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Resumo 
Uma das principais restrições no setor de saúde, está relacionada com desempenho dos 

dispositivos para contato com sangue (BCDs), sendo responsável pela redução da qualidade 

de vida e sobrevivência dos pacientes. O papel universal dos BCDs no diagnóstico e 

tratamento de várias doenças levou a um crescimento do seu mercado global em cerca de ~ 

22,2 bilhões de dólares (americanos) em 2018. Apesar de vários esforços, poucos 

biomateriais foram encontrados com potencial para serem usados como BCDs. Atualmente, 

os biomateriais comercialmente disponíveis, estão associados a várias complicações, como 

ocorrência de trombose, infeção e fibrose. 

Esta tese tem como objetivo desenvolver biomateriais inovadores para serem utilizados 

como BCDs. Para isso, materiais à base de grafeno (GBMs), foram utilizados para suprimir 

as limitadas propriedades mecânicas, que restringem a aplicação de materiais hemo e/ou 

biocompatíveis no desenvolvimento de BCDs, uma vez que o grafeno, é o material mais forte 

do mundo. Dois biomateriais com características distintas foram selecionados, 

nomeadamente, o poli(2-hidroxietil metacrilato) (pHEMA), um polímero antiadesivo com baixa 

interação com o sangue e o tecidos adjacente (estratégia passiva), e artérias 

descelularizadas da placenta e do cordão umbilical, que promovem a reconstrução dos vasos 

nativos após a sua implantação (estratégia bioativa). 

Na estratégia passiva, as propriedades mecânicas do pHEMA foram moduladas pela 

incorporação de: i) diferentes concentrações de óxido de grafeno (GO), variando de 0,1 até 

5% (m/v), e ii) diferentes GBMs que variam em espessura, tamanho lateral e grau de 

oxidação, nomeadamente GO, Nanoplaquetas de Grafeno (GNP com 5 ou 15 μm) e 

asrespetivas formas oxidadas. Foi observado um efeito da concentração tendo-se obtido 

hidrogéis com uma excelente rigidez (módulo de Young até 6,5 MPa, 730% maior que o 

pHEMA) e resistência à tração (resistência à tração máxima até 1,1 MPa, 640% maior que o 

pHEMA) após incorporação de 5% de GO (m/v), sem afetar a capacidade de absorção de 

água, a hidrofilicidade e a citocompatibilidade do pHEMA. Estes valores de rigidez e 

resistência à tração são maiores que os da maioria dos hidrogéis (~ 0,300 MPa), atingindo-

se uma rigidez comparável ao polidimetilsiloxano (PDMS), cartilagem ou paredes das artérias 

e uma resistência à tração semelhante a espumas rígidas, PDMS e cortiça. Particularmente, 

para a aplicação no desenvolvimento de BCDs, a concentração de 1% GO (m/v) mostrou ser 

a que permite obter propriedades mecânicas apropriadas. Nesta concentração, o grau de 

oxidação revelou ser o fator crucial para melhorar as propriedades de tração do pHEMA, uma 

vez que incorporação de GBMs não oxidados não influencia as suas propriedades 

mecânicas. A espessura dos GBMs oxidados também exerce um papel activo, sendo os 

maiores melhoramentos obtidos com a incorporação dos GBMs oxidados mais finos, 
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nomeadamento o GO, gerando hidrogéis com um módulo de Young de 1,8 MPa e uma 

resistência à tração de 0,70 MPa. Além disso, é observado um aumento na rugosidade da 

superfície dos hidrogéis após a incorporação de formas oxidadas de GBMs, embora o 

inchamento e a molhabilidade não sejam afetados na maioria das formulações testadas. As 

características biológicas do pHEMA não são comprometidas, uma vez que os GBMs 

oxidados não afetam a hemo/citocompatibilidade, mantendo-se assim as suas propriedades 

antiadesivas para células endoteliais, plaquetas sanguíneas e bactérias. Um estudo in vivo 

de hemocompatibilidade aguda num modelo de fístula arteriovenosa (AV) em porcos não 

heparinizados comprovou a baixa adesão dos componentes sanguíneos ao excerto 

pHEMA/GO 1% (m/v), revelando que este suporta o fluxo sanguíneo sem rutura e sem 

formação de coágulos. 

Na abordagem bioativa, o revestimento interno de artérias decelularizadas do cordão 

umbilical com GO aumenta 29% a sua pressão de rutura, atingindo valores de 1960 mmHg, 

que são semelhantes aos da veia safena humana (~ 2100 mmHg), usualmente utilizada para 

excertos vasculares. Notavelmente, os revestimentos com GO também reduziram a adesão 

das plaquetas humanas às artérias decelularizadas do cordão umbilical e do córion da 

placenta, sendo também observada uma diminuição na adesão bacteriana das últimas, sem 

comprometer a adesão das células endoteliais. O modelo in vivo de fístula AV em porcos não 

heparinizados revelou que, à semelhança do que é realizado quando são implantadas artérias 

descelularizadas não revestidas, a compatibilidade sanguínea dos vasos descelularizados 

revestidos com GO pode ser alcançada após heparinização destes biomateriais. 

O uso de GBMs revela-se assim uma excelente estratégia para reforçar as propriedades 

mecânicas de dois biomateriais com carateristicas distintas sem comprometer sua hemo / 

biocompatibilidade. Esta tese dá um passo em frente na área dos BCDs, abrindo caminho 

para uma futura aplicação de compósitos de pHEMA reforçado com GO e de artérias do 

cordão umbilical decelularizadas revestidas com GO. 
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Abstract 

One of the main constraints on the health care sector is related to blood-contacting 

devices (BCDs) performance, being responsible for reduced quality of life and survival of 

patients. BCDs universal role in the diagnosis and treatment of several diseases, led to a rising 

global market of around ~ 22.2 billion USD in 2018. Despite several efforts, few biomaterials 

were found with high potential for use as BCDs. The commercial biomaterials used nowadays 

are associated with undesirable effects such as high thrombogenicity, infection, and fibrosis 

occurrence.  

This thesis aims to develop innovative biomaterials to be used as BCDs. For this, 

graphene-based materials (GBMs) were used to suppress the limited mechanical features that 

restrain the application of hemo and/or biocompatible materials in the design of BCDs, since 

graphene is the strongest material in the world. Two biomaterials with distinct features were 

select, namely Poly(2-hydroxyethyl methacrylate) (pHEMA), a non-fouling polymer that has 

minimal interaction with blood and surrounding tissue (passive strategy), and decellularized 

placenta chorion and umbilical cord arteries, which may promote the reconstruction of native 

vessels upon implantation (bioactive strategy).  

In the passive strategy, the mechanical properties of pHEMA were modulated through the 

incorporation of: i) different concentrations of graphene oxide (GO), ranging from 0.1 up to 5 

% (w/v) and ii) different GBMs varying in thickness, lateral size and oxidation degree, namely 

GO, Graphene Nanoplatelets (GNP with 5 or 15 µm) and respective oxidized forms. A 

concentration effect was observed having obtained hydrogels with outstanding stiffness 

(Young’s modulus of up to 6.5 MPa, 730% higher than neat pHEMA) and tensile resistance 

(ultimate tensile strength of up to 1.1 MPa, 640% higher than neat pHEMA) upon incorporation 

of 5% of GO, without affecting the water absorption capacity, surface wettability and 

cytocompatibility of pHEMA. These stiffness and tensile resistance values are higher than the 

ones of most hydrogels (~ 0.300 MPa), achieving a stiffness comparable to 

polydimethylsiloxane (PDMS), cartilage or artery walls and a tensile resistance similar to rigid 

foams, PDMS and cork. Particularly for application as BCDs, 1% GO (w/v) allows the 

achievement of appropriate mechanical features. Within this concentration, GBMs oxidation 

reveals to be a crucial factor to improve the tensile properties of pHEMA, since incorporation 

of non-oxidized GBMs does not influence the mechanical features. GBMs thickness also plays 

a role, with best improvements obtained upon incorporation of the thinnest oxidized GBM, GO, 

which generates hydrogels with 1.8 MPa of Young’s Modulus and 0.70 MPa of tensile strength. 

Moreover, an increase in surface roughness of the hydrogels is observed upon the 

incorporation of oxidized forms of GBMs while swelling and surface wettability are not affected 

for most tested formulations. Biological features are not compromised, as oxidized GBMs did 
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not affect the hemo/cytocompatibility of pHEMA, maintaining the anti-adhesive properties 

towards endothelial cells, blood platelets, and bacteria. An acute hemocompatibility in vivo 

study using a non-heparinized porcine arteriovenous (AV)-shunt model proved the low 

adhesion of blood components to pHEMA/GO 1% (w/v) conduit, revealing that they can 

withstand blood flow without rupture and clot formation. 

In the bioactive approach, GO coating of umbilical cord decellularized arteries lumen 

increase 29% of their burst pressure, reaching values of 1960 mmHg, which are similar to the 

human saphenous vein (~2100 mmHg), the gold standard for any prosthetic vascular conduit. 

Remarkably, GO coatings also reduced human platelets adhesion to umbilical cord and 

placenta chorion decellularized arteries, without compromising endothelial cells adhesion. The 

in vivo non-heparinized pig AV-shunt model revealed that similarly to what is performed when 

uncoated decellularized arteries are used, blood compatibility of GO coated decellularized 

vessels can be achieved after a heparinization step. 

