoelastic character. Baskan and coworkers10 

crosslinked PAA with MBA in the presence of F127 and showed that the incorporation of 

F127 favors the formation of hysteresis due to the formation of both ionic clusters in PAA and 

associations between F127 chains, resulting in hydrogels capable to sustain up to 7 MPa 

compression at 98% strain. The Young’s moduli (YM) of the 3D printed PAA/F127/CNC 

hydrogels were calculated from the slope of the initial linear section of the compression 

curves (Fig. 26B). The resulting mean YM values ranged from 0.16 MPa to 0.27 MPa. For 

reference, this range of moduli values is intermediate between typical YM of muscle tissues 

(0.001 – 0.003MPa)112 and cartilages (10 – 400 MPa).113 

Successive increases in CNC percentage led to corresponding decreases in YM values, 

as observed in Fig. 26C. This result can be mainly related to an increase in water absorption 

in the presence of CNC. An important aspect to be considered is that water is an efficient 

plasticizer of hydrophilic polymers, acting mainly in the disruption of hydrogen bonding 

between polymer chains.114 Dried PAA/F127/CNC hydrogel cylinders (Fig. S4A) were less 

elastic upon compression, resulting in more pronounced hysteresis and higher YM values 

(Fig. S4B) than their hydrated counterparts. The latter were statistically equivalent for the 

different hydrogel compositions. 

On the other hand, the addition of proper CNC amounts creates a percolation network, 

responsible for enhanced particle-particle interactions and mechanical properties.31 However, 

high CNC concentrations show a tendency to aggregation, with the formation of CNC bundles 

that leads to inhomogeneities capable to affect hydrogel formation. In fact, CNC aggregates 

were observed in PAA/F127/CNC1 cross-sections (see Fig. 23) and may contribute to 

changes in compressive properties. Additionally, Yang et al.41 reported the synthesis of 

injectable hydrogels based on dextran and carboxymethylcellulose (CMC) reinforced with 

CNCs. In their work, an increase in dynamic storage modulus (G’) was observed for low 

CNC concentrations (below 0.375 wt%) followed by decrease in G’ values, which was 

ascribed to a CNC steric hindrance of the cross-linking between dextran and CMC.  

 

Chemiluminescence NO release detection 

PAA/F127/CNC0 and PAA/F127/CNC0.25 hydrogels were chosen to study the 

influence of CNC on the NO release. PAA/F127/CNC0.25 was preferred due to its higher YM 

compared to hydrogels containing higher CNC contents. The NO release profiles were 
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characterized by chemiluminescence after impregnation with 5 mM, 10 mM and 20 mM 

GSNO aqueous solutions. The total GSNO load in hydrogels was obtained by accelerated NO 

release in the presence of ascorbate solution and light and the resulting values are displayed in 

Table S3.  

According to the results shown in Table S3, the GSNO uptake by hydrogels depended 

on the initial loading concentration. However, the hydrogel composition did not affect 

substantially the GSNO load values. This behavior is reasonable, since impregnation is 

swelling controlled and the used hydrogel compositions showed very similar swelling 

profiles. The kinetics of NO release was analyzed by immersion of the GSNO-loaded 

hydrogels in PBS at physiological temperature for 180 min. The NO chemiluminescence 

signal was converted to NO quantities (nmol) after calibration with known amounts of NO 

and integrated to produce cumulative and averaged NO release profiles, shown in Fig. 27.  

 

 

Figure 27. Cumulative profiles of NO release in PBS solution of GSNO-loaded hydrogels 

obtained by chemiluminescence analysis. (A) PAA/F127/CNC0/GSNO and (B) 

PAA/F127/CNC0.25/GSNO. Samples were impregnated with 5 mM (yellow profiles), 10 

mM (cyan profiles) and 20 mM (pink profiles). The left bottom labels indicate two regions 

with distinct regimes of NO release.  

 

The NO release profiles were characterized by fast releases until ca. 60 min, followed 

by gradual reduction in release rates until near-constant values were achieved, resulting in two 

distinct regions, as highlighted in both graphs. Moreover, the NO release of 

PAA/F127/CNC0/GSNO hydrogels (Fig. 27A) was slower than in PAA/F127/CNC0.25/ 
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GSNO hydrogels (Fig. 27B). In order to compare the kinetics of NO release of these hydrogel 

compositions, the release rates were obtained by first order fitting of the cumulative profiles 

during the two regimes of NO release (i.e. first 30 min and last 90 min of analysis). The 

results are summarized in Table 8. 