In summary, the use of GBMs unveil to be an excellent strategy to reinforce the 

mechanical properties of two biomaterials with distinct properties without compromising their 

hemo/biocompatibility. This thesis is a steppingstone in the field of BCDs, paving the way for 

a future application of biocompatible GO-reinforced pHEMA composites and GO-coated 

decellularized umbilical cord arteries. 
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Chapter 1  

Motivation, objectives, thesis outline 
and list of contributions 

1.1 Motivation 

Blood contacting devices (BCDs), such as catheters, vascular grafts, cannula and heart 

valves have a universal role in the diagnosis and treatment of several diseases. Nowadays, 

the available materials for the design of BCDs, such as silicone, polypropylene, polyethylene 

terephthalate, polyvinylchloride are associated with poor outcomes when applied for long 

periods of times due to the occurrence of thrombosis, infection, hemolysis, and fibrous tissue. 

This, in combination with the increase of several diseases prevalence (due to constantly rising 

in aging population, sedentary lifestyle and obesity) explains the global market of BCDs, 

moving ~ 22 billion USD in 2017-2018, with an expected average annual growth rate of 7.6% 

within the next three years. Thus, the search for new biomaterials, which could improve the 

general performance of BCDs, has been one of the main focus and challenges in the 

bioengineering research field [1-8].  

To overcome these limitations, some strategies have been proposed, such as the 

development of passive (non-fouling) or bioactive surfaces [3, 8]. A non-fouling surface 

prevents the adhesion of blood components, cells and bacteria, being an attractive approach 

to prevent thrombosis and biomaterials related infections. Hydrophilic non-charged polymers, 

such as poly(2-hydroxyethyl methacrylate) (pHEMA), are described with non-fouling 

properties [9] and good hemocompatibility [10] but lack the mechanical properties to be 

applied as BCDs. Another strategy that has been suggested is the development of bioactive 

surfaces [1-3, 11] that keep the hemostasis upon blood and biomaterials interaction through 

the promotion of an anticoagulant and fibrinolytic environment locally. This could be achieved 

through the incorporation of anticoagulant molecules, seeding of endothelial cells before 

implantation, or promoting a rapid endothelialization upon implantation of the material. 

Regarding the last approach, the use of decellularized matrices of vascular tissue as an 

acellular scaffold has been proposed [12-22], namely due to preservation of tissue architecture 

and some cues crucial for cell adhesion [23, 24]. However, the lack of required mechanical 

properties and the high thrombogenic potential and susceptibility to infection, due to collagen 

fibers exposure [25], disable their usage as BCDs without further modification. Although these 
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approaches exhibit promising features to fill the gap of suitable materials for BCDs, their 

optimization is a demand to allow their future application. 

 

1.2 Objectives 

The main objective of this work is to develop novel biomaterials with suitable features to 

apply in the design of blood contacting devices (BCDs). 

More specifically, this work aims to explore materials that are described in the literature as 

having a good hemo and/or biocompatibility, but that are not applied yet as BCDs due to weak 

mechanical properties. Since graphene is the strongest material in the world, the use of 

graphene-based materials (GBMs) is proposed to tune the mechanical properties of these 

biomaterials aspiring to reach the desired features for BCDs.  

To achieve this main aim, two different approaches are followed: one that focuses on the 

development of an inert material that has minimal interaction with blood and surrounding 

tissues (passive approach) and another that aims to promote the reconstruction of native 

tissue upon implantation (bioactive approach).  

In the passive approach two specific goals were stablished, namely the assessment of: 

i. the required amount of GBMs to reach suitable mechanical properties for pHEMA 

application as BCDs without compromising its hydrogel-like non-fouling features. 

ii. which GBMs are more suitable for the design of pHEMA based BCDs regarding 

mechanical properties, antimicrobial potential and hemo/biocompatibility.  

In the bioactive approach a specific goal was stablished, namely the assessment of: 

iii. the effect of graphene oxide coatings in the mechanical and antimicrobial properties 

and hemo/biocompatibility of decellularized arteries. 
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1.3 Thesis outline 

This thesis is divided into six chapters, comprising a literature overview, three chapters with 

the manuscripts containing the main experimental work and the concluding remarks.  

Chapter 1 comprises the motivation, main objectives for this study, as well as a thesis 

outline and list of contribution. 

Chapter 2 introduces the main problems associated with blood-biomaterials interactions 

and recent developments in the design of blood-contacting devices (BCDs), along with the 

general properties and application of graphene-based materials (GBMs), specifically their 

interaction with biological systems and their use in the mechanical reinforcement of polymers.  

Chapter 3 investigates the incorporation of different amounts of graphene oxide (GO) on 

the pHEMA and its impact on the physical/chemical and cytocompatibility of pHEMA/GO 

composites. Hydrogels are characterized regarding their surface wettability, swelling capacity 

and mechanical properties – Young’s modulus (stiffness) and ultimate tensile strength (tensile 

resistance) – while investigating their cytocompatibility. From this exploratory study, which 

proposed pHEMA/GO application in different fields, it was possible to reach a filler 

concentration where these hydrogels exhibit the required mechanical properties to be apply 

in the design of BCDs. 

Chapter 4 is dedicated to understand the effect of oxidation degree, thickness and lateral 

size of GBMs on the mechanical and biological properties of the composites, using the filler 

concentration disclaimed in chapter 3. The material with highest potential to be applied in the 

design of BCDs was investigated regarding its acute in vivo hemocompatibility. 

Chapter 5 addresses the bioactive approach and explores the influence of GO coatings on 

the mechanical properties – tensile tests and suture retention – and biological features – 

biocompatibility, thrombogenicity and infectious potential – of decellularized matrices of 

umbilical cord and placenta chorion arteries. These in vitro experiments are complemented 

with assessment of acute in vivo hemocompatibility.  

In Chapter 6, a general discussion, concisely correlating results from Chapters 3-5, is 

presented as well as the main conclusions, finishing with suggested directions to guide future 

research. 
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Figure. 1.1 – Schematic diagram illustrating the different topics covered in this thesis and their articulation. 
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1.4 List of Contributions 

Under the scope of this thesis, 1 research article was published in an international peer 

reviewed journal, being 2 more in preparation, 1 book chapter is under proof revision, 8 oral 

and 6 poster presentations were performed in international/national conferences. The work 

was distinguished through attribution of a travel award to attend the conference “Graphene 
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submitted, which highlights the potential of commercialization. Other publications and 
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Chapter 2  
Introduction 

2.1 Blood-Biomaterials interaction 

2.1.1 Hemostasis mechanisms 

Blood is constituted by water, proteins, platelets, red blood cells (RBCs) and white blood 

cells. To keep hemostasis, blood has several mechanisms, such as the coagulation cascade, 

platelets adhesion/activation, complement system and inflammatory response.    

The coagulation cascade (Fig. 2.1.) is an important pathway for blood to keep hemostasis, 

since it limits blood loss upon a vascular injury. However, it can also be triggered in reaction 

to a tissue damage or an implanted biomaterial, leading to thrombus formation which can block 

blood flow and generate a pathogenic situation. Regulation of this mechanism involves the 

activation of zymogens (inert precursor enzymes) which circulate in blood as inactivated 

molecules, being activated by a sequence of proteolytic reactions. The coagulation cascade is 

divided into extrinsic (tissue factor) and intrinsic (contact) pathway, which merges upon 

activation of facto (F) X.  

Extrinsic pathway can be activated by tissue factor (TF), which is expressed in the surface 

of endothelial cells (ECs), monocytes, monocyte-derived microparticles, neutrophils, 

eosinophils, and platelets. TF, a glycosylated integral-membrane protein, and FVIIa in 

presence of calcium, converts FX into FXa.  

Intrinsic pathway seems to play only an active role in the pathogenic thrombus formation 

without a strong contribution for hemostasis. It can be activated upon blood contact with 

artificial surface (especially if negatively charged), platelet-derived polyphosphate, mast cell, 

extracellular RNA/DNA, collagen, misfolded proteins, kaolin, dextran sulfate, oversulfate 

chondroitin sulfate, glass and plastic. This contact leads to a conformational change and 

subsequent activation of FXVII to FXIIa. FXIIa converts FXI into FXIa. FXIa in the presence of 

calcium ions and phospholipids which activates FIX into FIXa. A serine protease “tenase” 

constituted by FIXa and FVIIIa, calcium and phospholipids activate FX into FXa.  
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Figure 2.1 - Blood coagulation cascade. Reprinted with permission from ref. [1], copyright 

2012, W.H. Freeman & Company. 

 

In common branch of these two pathways, FXa interacts with FVa a serine protease called 

“prothrombinase” that converts prothrombin (FII) into thrombin. Thrombin acts on fibrinogen, 

releasing fibrin monomer that is cross-linked by FXIIIa forming a fibrin polymer clot.  

Another hemostasis mechanism consists on platelets adhesion/activation. Platelets are disc 

shaped, anucleate cellular fragments derived from megakaryocytes with 2–3 µm of diameter. 

They circulate in inactivated form (round shape) with an average concentration of 200 x 106 

plaquetas/mL, that can range between 150-400 x 106 plaquetas/mL and can be activated 

through several factors such as thrombin, fibrinogen, cytokines, vascular wall constituents (i.g. 

collagen),  platelet activating factor (PAF), cathepsin G or artificial materials. Upon activation, 

platelets release the stored compounds, such as factor 4, thrombospondin, b-thromboglobulin, 

adenosine diphosphate (ADP), serotonin and P-selectin which play a role in platelets adhesion 

to neutrophils, monocytes and lymphocytes. After that, platelets change their structure to 

promote adhesion to the surface (Fig. 2.2) and their interaction between them. The 

rearrangement in platelets plasma membrane and the release of arachidonic acid, a precursor 
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of prostaglandins and thromboxane B2 synthesis, promote “tenase” formation from coagulation 

cascade.   

 

 
Figure 2.2 – SEM images of adherent platelets in different activation states. R – round or 

discoid; D – dendritic or early pseudopodial; SD – spread-dendritic, S – spreading or late 

pseudopodial and FS – fully spread.  Reprinted with permission from ref. [2], copyright 2006, 

Elsevier.  

 

Besides coagulation cascade and platelets, the complement system, which consists in more 

than 20 plasma proteins, also shows an essential role in the body’s defense mechanisms 

against infection and ‘‘non-self’’ elements. The complement system can be activated by three 

different pathways, classic, lectin and alternative, generating different complement products 

such as C3b, C4b and iC3b which bind to surfaces, particles, bacteria or immune complexes 

allowing their uptake by inflammatory cells. Moreover, release of anaphylotoxins C3a, C4a and 

C5a induces different cellular responses such as chemotaxis, cell adhesion and activation and 

vasodilation.  

Leukocytes, which comprise monocytes, lymphocytes, eosinophils, basophils and 

neutrophils, are the major players in the inflammatory response. Upon an inflammatory 

stimulus, neutrophils increase their half-life time while monocytes can migrate to the damaged 

tissue or blood vessel, where they differentiate into macrophages. Bacteria, cell adhesion, 

platelet activating factor, cytokines, b-thromboglobulin and platelet-derived growth factor 

(PDGF) can activate this pathway.  

 

2.2 Interplay between blood contacting devices and hemostasis mechanisms 

Blood contacting devices (BCDs) comprise all the materials that are used in contact with 

blood, being widely BCDs that require some mechanical resistance, such as stent, guidewires 

and cannulas are mostly produced by steel while heart valves, vascular grafts and catheters 

are produced with polymers (Table 2). 
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Table 2.1 – Global Market of BCDs. 

BCDs 
Global market 
(USD) 2018 - 

Millions 

%Compound 
annual growth rate Materials Companies Ref 

Stent 8000 6.6 

Nitinol 
Stainless steels  
Other metallic alloys  
Nylon 
PU  
Styrene-isobutylene  

Biotronik SE & Co. KG 
Cardinal Health 
Cook 
C. R. Bard, Inc. 
MicroPort Scientific 
Corporation 
Terumo Corporation 
B. Braun Melsungen AG 
Abbott 
Boston Scientific 
Corporation 
Medtronic 

[3] 

Heart Valves 6200 11.5 
Dacron 
Fixed natural tissue 
Pyrolytic carbon 

Medtronic 
Edwards Lifesciences Corporation 
Boston Scientific Corporation  
St. Jude Medical, Inc.  
LivaNova PLC,  
Symetis SA  
Jenavalve Technology, Inc.  
CryoLife, Inc.  
TTK HealthCare  
Colibri Heart Valve, LLC  
Lepu Medical Technology Co., Ltd.  
Braile Biomédica 

[4] 

Catheters 3500 5.1 

PU 
PVC 
Silicone 
Teflon 

Becton 
Dickinson and Company 
Boston Scientific Corporation 
Medtronic 

[5] 

Vascular grafts 2010 6.4 Dacron 
ePTFE   

Gore Medical 
Cardinal Health 
R. Bard 
Terumo 
LeMaitre Vascular 
Medtronic 
Endologix 
Braun Melsugen AG 
Cook Medical 
Maquet 

[6] 

 Ventricular 
assist device 

1150 11.4 PU 
Medtronic  
Abbott Berlin Heart 
 Abiomed 
Cardiac Assist, Inc. 
ReliantHeart. 

[7] 

Guidewires 883 5.4 
Steel coated with 
hydrophilic or a 
hydrophobic polymer 

Abbott Laboratories 
B. Braun Melsungen AG 
Becton 
Dickinson and Company 
Biotronik SE & Co. KG 
Boston Scientific Corporation 
Cardinal Health, Inc. 
Cook Medical Inc. 
Olympus Corporation 
Terumo Corporation 

[8] 

Extracorporeal 
Membrane 
Oxygenation  

268 6.5 Silicone rubber CAPIOX FX Oxygenator 
Medtronic Plc [9] 

Cannulas 112 7.5 Stainless steel 
PU 

Medtronic 
Becton Dickinson (BD) 
Edward Lifesciences 
LivaNova 
Smiths Medical 
Boston Scientific Corporation 

[9] 

ePTFE – expanded-Polytetrafluoroethylene, PU – Polyurethane, PVC - Polyvinyl chloride 

 

By definition, a “blood compatible” device fully exerts its function in contact with blood 

without inducing adverse responses. Mechanisms involved in the hemostasis modulate in an 

interconnected way the response towards biomaterial (Fig. 2.3). 
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Figure 2.3 – Blood-contacting medical device associated thrombosis. Reprinted with 

permission from ref. [10] copyright 2019, Elsevier. 

 

Plasma protein adsorption onto material surfaces is a trigger event in thrombus formation 

because it mediates the subsequent reactions. This phenomenon depends on surface 

chemistry and it is reversible, changing its composition over time. Platelets have capacity to 

recognize specific amino acid sequences that mediate their activation, namely RGD present 

in adsorbed proteins, namely fibrinogen (first plasma proteins to deposit), fibronectin and von 

Willebrand factor. Adsorbed fibrinogen can be replaced by factor XII which induces the intrinsic 

pathway of coagulation cascade as well as complement system activation, amplifying the 

pathways of thrombus formation. Leukocytes can adhere to the biomaterial surface and, due 

to size constrains, they are incapable to engulf the material, which leads to the release of 

reactive oxygen species, proteolytic enzymes and mediators of complement system and 

coagulation cascade. All these events culminate in thrombus formation, which is by definition 

a coagulated mixture of fibrin, platelets, RBCs and other cellular elements [11]. Even in 

conjugation with anticoagulant therapy, occurrence of thrombosis is the major cause of BCDs 

failure. This can cause local problems by occluding the vessel in which the device is present, 

requiring the replacement of BCDs. Furthermore, it can origin systemic complications if clot 

dislocates from original place and travels to the lungs, brain, or other organs.  
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2.2.1 Design of biomaterials for blood-contacting devices  

BCDs performance varies with the used material, body response and exposure time, being 

their outcomes more limited for long-term application. Moreover, the good blood compatibility 

of materials in specific applications cannot be extrapolated for others. For example, extended-

polytetrafluoroethylene (ePTFE) [12] and Dacron polyester [12, 13], which are synthetic and 

biostable materials, exhibit good performance in the replacement of large diameter arteries. 

However, when employed for the replacement of small diameter grafts (<4 mm), their 

outcomes are poor, exhibiting 54% failure rate upon 3 months of implantation [14], due to 

compliance mismatch and high thrombogenicity. In general, these materials do not support 

endothelial cell (EC) adhesion (without a coating), are thrombogenic and mismatch the 

mechanical properties of native vessels, exhibiting a compliance of around 1.5-1.9% which is 

not comparable to the 25.6% of saphenous veins [15, 16].  

Despite thrombosis being the primary cause of BCDs failure, with high prevalence in heart 

valves, vascular grafts, and catheters, the occurrence of hemolysis, infection, and fibrosis 

also compromises the BCDs performance. Aiming the improvement of BCDs performance, 

two general strategies have been used; using passive and bioactive surfaces (Fig. 2.4), to 

prevent thrombus formation.  

 
Figure 2.4 – Surfaces integrating passive vs active strategies for the design of BCDs. 

Reprinted with permission from ref. [17] copyright 2019, Elsevier. 
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2.2.1.1 Passivation strategy 

Surface passivation strategy aims to prevent or to control protein adsorption to biomaterial. 

This strategy involves the use of uncharged or zwitterionic hydrophilic brushes or super-

hydrophobic surfaces, allowing a high hydration degree or preventing the wetting by water or 

blood, respectively, and aims to impair proteins adsorption [10]. The passive strategy also 

includes approaches that promote the adsorption of thrombus protective proteins such as 

albumin. 

Surfaces containing hydrophilic non charged polymers such as polyethylene glycol (PEG), 

polyethylene oxide, poly(2-hydroxyethyl methacrylate) (pHEMA), polyvinylpyrrolidone and 

poly(vinyl alcohol) (PVA) show low potential to adhere proteins and platelets on their surface. 