 

Table 8. NO release rates of GSNO-loaded PAA/F127/CNC0 and PAA/F127/CNC0.25 

hydrogels derived from cumulative NO release profiles.  

  PAA/F127/CNC0/GSNO PAA/F127/CNC0.25/GSNO 

GSNO 

concentration 

in loading 

(mM) 

Initial rate  

(nmol g-1 min-1) 

Final rate 

 (nmol g-1 min-1) 

Initial rate  

(nmol g-1 min-1) 

Final rate 

 (nmol g-1 min-1) 

5 3.1 ± 0.1 0.5 ± 0.5 8.3 ± 0.5 0.7 ± 0.1 

10 11 ± 2 0.3 ± 0.3 14.7 ± 0.2 0.5 ± 0.4 

20 20 ± 2 0.7 ± 0.2 24 ± 2 0.5 ± 0.1 

 

The values of initial NO release rates confirm the tendency observed in the cumulative 

profiles shown in Fig. 27 and show a dose-response, since the rate values increase as a 

function of the GSNO concentration during the loading procedure. The presence of CNCs 

increased the NO release rates, probably due to an enhanced water uptake, as CNCs possess 

hydrophilic character, although this result is not reflected in the swelling analysis. The NO 

release rates were constant after approximately 60 min of analysis. However, the signal 

readings were low and barely distinguishable from the baseline, resulting in rate values in the 

range between 0.3 nmol g-1 min-1 and 0.7 nmol g-1 min-1, which did not depend on hydrogel 

composition or dose during GSNO loading. Champeau et al.30 produced thermally 

polymerized hydrogels based on PAA and F127 employing a 60:40 PAA:F127 mass ratio, 

analogously as herein reported. The materials were loaded in 10 mM GSNO solutions in PBS 

(pH 7.4) and the NO release kinetics was studied by swelling in a humid atmosphere, 

resulting in NO release rates of ca. 1.25 nmol g-1 min-1, which were even superior than the 

present results, thus illustrating a possibility to tune the PAA/F127/CNC hydrogel NO release 

kinetics by modifying the environmental conditions during GSNO loading and NO release.  

The observed low NO release rate values are attractive for medical applications, since 

several physiological processes, such as vasodilation and wound healing, are activated by NO 

concentrations lying in the nanomolar range.62 As the 3D printed PAA/F127/CNC hydrogels 
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present tunable, composition-dependent and dose-responsive NO release profiles, they 

represent a promising strategy to obtain fully customizable medical devices capable of local 

NO delivery, from NO releasing dermatological patches to implants envisioned for cartilage 

replacement (e.g. intervertebral discs, menisci, etc.). Further studies are still required to avoid 

material leakage from these semi-IPN hydrogels and to improve their mechanical properties, 

enabling long-term contact with living tissues. 

 

Conclusions 

Using a novel method to produce printable resins, semi-IPN PAA/F127/CNC 

hydrogels were printed via DLP, with high fidelity to 3D models under different CNC 

concentrations. PAA/F127/CNC hydrogels were dense without evidence of layer tearing. 

However, the addition of CNCs above 0.25 wt% introduced morphological changes due to 

CNC aggregation. The preservation of F127 micelles, after PAA polymerization and 

crosslinking, provided evidence of a supramolecular hydrogel structure. Moreover, the 

PAA/F127/CNC hydrogels presented composition-dependent properties, noted by the 

decreasing trend in Young’s modulus values and to variations in the NO release kinetics from 

GSNO, which are possibly related to changes in water swelling behavior in the presence of 

CNC. In summary, the results demonstrated that the PAA/F127/CNC/GSNO hydrogels are 

promising candidates to develop tailored NO-releasing medical devices. 
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Supporting Information 

 

Nitric oxide-releasing 3D printed poly(acrylic acid)/F127/cellulose nanocrystal hydrogels 

 

Figure S1. Scheme of the production of 3D-printable poly(acrylic acid)/ F127/cellulose 

nanocrystal (PAA/F127/CNC) resins and their 3D printing via DLP.  
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The orientation with respect to the printing head affected the object quality. Fig. S2 

shows a comparison between horizontally and vertically printed hydrogels modelled as nets 

(Fig. S2A) and their respective magnifications in Fig. S2B and Fig. S2C. The absence of 

voids in vertically oriented hydrogels may be due to a poorer resolution in z-axis than in the 

x-y plane. Consequently, in this work, hydrogels were horizontally arranged for printing, over 

the entire area of the printing head, as shown in Fig. S2D and Fig. S2E. 