However, it is difficult to rank these polymers based on their performance. Surman et al. 

compared the non-fouling properties of poly[oligo(ethylene glycol) methylether methacrylate] 

(poly(MeOEGMA)), poly(hydroxyethyl methacrylate) (p(HEMA)), poly[N-(2-hydroxypropyl) 

methacrylamide] (poly(HPMA)), and poly(carboxybetaine acrylamide) (poly(CBAA)) coatings 

in gold glass slides [18]. Lower protein adsorption to pHEMA surface was observed despite 

the higher platelets adhesion comparing with the others. However, platelets adhere to less 

than 1% of pHEMA surface area [18], which comparing with other polymers is really low. Since 

its development in 1945, pHEMA has been used in several biological applications, such as 

design of drug delivery systems, blood compatible surfaces [19, 20] and as a scaffold when 

modified with molecules that promote cell adhesion [21], due to its biocompatibility and/or non-

fouling properties. The high amount of hydroxyl groups and ester bonds in pHEMA structure, 

allows the binding of water molecules through hydrogen bonds forming a layer of structured 

water molecules on top of its surfaces that prevents protein adsorption (Fig. 2.5). In agreement 

with this, polyurethane grafted with the monomer 2-hydroxyethyl methacrylate (HEMA) 

presented good blood compatibility featured by the low platelet adhesion [22]. This effect is 

common to all hydrophilic non charged polymers, however, some of them exhibit a low stability, 

such as PEG, which is sensitive to oxidative and enzymatic degradation comprising its long-

term usage [23].  

A zwitterionic molecule is dipolar having at least one positively and another negatively 

charged functional group, being its total charge zero. Besides their high hydration capacity, 

due to their hydrophilic character, some zwitterionic molecules mimic the cellular membrane, 

which has a synergic effect for the prevention of thrombus occurrence. Coatings with poly(2-

methacryloyloxyethyl phosphorylcholine), poly(sulfobetaine methacrylate) and N-(3-

sulfopropyl)-N-methacryloxyethyl-N,N-dimethyl-ammoniumbetaine)) offer an improved 

hemocompatibility comparing with neat polymer [18]. 
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Figure 2.5 – Hydrophilic and zwitterionic polymers. Adapted from [23, 24] copyright 2010, 

Elsevier. 

 

Non-fouling properties of hydrophilic non charged and zwitterionic polymers also prevent 

cellular and microbe attachment. Due to their week mechanical properties, as a consequence 

of high-water content, hydrophilic non charged and zwitterionic polymers have been only used 

as a coating or in conjugation with a copolymer. Thus, their performance depends always on 

the chemistry used for immobilization, the binding place, coating stability, their amount at the 

surface, the used copolymer and the proportion.  

Superhydrophobic surfaces prevent liquid from entering and spreading in polymer surface, 

due to high energy barrier, promoted by nanostructured geometry, leading to the formation of 

water/blood droplet [25, 26]. Regarding platelet adhesion to super hydrophobic surfaces, it has 

been shown to be reduced, namely for nanotextured titania surfaces [27] and laser-ablated 

steel and titanium structures coated with hydrophobic material [28]. 

2.2.1.2 Bioactive strategy 

Inspired by normal endothelial function, a bioactive strategy comprises the development of 

materials that keep the hemostasis upon their contact with blood providing an anticoagulant 

and fibrinolytic environment locally. This can be achieved through the inclusion of 

anticoagulant molecules, promoting endothelialization upon implantation and/or 

endothelialization before implantation. Heparin, a natural glycosaminoglycan, is the mostly 

used anticoagulant to coat surfaces in contact with blood. It promotes the interaction between 

thrombin–antithrombin and factor Xa–antithrombin inhibiting the coagulation cascade [29, 30]. 
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This molecule has been conjugated with polyurethane [31], poly(ethersulfone) [32, 33], poly- 

(DL-lactic acid) [34] and 316L stainless steel [35]. Due to the promising features of heparin 

modified surfaces, it is already used in clinics for the design of vascular grafts, 

CarmedaBioActive Surface (CBAS®) technology [36]. A combination of two bioactive 

molecules has also been explored, namely using heparin and fibronectin. Yang et al. showed 

that heparin and fibronectin coatings have a synergic effect in the improvement of 

anticoagulation properties of titanium surfaces [37, 38]. These coatings sometimes involve 

complex chemical process for molecules immobilization being time consuming, expensive and 

can also compromise the activity of the molecule. Moreover, their efficacy depends on 

saturation, consumption and also the possible degradation during storage or when implanted. 

Anti-CD34, anti-CD133, anti-cadherin, DNA or peptide aptamers are some of the molecules 

that have been immobilized at biomaterials surface to promote a fast endothelialization upon 

in vivo implantation [17, 23]. However, this approach shows to promote an unspecific cell 

adhesion. 

Natural and synthetic polymers with capacity to sustain cell growth have also been explored, 

especially for the development of vascular grafts with inner diameter < 4 mm, cardiac valves 

and patches (promotion of cardiac cell growth) [39]. Natural polymers, mainly the ones derived 

from extracellular matrix (ECM), such as elastin, collagen and fibrin, exhibit a chemical 

structure and biological cues similar to the host vessel and are biodegraded upon implantation. 

Thus, grafts produced with these polymers integrate easily the host vessel being remodeled. 

However, problems associated to their weaker mechanical properties and high heterogeneity 

have been pointed as the main disadvantages. Synthetic polymers have as main advantages 

their controllable fabrication process, reproducibility and relative low production costs. 

Moreover, the mechanical properties of these polymers can be modulated allowing the 

production of grafts with capacity to sustain high blood pressure. Their highest disadvantage 

is the lack of cell binding sites, which compromise cell attachment and infiltration [40].  

Both natural and synthetic polymers can be implanted after their in vitro cellularization or as 

an acellular graft. In vitro cellularization of grafts reveals to improve their mechanical 

resistance, blood compatibility and remodelling capacity. However, it is limited to long 

production time, the associated costs and to a selection of cell type appropriated to this 

approach, since they should be easy to harvest, able to proliferate and to perform their function 

upon implantation [41]. 

Biodegradable and FDA approved synthetic polymers such as poly(lactic acid) (PLA), 

poly(glycolic acid) (PGA), and their copolymers poly(lactic acid-co-glycolic acid) (PLGA), and 

poly(caprolactone) (PCL) have been explored specially for the design of small diameter 

vascular grafts. High degradation rates of PGA and PLA have been pointed as the central 

problem for their application in development of tissue engineered vascular tissue [12, 16] since 
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they can not support arterial pressure during tissue regeneration leading to the occurrence of 

aneurysm and consequent graft failure. PCL exhibits slower degradation kinetics (longer than 

24 months), which allow cellular ingrowth and tissue regeneration [42]. Electrospun PCL grafts 

with 2 mm exhibited complete endothelization by 12 weeks when implanted in the abdominal 

aorta of rats. A regression in tissue regeneration is observed after 12 months of implantation 

as well as a decrease in angiogenic factors, cell infiltration and macrophages in remodelling 

area, leading to the starving of myoblast and a consequent graft calcification [42]. 

Most of the natural materials explored in the design of vascular grafts are a constituent of 

the extracellular matrix (ECM), such as collagen and elastin. The first tissue-engineered blood 

vessel was developed by Weinberg and Bell in mid 1980s using the principal constituent of 

ECM, collagen, as a scaffold. Bovine endothelial cells (ECs), fibroblasts, and smooth muscle 

cells (SMCs) were co-cultured in a 2D sheet of a collagen matrix, which was shaped posteriorly 

into 3D mold to form a tube. Despite exhibiting a similar structure to the native vessel, its 

mechanical properties were reduced. Besides the high potential to support ECs and SMCs 

growth [43], collagen is also easily recognized by platelets, activating them. Thus, it cannot be 

used as acellular scaffold without further modification, such as heparinization [44].  Oppositely 

to collagen, tropoelastin, a small soluble precursor of elastin, does not allow the attachment of 

platelets at its surface, being an attractive material for the design of tissue engineered vascular 

grafts [45]. However, tropoelastin scaffolds lack the tensile resistance, being used in 

combination with PCL or PLGA and collagen [46]. Despite not belonging to ECM, silk supports 

the migration and proliferation of endothelial and smooth muscle cells [47]. This material is 

biocompatible and non-thrombogenic exhibiting an excellent performance upon 1 year of 

implantation in the abdominal aorta with 85% of patency [48]. Decellularized grafts have been 

proposed for the vascular replacement/access, being some of them already available in the 

market such as Artegraft® (Bovine carotid artery), Solcograft (Bovine carotid artery), ProCol® 

(Bovine mesenteric vein), and SynerGraft® (Bovine ureter). After implantation, the natural 

matrix induces tissue remodeling and regeneration. However, their outcomes are similar to 

synthetic materials, failing due to thrombosis, infection, or aneurysm occurrence, and the 

higher associated costs explain their reduced usage in clinics [49, 50]. Even when allografts 

are used, such as SynerGraft® processed human cadaver vein allograft, their performance is 

similar to decellularized xenografts [49, 50]. 
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2.3 Graphene-based materials (GBMs)1 

Graphene is a 2D material with a crystalline form of carbon containing sp2 hybridized atoms. 

It is the basic building block of hexagonally bonded carbon materials and consists of a 6-ring 

honeycomb lattice structure where each carbon atom is bonded to three neighboring atoms. 

Graphene was firstly isolated in 2004, and since then, along with its derived graphene-based 

materials (GBMs), has been remarkably studied. Graphene can be produced by top-down 

approaches, using graphite as raw material, and/or bottom-up approaches, using alternative 

carbon sources as raw material (Fig. 2.6) [51]. GBMs are a broad class of materials which 

involve single layer graphene, few-layer graphene (2-5 layers graphene layers packed 

together, FLG) and multi-layer Graphene (MLG), also called Graphene nanoplatelets (GNP) 

(2-10 layers), while materials with more than 10 layers are considered graphite (Gt). Each of 

this class of materials can be oxidized (usually by Modified Hummers Method), being referred 

as Graphene oxide (GO), oxidized FLG (FLGox), oxidized MLG (MLGox) and Gt oxide (GtO).  

 
Figure 2.6 – Graphene-based materials family and their production methods. Reprinted with 

permission from ref. [51] copyright 2018, Elsevier. 

 
1This section was partially based on the book chapter: A. M. Pinto, A. T. Pereira, I. C. Gonçalves, Carbon 
Biomaterials, Biomaterials Science Biomaterials Science, 4th Edition, Elsevier, under proof revisions 
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In addition to its unique thermal (~5000 W/mK) and electrical (6000 s/cm) conductivity, G is 

the strongest (ultimate tensile strength 130 GPa and Young’s modulus of 1 TPa) [52], thinnest 

and lightest material in the world. However, with the increase of graphene layers a decrease 

in electric conductivity is observed. GBMs oxidation disrupts the aromatic system, introducing 

oxygen in the form of hydroxyl (–OH) and epoxide (–O–) groups at the bulk surface and 

carbonyl (C=O) and carboxyl groups (O-C=O) at the edges of the sheets (Fig. 2.7).  

 

 
Figure 2.7 – Graphene oxide structure. Reprinted with permission from ref. [53] copyright 

2009, Springer Nature. 

 

This also leads to a decrease of conductivity, which can be partially reestablished by 

reduction, resulting in rGO (when GO is used). Due to their unique properties, research in 

graphene and GBMs has been increasing since 2007, reaching the 33750/year publications in 

2019 (Fig 2.8). From these studies, only around 17% focus on GBMs interaction with biological 

systems, being energy, synthesis, electronics and sensors the main topics of graphene related 

research.  

  
Figure 2.8 – Number of publications using “graphene” (   ) and “graphene+bio*” ( . ) as 

keywords. Source: isi web of knowledge. 
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2.3.1 Biomedical applications of GBMs 

Despite many of us not always being aware of it, carbon materials are part of our daily 

routines, being present in things like coal, jewelry, pencils, biomaterials, graphite lubricants, 

etc. Their recognition as biocompatible dates back to ancient times, where man made 

permanent tattoos using pulverized charcoal, as they knew it could be placed under the skin 

without apparent adverse effects. However, it was only in late 1960s that a pyrolytic form of 

carbon was found to have remarkable blood compatibility and the structural properties needed 

for application in long-term artificial heart valves [54].  

Depending on the biological application, GBMs can be used as colloids, free-standing 

materials, coatings or composites (Table 2.2). GBMs in the colloidal form have been mainly 

explored for drug delivery, specially the oxidized forms, due to high loading capacity and high 

dispersibility in aqueous solvents, for phototherapy, due to the need of lower radiation energy, 

[59] and as antimicrobial agents.  

Free-standing materials comprise free-standing films, that can be quickly and cheaply 

produced through vacuum filtration or direct evaporation methods [55], and carbon aerogels, 

generally produced by critical point drying, 3D printing or freeze-drying methods [56]. GBMs 

free-standing materials have been mainly explored for the development of biosensors due to 

their electrical conductivity, large surface area, and high electron transfer potential, as 

antibacterial surfaces, in cardiac, orthopedic and neurological tissue engineering applications 

and in skin wound healing [57-59]. 

GBMs coatings can be obtained by chemical vapor deposition, Langmuir-Blodgett, dip 

coating, drop casting, spin coating, spray coating or electrophoretic deposition [51], resulting 

in GBMs deposition in a flat or random orientation. GBMs coatings are being investigated for 

biosensors, antimicrobial applications, orthopedic and oral implants, catheters, contact lenses 

and tissue engineering of cardiac and bone tissues [58, 60] 

As graphene composites, GBMs are combined with polymers, ceramic or metals. GBMs 

composites can be produced using different techniques, as in-situ polymerization, melt 

blending and solvent-mixing (followed by casting, doctor blading, electrospinning, 3D 

printing,…) [61, 62]. The final features of the produced materials are highly dependent on the 

used GBM, production technique and also on base polymer. Thus, playing with all these 

features allows the production of a wide range of materials. Applications in drug delivery, 

antimicrobial materials, design of mechanical heart valves, tissue engineering of cardiac, bone, 

cartilage, neuronal and muscle and skin wound healing have been envisaged . 
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Table 2.2 - Examples of the main potential applications under investigation of the different 

GBMs colloids, free-standing materials, coatings and composites. 
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B
M

s  

Colloids Free-standing Coatings Composites 

- Drug delivery 

- Phototherapy 

- Antimicrobial 

  

- Biosensors 

- Antimicrobial 

- T.E. (Cardiac; Bone;  

Neuronal; Muscle)  

- Skin wound healing 

- Biosensors 

- Antimicrobial 

- Orthopedic Implants 

- Catheter 

- Contact Lenses 

- Oral Implants 

- T.E. (Cardiac; Bone) 

- Drug delivery 

- Antimicrobial 

- Mechanical Heart Valves 

- T.E. (Cardiac; Bone; 

Cartilage; Neuronal; 

Muscle) 

- Skin wound healing 
T.E. – Tissue engineering 

 

2.3.1.1 Biocompatibility   

GBMs interaction with biological systems is an issue of high importance for its application, 

not only as a biomaterial but in all other materials fields since their contact with biological 

systems (e.g. environment) will be inherent (Fig. 2.9). Despite several studies and reviews 

focusing on this issue, the biological response mechanisms to GBMs are not fully understood, 

probably due to their recent appearance [63-67].  

 

 
Figure 2.9 – Graphene-Based Materials interaction with biological systems. Reprinted with 

permission from ref. [63] copyright 2019, American Chemical Society. 
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GBMs interaction with biological systems depends on their oxidation degree, number of 

graphene layers and lateral dimension. Regarding biodegradation of GBMs, Kotchey et al. [68] 

showed that GO is susceptible to degradation in the presence of low amounts of horseradish 

peroxidase, while reduced GO is not affected. Moreover, thinner oxidized (single layer) GBMs 

are completely degraded by myeloperoxidase upon 24 h, while thicker GBMs remain almost 

intact [68] (Fig. 2.10). GO with different lateral sizes also exhibit a high degradation potential 

by neutrophils, being shown that degradation products are non-genotoxic to human lung cells 

[69]. Recently, D. Li et al. [70] showed that GBMs can be degraded in blood after 14 days, 

being the degradation process highly dependent on their oxidization degree. Active substances 

in blood plasma (e.g., •OH and •O2) attack carbon atoms connected with oxygen-containing 

groups in their basal planes, leading to break of C-C and C=C bonds, forming holey sheets 

and aromatic hydrocarbons, which exhibit higher biocompatibility than pristine material (Fig. 

2.10)  [70]. Thus, for GBMs containing low oxygen amounts, this biotransformation is slower 

due to the lower number of active sites. Degradation of oxidized nano-FLG was also reported 

in vivo. These materials, which tend to agglomerate in lungs, liver, kidneys and spleen, exhibit 

some signals of degradation in the edges of its structure upon 90 days [71].   

   

 
Figure 2.10 – Biodegradation mechanism of Graphene-Based Materials. Proposed 

mechanism of GBMs biodegradation by blood plasma (a) and (b) myeloperoxidase. Adapted 

with permission from ref. [70] (a), copyright 2019, Elsevier and ref [68] (b), copyright 2011, 

American Chemical Society 

 

a)

b)
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Regarding biodistribution of GBMs in vivo, Liu et al. showed that for a concentration of 1.0 

mg/kg, small GO (148-160 nm) particles tend to remain longer in circulation than large ones 

(556-780 nm) [72]. They also observed that the small GO tends to accumulate mainly in the 

liver (slightly decreasing at 180 min) with a lower amount in spleen and lungs, while the larger 

GO was mostly present in lungs. When the amount of injected GO, is increased 10 times, small 

GO tends to accumulate in lungs instead of liver [72]. Radiolabelled GO, 188Re–GO, with lateral 

size ranging 10–800 nm, exhibits long blood circulation time (half-time 5.3 ± 1.2 h) after 

intravenous administrated in mice (1 mg/kg) and low uptake by the reticuloendothelial system 

[73]. No pathological changes were observed in examined organs when mice were exposed 

to 1 mg/kg body weight of GO for 14 days [73].   

Strategies to promote GBMs degradation and to tune the biodistribution and accumulation 

have been explored namely by their functionalization with native subtracts of HRP, cathecol or 

cumarin, which promote their degradation [63]. 

Besides the study of GBMs biodegradation, their cytotoxicity towards different cell lines, has 

been addressed. Although, the inconsistency between some studies, it is established that 

cytotoxicity of GBMs depends on doses, exposure time, oxidation degree, lateral size, and also 

of the used cell type [64, 74-76]. Smaller and more oxidized GBMs particles exhibit a better 

biocompatibility in vitro towards HFF-1 cells [64, 77]. Cheng et al. showed that HUVECs 

viability in the presence of 20 µg/mL of GO and rGO is around 95%, decreasing to 60% for a 

concentration of 100 µg/mL [78]. Due to GBMs capacity to interact with cell membranes as 

well as their capacity to be internalized, they can induce different mechanisms within cells. 

Regarding internalization capacity, oxidized particles are more internalized in the cell than non-

oxidized GBMs, which tend to accumulate in cellular plasma membrane. The accumulation of 

graphene nanosheets on cellular plasma membrane may result in the blocking of ion channels 

and nutrient uptakes, leading to the disturbance of the balance of various intracellular events, 

including the intracellular redox equilibrium [79-81]. Eventually, this may elicit considerable 

intracellular oxidative stress, resulting in programmed cell death. Thus, smaller and more 

oxidized GBMs seem to be more cytocompatible than non-oxidized and larger particles [77].  