 

 

Figure S2. Effect of orientation in printing quality: (A) Horizontally (red) and vertically 

(blue) oriented 3D printed PAA/F127/CNC0 hydrogel nets and respective optical micrographs 

in (B) and (C). (D) Rendering of 3D models for printing and (E) respective hydrogels after 

printing process. Scale bars in (B) and (C) represent 500 µm.  
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Figure S3. Kinetical study of hydrogel swelling. (A) Graphs of t/S versus time for obtention 

of swelling kinetic parameters from PAA/F127/CNC hydrogels. (B) Logarithmic graphs of 

swelling versus time during the initial 6 h of experiment for the PAA/F127/CNC hydrogels. 

 

 

Figure S4. Compression test results of dried PAA/F127/CNC hydrogels. (A) Representative 

loading/unloading stress-strain curves of PAA/F127/CNC hydrogels (B) Young’s Moduli as a 

function of CNC content. 
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Table S1. Kinetic parameters from linear regression of t/S vs. t plots of PAA/F127/CNC 

hydrogels.  

Hydrogel (dS/dt)0 (gwater ghydrogel
-1 h-1) ks (h-1) Seq (gwater ghydrogel

-1) R2 

PAA/F127/CNC0 3.23 1.01 10-2 17.85 0.998 

PAA/F127/CNC0.25 2.88 9.72 10-3 17.23 0.998 

PAA/F127/CNC0.5 2.57 7.36 10-3 18.69 0.998 

PAA/F127/CNC0.75 2.26 6.77 10-3 18.28 0.998 

PAA/F127/CNC1 2.29 6.73 10-3 18.47 0.998 

 

Table S2. Linear regression of ln S versus ln t graphs for PAA/F127/CNC hydrogels. 

Hydrogel n k R2 

PAA/F127/CNC0 0.72 3.62 0.997 

PAA/F127/CNC0.25 0.78 2.75 0.996 

PAA/F127/CNC0.5 0.77 2.63 0.996 

PAA/F127/CNC0.75 0.76 2.34 0.999 

PAA/F127/CNC1 0.75 2.46 0.996 

 

Table S3. Total GSNO load for 3D printed hydrogels after impregnation with 5 mM, 10 mM 

and 20 mM GSNO.  

  GSNO load (µmol g-1) 

GSNO concentration in loading solution 

(mM) 
PAA/F127/CNC0/GSNO PAA/F127/CNC0.25/GSNO 

5 1.4±0.3 0.7±0.3 

10 1.5±0.8 1.4±0.6 

20 2±1 5±1 



 

 

Chapter 3. Preliminary cell viability tests of PAA/F127/CNC 

hydrogels 

 

Abstract 

This chapter is focused on the indirect testing of PAA/F127/CNC hydrogel 

biocompatibility based on the viability of Vero cells. PAA/F127/CNC0 samples were 

extensively washed with ethanol or PBS solution prior to experiments to remove undesired 

residues, sterilized with ethylene oxide and then eluted in culture medium. The eluates were 

used in cell cultures and the cell viability was tested according to the MTT assay by Dr. 

Mônica Helena Monteiro do Nascimento and Prof. Amedea Barozzi Seabra from the Human 

and Natural Sciences Center, ABC Federal University, UFABC, Santo André, SP with a 

support of Felipe Nogueira Ambrosio and Prof. Christiane Bertachini Lombello from the 

Engineering, Modeling and Applied Social Sciences Center (CECS) installed at the UFABC.   
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Experimental procedure 

Materials  

For biological tests, Vero cells (African green monkey kidney cells) were acquired 

from Adolfo Lutz Institute (CCIAL 057, São Paulo – SP, BR). Ham’s F10 culture medium, 

fetal bovine serum (FBS), phosphate buffered saline solution (PBS) and MTT (3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) were purchased from Sigma Aldrich. 

Additionally, dimethyl sulfoxide (DMSO) was provided by Synth and was filtered prior to 

use. Prior to experiments, vacuum dried PAA/F127/CNC printed samples were extracted in 

ca. 500 mL ethanol or PBS solution (0.01 M, pH 7.4) for 5 days and for additional 2 days in 

water and the solvents were daily changed. In the sequence, hydrogels were vacuum dried for 

72 h at room temperature. 