Interaction of GBMs with blood has also been addressed [75, 82-85], namely, with proteins 

and blood cells. Regarding protein adsorption, it has been shown that hydrophobic GBMs have 

a higher capacity to adsorb albumin at their surfaces than hydrophilic ones. This could be 

related to hydrophobic interactions via π – π stacking of albumin aromatic aminoamides and 

graphene sheets [39]. However, the direct comparison of the protein binding capacity of G/rGO 

and GO is challenging, since rGO exhibits poor stability in aqueous solutions, and its surface 

composition highly depends on the reduction method [83]. However, GO adsorbs better 

fibrinogen than albumin, while non-oxidized GBMs adsorbs albumin in higher amounts [83]. 

For the same GO concentration, larger particles (1 µm) exhibit a higher capacity to adsorb 
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albumin, a small protein, in their surface than smaller particles (100 nm). An opposite effect is 

observed for fibrinogen, a large protein [86]. 

For GBMs interaction with red blood cells (RBCs), contradictory results have been 

described in the literature. Pinto et al. reported a low hemolytic effect (<3%) of MLG and MLGox 

with a lateral size of <2 µm or 5 µm for a concentration of up to 500 µg/mL [77]. In contrast, an 

hemolytic percentage of 96% was shown by Feng et al. [87], for GO with an average lateral 

size of 0.5 µm, in the same concentration. A higher hemolytic potential is associated to smaller 

particles, with lateral size lower than a few nm [88-90]. Hydrophobic interaction between GO 

and RBCs membrane as well as glycocalyx and hydroxyl/carboxyl groups of GO [87] have 

been pointed as one of the reasons for the hemolytic potential of GO Functionalization of GO 

with NH2 groups (GO-NH2) reduces the hemolytic potential of GO through the decrease of its 

interaction with phosphatidylcholine [85, 88]. Moreover, interaction of GO with 

phosphatidylcholine of cell membrane could also explain the high hemolysis.  Proteins 

adsorbed on GBMs surface, such as bovine serum albumin (BSA), seem to have a protective 

effect regarding their hemolytic potential [91-94].  

Regarding platelets and coagulation, in vitro results show a thrombogenic effect for 

concentration of GO higher than 500 µg/mL [87, 90]. GO also shows a thrombogenic effect in 

in vivo studies for concentrations around 250 mg/kg body weight [95]. 

Some studies report that GO activates as well the complement system, although the 

reduction of oxygen content and the pre-coating with blood corona proteins might prevent this 

effect [96]. This activation leads to expression of pro inflammatory cytokines, in a size 

dependent way, being more activated for smaller GO (< 1 µm) particles than for larger ones (> 

10 µm) [97]. Macrophages, one of the major players in inflammatory response, show high 

potential to phagocyte GO, depending on its lateral size. Larger GO sheets can align with the 

cellular membrane inducing the M1 macrophage polarization [98, 99], and its apoptosis is 

promoted in the presence of GO concentrations of 50 µg/mL [90, 100-102]. 

In summary, biocompatibility of GBMs colloids depends on their concentration, oxidation 

degree, lateral size and dispersibility. For lower amounts of GBMs, the effects in inflammation, 

cells and blood components is diminished. Oxidized and smaller GBMs are biodegraded in the 

body, which contributes for their higher biocompatibility. 

As described above, depending on GBMs application they could be in colloid dispersion, 

free-standing, surface coating or composite. In particular, GBMs-integrated surfaces exhibit 

different features of GBMs colloids, since they seem to promote cell attachment and 

proliferation as shown for GO coatings on titanium [103] or nitinol [104], as well as PCL/GO 

[105], collagen/GO [106], PU/GO [107] and tropoelastin/GO [108] composites. In these last 

three studies, the presence of GO promoted cell proliferation. GBMs can influence cell 
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attachment, growth, proliferation and phenotypes due to their high capacity to recruit and 

adsorb medium components such as nutrients and cell growth and differentiation factors on 

their surface [109]. Moreover, GBMs showed potential to support growth, proliferation and 

differentiation of mesenchymal, neural or induced pluripotent stem cells into different tissue 

lineages, through tuning of different surface properties of graphene nanomaterials, as review 

by Huang et al. [109]. These features potentiate their use in design of scaffolds for tissue 

engineering approaches. 

2.3.1.2 Antimicrobial properties 

Antimicrobial properties of GBMs have been described several times in literature [51, 105, 

110-113]. There are two main events caused by GBMs which lead to antibacterial effect: 

oxidative stress induction and membrane damaging. However, their efficiency depends on the 

used GBMs and also if they are in colloidal, exposed to surface or incorporated in a composite 

form. Regarding colloids, the antibacterial activity of GBM has been described to be higher for 

GO than for rGO [114, 115]. Differences are explained by different state of dispersion and 

amount of oxygen-containing functional groups, which impact on both membrane and oxidative 

stress. Large GO nanosheets, which can cover bacteria preventing proliferation, have been 

pointed out as having stronger antibacterial effect. By contrast, some results indicate that small 

GO sheets have higher oxidative and antibacterial capacity [116, 117]. There are three 

different molecular initiating events caused by GBMs which lead to antibacterial effects: redox 

reaction with biomolecules, mechanical destruction of membranes and catalysis of 

extracellular metabolites (Fig. 2.11). 

In 2D films particles lateral size and oxidation degree seem to have a crucial impact on the 

antimicrobial activity (Fig. 2.11). Films containing smaller GO particles have a stronger 

antimicrobial effect than films containing large particles and/or rGO [51, 118], and these 

smaller GO particles seem to induce higher oxidative stress in bacteria. Besides surface 

chemistry, the roughness of GBM free-standing 2D films also influences their antimicrobial 

properties. Rough surfaces that expose the sharp edges were showed to promote bacteria 

killing while smooth surface promoted bacterial adhesion [51, 119]. Possible piercing of the 

bacterial cell wall and membrane by exposure of sharp edges has been pointed as the main 

mechanism for this phenomena, although some authors defend a low probability of it occurring 

[119, 120] (Fig. 2.11).  The covalent link of GO to a collagen scaffold, followed by its reduction, 

showed to decrease Escherichia coli, Staphylococcus aureus and Streptococcus pyogenes 

adhesion to surface [121].  

The antimicrobial performance of GBM containing composites depends not only on the 

incorporated GBMs and their amount but also of the adopted composite production technique. 

Production techniques which promote GBM exposure at composites surface generate 
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composites with higher antimicrobial properties [51]. Due to the poor characterization of 

incorporated GBMs and resulting composites, comparisons between different studies are 

difficult. However, incorporation of GO to create polymeric composites such as CS/GO [122], 

CS/polyvinylpyrrolidone/GO [123], PLA/PU/GO [124] and Agar/GO [125] hydrogel showed to 

promote an antimicrobial effect between 50-100%, in different bacteria species. 

 

 

 
Figure 2.11 – Antimicrobial mechanisms of GBMs colloids and surfaces. Adapted with 

permission from ref. [126] copyright 2016, American Chemical Society. 

 

2.3.2 Graphene Based Materials in Mechanical Reinforcement  

As the strongest material in the world, graphene and GBMs have been recurrently used in 

the mechanical reinforcement of polymers. In most of the studies, GBMs are incorporated in 

polymeric matrices, as composites, being GBMs coatings much less explored. This fact could 

be explained by an expected more effective mechanical action of GBMs when included within 

the polymer matrices than as a coating. GBMs were proposed as a filler of several polymers 

such as epoxy, polyurethanes, polypropylene, PTFE, among others, showing a consistent 

improvement for most of the polymers in 15-250% in ultimate tensile strength (tensile 

resistance) and Young’s Modulus (stiffness), under tensile stress as reviewed by 

Papageorgiou et al. [61]. The performance of GBMs in the mechanical reinforcement of 

polymers depends on its intrinsic features, such as lateral size, thickness and oxidation degree, 

interaction with base polymer and production technique. Regarding production techniques, 

solution mixing or in situ polymerization techniques allow a more homogenous dispersion of 

GBMs in polymer matrix then melt-blending. Besides the production technique, GBMs can be 

modified to covalently link to polymer chains to promote a stronger interaction.  
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a) Hydrogels reinforced with GBMs 

Due to the high-water content in their composition, hydrogels are fragile materials with a 

limited application in several load-bearing fields. Incorporation of GBMs in hydrogels network 

plays an important role in decreasing crack propagation and delaying the hydrogels' failure, 

which consequently improves their mechanical properties. This effect seems to be promoted 

by a strong interaction between GBMs and the polymeric network, which can be covalent or 

non-covalent. Regarding the covalent interaction, it requires the chemical modification of 

GBMs in order to stablish a covalent bond with the polymeric network. In non-covalent 

interactions, GBMs can stablish hydrophilic interactions, such as hydrogen bonds, or 

hydrophobic such as p-p interactions. Moreover, hydration state of hydrogels during the 

mechanical measurements also plays an important role in the achieved improvements, since 

GO incorporation in the hydrogel network seems to lead higher improvements in dry state than 

in swollen state [127, 128].  In general, non-covalent incorporation of GBMs in polymeric 

networks leads to average increase in neat properties of hydrogel around 3 x for Young’s 

Modulus (YM) and ultimate tensile strength (UTS) (Table 2.3). This has been reported for 

several hydrogels such as cellulose [129, 130], chitosan [131], polyacrylamide (PAM) [132-

136], poly(acrylic acid) (PAA) [137-139], poly(vinyl-alcohol) (PVA) [127, 140-148], tannins 

[149], silk [150] and starch/polyacrylamide [151] (Table 2.3).  The highest increase was 

recently reported by Wang, Y. T. et al. achieved for GO 8% (w/w) incorporation in PAA [138], 

increasing 10x the UTS and 8.5x the YM of neat hydrogel. When GO is covalently associated 

to the polymer network, it is possible to obtain even more remarkable improvements, such as 

in the case of PAM/GOP hydrogels, where the UTS is 24x higher than neat hydrogel. Besides 

this, GBMs incorporation also increase the elasticity capacity of some hydrogels. This could 

be explained by the interaction between the filler and polymeric network (Table 2.3). 