 

Cytotoxicity Analysis 

The cytotoxicity of ethanol-washed and PBS-washed 3D printed PAA/F127/CNC 

hydrogels was tested in-vitro against Vero cells, derived from African green monkey kidney 

cell lineages.115,116 The cells were seeded in 96-well plates at a 1.5 104 cells/well density. 

Each well contained 100 µL of Ham’s F10 medium, supplemented with 10 (wt/vol%) fetal 

bovine serum (FBS) and 100 μg mL-1 penicillin/streptomycin. Culture was maintained for 24 

h at 37°C and 5 % CO2 (COM-17AC incubator, Sanyo Scientific, Bensenville – IL, US) until 

a semi-confluent cell monolayer was formed.  

PAA/F127/CNC hydrogel extract solutions were prepared by immersing the samples 

into 1 mL F10 medium for 24 h. The resulting eluates were used for an indirect cytotoxicity 

test, where the original culture medium was replaced by 100 µL of the extract medium. As a 

negative and non-cytotoxic control, cells were incubated with culture medium. For positive 

control of cytotoxicity, cells were exposed to a 50 v/v% DMSO solution in culture medium. 

After a 24 h growth period, the cell morphology was inspected in a phase-contrast light 

microscope (Carl Zeiss, Oberkochen – BW, DE), according to do Nascimento et al.117 The 

MTT assay was performed for quantitative analysis of cytotoxicity, based on the procedure 

described by Mosmann (1983).118 Briefly, the eluted medium was replaced by 100 µL of a 

10% MTT solution (5 mg mL-1) in PBS and incubated during additional 4 h. After removing 

the MTT solution, 50 µL of filtered DMSO were added to each well. Cell viability was then 
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determined by absorbance at 570 nm in an automated microplate reader (SpectraMax M5, 

Promega Corporation, Madison – WI, US).  

 

Results and discussion 

The cytotoxicity of printed PAA/F127/CNC0 hydrogels was tested according to an 

indirect testing methodology, where Vero cells were incubated with hydrogel extract 

solutions. This method was chosen to avoid interference of hydrogel swelling-induced 

alterations in cell morphology. The negative, non-cytotoxic control of Vero cells exhibited 

standard cell morphology and optimal conditions for culture: cells were elongated, polygonal 

and fibroblast-like-shaped (Fig. 28A). On the other hand, the positive (cytotoxic) control 

presented morphological alterations, due to the intrinsic DMSO cytotoxicity. In this case, a 

reduced number of cells in a disordered state was observed along with non-attached cells (Fig. 

28B). 

 

 

Figure 28. Micrographs of Vero cells after 24 h incubation with: (A) 10 v/v% FBS-

supplemented Ham’s F10 culture medium as negative control, (B) 50 v/v% DMSO in culture 

medium as positive control and extract medium from: (C) PBS-washed PAA/F127/CNC 

hydrogels and (D) ethanol-washed PAA/F127/CNC0 hydrogels. The scale bars represent 20 

µm in all micrographs. 
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By exposing Vero cells to extract solutions, morphological alterations were observed, 

as shown in Fig. 28. PBS-washed hydrogels presented cell viability (Fig. 28C). However, 

viable cells were less numerous than the non-cytotoxic control and did not form a monolayer. 

In addition, suspended, round-shaped cells were observed. Similarly, ethanol-washed 

hydrogels (Fig. 28D) exhibited signs of cytotoxicity, such as a decrease in cell numbers 

relative to the negative control and morphological alterations, such as cell vacuolization.  

MTT analysis was used to quantify cell viability, relative to the negative and positive 

controls (Fig. 29).  

 

 

Figure 29. Vero cell viability after 24 h indirect cytotoxicity testing of extracts produced by 

PBS-washed and ethanol-washed PAA/F127/CNC0 hydrogel samples. Asterisk marks 

indicate statistical similarity for p<0.05: [*] represents the negative control (C-, non-

cytotoxic); [**] represents the positive control (C+, cytotoxic) and the samples washed with 

ethanol and [***] denotes PBS-washed samples. One-way analysis of variance (ANOVA) 

was performed, followed by Tukey test for mean comparison.  

 

Quantitative MTT testing supports the morphological analysis (Fig. 28) and shows 

decrease in cell viability for both tested hydrogel extracts. However, PBS-washed 

PAA/F127/CNC0 samples exhibited viability values that exceeded 70% with respect to the 

negative control, which is regarded as a limit of non-cytotoxicity.116 Ethanol-washed 



84 

 

 

 

hydrogels resulted in low cell viability, regarded as a positive, cytotoxic result. A possible 

explanation to the influence of washing method in the cellular response relates to the 

neutralization of the hydrogel network. In the presence of PBS, a sodium polyacrylate 

network is formed, which is characterized by intense water uptake and volume increase. 

Therefore, swelling helps to remove residues from the dense hydrogel structure, such as 

monomer and initiator non-consumed during photopolymerization. Despite their high 

solubility in ethanol, these residues cannot be rapidly removed during ethanol washing, given 

the less intense swelling compared to PBS. The issue relative with the PBS washing 

procedure is to control the high swelling due to hydrogel neutralization, which impaired the 

mechanical properties of the material.  

 

Conclusions 

Preliminary indirect cytotoxicity testing of 3D printed PAA/F127/CNC hydrogels 

demonstrates that the application of these materials requires proper post-processing and 

extensive washing to remove residues. PBS washing of hydrogel samples resulted in less 

cytotoxic extracts than ethanol washing, apparently due to high expansion of the polymeric 

matrix, helping the removal of monomer and oligomer residues. Moreover, the cell viability 

higher than 70% exhibited by PBS washed samples indicates that the proposed printing 

methodology is a promising strategy to develop tissue scaffolds, expanding the available 

choices of printable biomaterials in further studies. 
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General Conclusions 

The 3D printable PAA/F127/CNC hydrogel formulations were screened regarding 

their visual aspect and physico-chemical properties of cast and photopolymerized hydrogels. 

High monomer:crosslinker (AA:MBA) molar ratios resulted in flexible hydrogels, capable to 

retain the shapes during handling and swelling. For 3D printing, the crosslinker content in the 

formulations was reduced in 5x relative to the parameters obtained in the screening of 

photopolymerized hydrogels.  

The introduction of CNCs in the 0 – 1 wt% range in the printable formulations 

maintained the dense hydrogel morphologies and preserved F127 micelles, however, CNC 

aggregates were observed in hydrogels produced in the presence of 1 wt% CNC.  

A significant influence of CNCs in swelling kinetics could not be experimentally 

measured. However, a decrease in compressive moduli of swollen hydrogels and a 

modulation of the NO release profiles in GSNO-charged samples containing CNCs were 

observed, suggesting that CNCs modified the swelling behavior of PAA/F127/CNC 

hydrogels.  

The NO release rates, measured by chemiluminescence, were found in the nanomolar 

range, which is suitable for wound healing or reduction of platelet activity applications.  

PBS solution, compared to ethanol, promoted a more efficient removal of cytotoxic 

residues from printed hydrogels, but the intensive swelling impaired hydrogel mechanical 

properties and interfered in Vero cell morphology in direct cell-culture tests, requiring further 

studies regarding the post-processing of PAA/F127/CNC printed parts. 
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Future Perspectives 

The exact mechanism of NO-release was not investigated in this work. Particularly, 

the amount of GSNO that diffuses during hydrogel rehydration could be an important 

parameter to be obtained, in order to determine whether the effects in a host may be local or 

systemic. Additionally, studies regarding the NO release for extended periods and the stability 

of PAA/F127/CNC/GSNO hydrogels could be addressed to investigate the long-term 

application and the shelf time of these materials.  

The work also widens up the available strategies to obtain materials for biomedical 

applications, considering that alternative nanostructured systems could be introduced into the 

3D printed PAA-based hydrogels in order to modulate the NO release kinetics, such as CNCs 

functionalized with NO-donating groups. Another perspective regarding the employed 3D 

printing methodology is the copolymerization of acrylic acid and acrylate-functionalized F127 

in the presence of CNCs, where the covalently bound F127 micelles may act as transient 

crosslinks.  

Lastly, referring to the biological applications of the printed PAA/F127/CNC 

hydrogels, it may be considered an evaluation of the intrinsic cytotoxicity of each component 

of the printable resins, together with the use of more friendly printing additives (photoinitiator 

and photoblocker) than the ones used in this work. Additionally, direct cell culture tests with 

human cell strains (e. g. fibroblasts and chondrocytes) are also recommended to endorse the 

application of the developed methodology to obtain implants and tissue scaffolds.  
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