Increases in compressive strength are also reported, namely upon incorporation of GO in 

chitosan (163%) [152], poly(sulfobetaine methacrylate) (400%) [153], double networking 

hydrogels based on κ-carrageenan, PAM [154] and poly(N-isopropylacrylamide) (400%) [155].  
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AAm – Acrylamide, N.A. – not available, PAA – Polyacrylic acid, poly(AMPS) – poly(2‐acrylamido‐2‐methylpropane sulfonic acid), PAM – polyacrylamide, PDMA-stat-
PAPBA - poly(N,N-dimethylacrylmide-stat-3-acrylamidophenylboronic acid), poly(AA‐AANa) – poly(acrylic acid–sodium acrylate), PGMA - poly(glycerol 
monomethacrylate), PVA – Polyvynil alcohol 
 

 

 

 

     Table 2.3 – Tensile properties and swelling capacity of hydrogels containing GBMs 
 Hydrogel GBMs 

concentration ­ UTS UTS (MPa) ­ YM YM 
(MPa) 

­ Elongation 
 at break 

Elongation 
at Break 

­ Swelling 
capacity 

Swelling 
capacity Ref. 

P
hy

si
ca

l l y
 in

co
rp

or
at

ed
 

cellulose/G 0.5% (w/w) 1.5 0.60 2.2 4500 0 27% - - [129] 

cellulose/G 0.3% (w/w) 1.9 1.75 4.0 38 -2 10% - - [130] 

chitosan/rGO 3% (w/w) 1.3 0.4 N.A. N.A. 0 52% -4.7 75% [131] 

Gelatin/PAM/GO 0.5 (mg/mL) 1.3 0.32 2.7 175 -1.7 45000% -2.7 15000 [156] 

GO-g-PAA/PAM  

rGO-g-PAA/PAM 
1.2% (w/w) 4.0 0.40 2.0 1 1.1 950% -1.3 1500% [157] 

PAA/gelatin/GO 0.3% (w/w) 1.7 0.25 N.A. N.A. 1.3 55% N.A. N.A. [137] 

PAA/gelatin/GO 0.5% (w/w) 3.3 0.25 N.A. N.A. 2 60% N.A. N.A. [139] 

PAA/GO 8 % (w/w) 10.0 0.75 8.5 1 2.9 2500% -1.8 60% [158] 

PAM/GO 0.3% (w/w) 4.0 0.10 2.0 0.02 1.2 1200% N.A. N.A. [154] 

PAM/G 0.1% (w/w) 2.5 0.10 0.0 0 1.2 1050% N.A. N.A. [136] 

PAM/GO 3 (mg/mL) 2.0 0.10 N.A. N.A. 2.2 130000% N.A. N.A. [159] 

p(2-hydroxyethyl 

acrylate)/GO 
1% (w/w) 5.8 0.08 3.1 2 2.1 40% N.A. N.A. [128] 

p(AMPS-co-Aam/GO 1% (w/w) 4.5 0.90 N.A. N.A. 2.5 300% N.A. N.A. [160] 

p(AMPS-coAAm)/GO 1 (mg/mL) 5.0 0.10 N.A. N.A. 2.4 300% N.A.. N.A. [138] 

p(AMPS)/poly(AA-
AANa)/GO 

0.5 % (w/w) 1.4 0.86 3.8 1 2.1 334% -2.0 90% [161] 

p(N-

isopropylacrylamide)/GO 
0.1% (w/w) 2.5 0.10 4.0 0 0 800% N.A. N.A. [161] 

polyacrylamide/aG 0.1% (w/w) 2.0 0.10 0.0 0 0.1 1100% N.A. N.A. [136] 

PU/GO 8 (w/w) 2.2 7.35 3.4 3.5 1.2 936% 0 57% [162] 

PVA/G 10% (w/w) 4.7 20.90 10.5 115 1.6 115% N.A. N.A. [141] 

PVA/GO 0.1% (w/w) 2.4 0.60 N.A. N.A. 1.6 547% 0 94% [140] 

PVA/GO 0.8% (w/w) 2.5 N.A. N.A. N.A. 1.6 160% 0 80% [142] 

PVA/GO 8 (mg/mL) 3.0 1.85 N.A. N.A. N.A. 425% N.A. 97% [143] 

PVA/GO 3 (mg/mL) 1.5 1.50 N.A. N.A. 2.5 750% 0 80% [144] 

PVA/GO 0.2 % (w/w) 2.3 1.40 N.A. N.A. 1.5 380% 1.1 80% [145] 

PVA/GO 0.5% (w/w) N.A. N.A. 0.2 1 N.A. N.A. N.A.. 75% [127] 

PVA/GO ɣ-ray 1% (w/w) 1.8 60.00 1.6 1200 -2.5 6% 0 8% [146] 

PVA/GO-PEG 1.5% (w/w) 2.7 4.20 N.A. N.A. 1.4 250%  N.A. [147] 

PVA/GO/cellulose 1% (w/w) 1.4 N.A. N.A. N.A. 2.3 238% 1.4 250% [148] 

Silk/GO 0.5% (w/w) 1.3 4.50 N.A. N.A. -3.7 1100% N.A. N.A. [150] 

Sodium 

Acrylate/PAM/GO 
5% (w/w) 1.6 0.20 1.5 0 -1.3 600% -1.9 800 [163] 

Tannin/GO 0.5 (mg/mL) 2.0 0.20 N.A. N.A. 1.5 3100% N.A. N.A. [149] 

C
ov

al
en

tly
 li

nk
ed

 PAMPS/GO 0.2% (w/w) 1.6 40.00 1.6 202 1.5 43% 1.4 107 [164] 

PAM/GOP 3 (mg/mL) 24.0 1.20 N.A. N.A. 8.9 5300% N.A. N.A. [159] 

PDMA-stat-

PAPBA/PGMA coated 

rGO-dopamine 

0.5 % (w/w) 5.5 0.00 N.A. N.A. 1.6 825% N.A. N.A. [165] 

PVA/GO Modified with 

shift base 
3 (mg/mL) 2.0 2.00 N.A. N.A. 2.7 80000% 0 80 [144] 
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Besides the increase in mechanical properties, GO incorporation in hydrogels seems to 

interfere with their swelling capacity.  In some cases, it increases the swelling capacity, such 

as for boron crosslinked GO/PVA [140], while a decrease was reported for hydroxyethyl 

cellulose/GO [166] and GO/PVA hydrogels [167]. This effect seems to be dependent on the 

amount of GO incorporated in the hydrogel. In lower amounts, GO promotes a faster diffusion 

of water molecules due to the presence of hydrophilic groups on its surface. However, for high 

amounts, hydrogen bonds possible form between the polymer, and therefore physical 

concerns due to GO presence decrease the swelling capacity. 

b) Extracellular matrices-based materials 

Development of GBMs composites comprising extracellular matrix (ECM) polymers, namely 

collagen, elastin and ECM-derived materials, to improve their mechanical properties has 

received increasing attention in the biomaterials field, especially in the last two years[168-

183]. Covalent crosslinking of GO (800 µg/mL) to collagen scaffolds followed by GO reduction 

show to highly increase their stiffness under tensile stress in around 800%. rGO or GO 

adsorption to acellular dermal matrix show an increase of 35% or 10% in tensile resistance 

and 44% and 111% in stiffness [172], respectively. Incorporation of GO in collagen aerogels or 

scaffolds show an increase in compressive resistance of around 150 % [171] and increase in 

compressive stiffness 100%, respectively [176]. 
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Chapter 3  
Graphene oxide-reinforced poly(2-hydroxyethyl methacrylate) 

hydrogels with extreme stiffness and high-strength  

 
Designing hydrogels with high-strength and stiffness remains a challenge, limiting their usage 

in several applications that involve load-bearing. In this work, in situ incorporation of different 

amounts of graphene oxide (GO) into poly(2-hydroxyethyl methacrylate) (pHEMA) was used 

to create hydrogels with outstanding stiffness (Young’s modulus of up to 6.5 MPa, 8.3x higher 

than neat pHEMA) and tensile resistance (ultimate tensile strength of up to 1.14 MPa, 7.4x 

higher than neat pHEMA) without affecting the water absorption capacity, surface wettability 

and cytocompatibility of pHEMA. Such magnitude of improvement in Young’s modulus and 

ultimate tensile strength was never before described for GO incorporation in hydrogels. 

Moreover, these stiffness and tensile resistance values are higher than the ones of most 

hydrogels (few hundred kPa), achieving a stiffness comparable to polydimethylsiloxane 

(PDMS), cartilage and artery walls and a tensile resistance similar to rigid foams, PDMS and 

cork. These new materials open a wide range of application for pHEMA in different fields.  

 

 
 
 
Keywords: Biomaterials, Compressive strength, Graphene Oxide, Mechanical Properties, 

poly(2-hydroxyethyl methacrylate), Strong Hydrogels, Tensile Strength1 

This chapter is based on the following published paper:  

A.T. Pereira, P.C. Henriques, P.C. Costa, M.C.L. Martins, F.D. Magalhães, I.C. Gonçalves, Graphene 
oxide-reinforced poly(2-hydroxyethyl methacrylate) hydrogels with extreme stiffness and high-strength, 
Composites Science Technology 184 (2019) 107819. 
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3.1 Introduction 

Hydrogels are hydrophilic polymer networks capable of absorbing large amounts of water 

[1]. By taking advantage of this swelling capacity, several uses have been devised, like contact 

lenses [2] or systems for removal of dye and heavy metal from water. Potential applications in 

tissue engineering, biosensors and drug delivery systems have also been explored [3, 4]. 

However, poor mechanical properties have hampered their widespread use in load-bearing 

applications [5, 6]. To surpass this limitation, several approaches have been proposed: use of 

a combination and/or higher amounts of crosslinking agents [7-9], brittle/ductile inter-

penetrating networks (double-network hydrogels), [6, 10-14] nanofillers [6, 15-24] and 

micro/nanostructured hydrogels [25-27]. However, these often lead to the loss of key features, 

like swelling capacity, hemo/biocompatibility and non-fouling characteristics, and/or to 

difficulties in preparation [28, 29]. As such, the design and production of strong hydrogels 

remains a central issue in the materials science field.  

Poly(2-hydroxyethyl methacrylate) (pHEMA) is a synthetic hydrogel produced through in 

situ polymerization of 2-hydroxyethyl methacrylate (HEMA) monomers [1]. Described as a non-

fouling material, pHEMA limits the adsorption of proteins, platelets and cells on its surface [30]. 

Due to its biocompatibility, pHEMA is a Food & Drug Administration (FDA) approved hydrogel 

being currently used in clinics for the production of contact lenses and keratoprosthetics [31, 

32]. pHEMA applications could be far more widened by developing new composites with 

improved mechanical properties while preserving its biocompatibility. 

Graphene is a single-layer sheet of sp2-bonded carbon atoms in a two-dimensional (2D) 

honeycomb lattice. This material was firstly isolated in 2004 and has been described as the 

strongest material in the world.  Due to this unique property, Graphene and Graphene-Based 

Materials (GBMs) have been proposed as appealing nano-fillers for mechanical reinforcement 

of polymers, including hydrogels such as polyacrylamide, cellulose, alginate and polyvinyl 

alcohol [6, 33-39]. For most of the hydrogels, incorporation of GBMs induces an increase in 

the polymer’s intrinsic tensile resistance of up to 2 times [6, 33]. GBMs can also be used as 

building blocks to make 3D materials such as aerogels and graphene-based hydrogel [40-42], 

which exhibit promising features regarding electrical conductivity, thermal resistance and 

adsorption capacity and also a high elasticity and compressive resistance but a weak tensile 

resistance, in the order of few kPa [43-45].  

Beyond the filler efficiency, GBMs biocompatibility is a crucial factor to allow a future 

biological application. Among available GBMs, G oxide (GO), which contains different oxygen 

groups (hydroxyl, epoxide, carbonyl and carboxylic groups) at its surface, has been described 

as having lower cytotoxicity than G [46-48]. In vivo studies reveal that when intravenously 

administrated, GO accumulation in lungs, liver, kidneys and/or spleen depends on its lateral 
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size [48-50]. Moreover, a recent study showed that GO can be degraded in vitro by neutrophils 

generating non-genotoxic by-products [51]. 

The present study proposes for the first time the use of GO to improve pHEMA mechanical 

properties, aiming to obtain a new hydrogel with outstanding performance under tensile and 

compressive stress. Additionally, this work aims to meet the requirements of several load-

bearing applications (stiffness and tensile resistance in the order of MPa) and to preserve the 

biocompatibility of the neat polymer. To achieve this goal, an accessible and industrially 

applicable approach was established, which consists on the in situ free-radical polymerization 

of the monomer (2-hydroxyethyl methacrylate; HEMA) and crosslinking agent (tetraethylene 

glycol dimethacrylate; TEGDMA) in the presence of different contents of GO (0%, 0.1%, 

0.25%, 1%, 2% and 5%). An in-depth characterization of the new pHEMA/GO composites was 

conducted regarding their mechanical behavior under tensile and compressive stress, in order 

to evaluate their potential in future usage in load-bearing applications. Physical-chemical 

characteristics as well as cytocompatibility of pHEMA/GO composites were evaluated to reveal 

whether the main features of pHEMA are maintained upon GO incorporation, thus enabling 

application in biomedical field.  

3.2 Methods 

3.2.1 Synthesis of Graphene Oxide (GO) 

Carbon graphite micropowder (purity: ≥99% and lateral size: 7-11 µm, American Elements) 

was oxidized by modified Hummers’ method, as described before [47, 52, 53]. Briefly, 3 g of 

carbon graphite were added to 150 mL of H2SO4/H3PO4 (4:1) mixture followed by cooling and 

addition of KMnO4 (18 g). The reaction was kept at 35 ˚C and stirred for 2 h. Afterwards, the 

mixture was cooled to 0 ˚C and 450 mL of distilled water added slowly. Excess of KMnO4 was 

eliminated by adding H2O2 until oxygen release stopped. After overnight resting, the material 

was consecutively centrifuged at 4000 rpm during 20 min, until pH of supernatant reached the 

pH of distilled water. The suspension was sonicated during 6 h in ultrasonic water bath to 

obtain GO. GO powder was obtained by freeze-drying the suspension at -80 °C and 0.008 

mBar for 3 days. 

3.2.2 pHEMA/GO composites production 

 Poly(2-hydroxyethyl methacrylate) (pHEMA)/GO composites were produced by in situ 

polymerization of 2-hydroxyethyl methacrylate (HEMA) monomers as previously described for 

pHEMA [54]. 7.5 ml of 2-hydroxyethyl methacrylate monomer (HEMA; >99.5%, Polysciences) 

were added to a water/ethylene glycol (Sigma Aldrich) mixed solvent (1.5 mL/2.25 mL) with 

0%, 0.1%, 0.25%, 1%, 2%, 5% (w/v) of GO. The mixture was vortexed for 30 sec and sonicated 
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in an ultrasonic water bath during 15 min. After that, 0.345 mL of the crosslinking agent, 

tetraethylene glycol dimethacrylate (TEGDMA; Polysciences) and 1.5 mL of redox initiators 

solution, 40% ammonium persulfate (APS; 98%, Aldrich) and 15% sodium metabisulfite (SMB; 

97%), were added to the mixture. The mixture was poured between two clean glass plates with 

a 0.54 mm thick Teflon gasket and allowed to polymerize overnight (although the gel sets 

within 1 h for pHEMA and 5 min for pHEMA/GO composites). Neat pHEMA and pHEMA/GO 

composites with cylindrical shape were also produced using 24-well plate as mould (Ø = 15.6 

mm and height = 17.0 mm) to evaluate their compressive properties. All the hydrogels were 

released from the glass plates or from 24-well plate and soaked in distilled water for 4 h (water 

renewed every hour) to leach out unreacted monomers, initiators and oligomer residues. 5% 

(w/v) of GO was the maximum amount of GO that could be incorporated in pHEMA due to the 

high increase in the pHEMA/GO mixture viscosity before polymerization, which prevented its 

moulding between the glass plates. 

3.2.3 GO and pHEMA/GO composites characterization 

3.2.3.1 Physical-chemical characterization  

X-ray photoelectron spectroscopy (XPS) was used to evaluate the oxidation degree of GO. 

Briefly, GO pellet (prepared in a manual hydraulic press) was analyzed using a Kratos Axis 

Ultra HAS (Kratos Analytical, UK) equipment. An Al monochromator with 15 kW was used as 

X-ray source. The survey spectrum of GO was obtained at 80 eV and the C1s high resolution 

spectra at 40 eV. C1s spectral component was set at a binding energy of 284.6 eV to correct 

the contribution of charge effect. 

Fourier-transform infrared spectroscopy (FTIR) was performed to evaluate the presence of 

oxygen-containing functional groups in GO and also to assess pHEMA polymerization. The 

analysis was performed with dehydrated samples on a Perkin Elmer Frontier 

spectrophotometer coupled to universal Attenuated Total Reflection (ATR) sampling 

accessory. All spectra were obtained in duplicate using 100 scans and 2 cm-1 of resolution 

being baseline corrected and smoothed. 

Raman spectroscopy was performed to characterize vibrational modes of GO and to 

evaluate its presence in pHEMA/GO composites. The spectra were acquired using a confocal 

Raman microscope, LabRAM HR800 UV, Horiba Jobin-Yvon. The excitation was provided by 

a 515.2 nm laser with an acquisition time of 30 sec. A 50x objective (Olympus) lens with a 

numerical aperture of 0.55 was used. Measurements were performed using dehydrated 

samples and at least 5 spectra were acquired for each condition. Spectra were baseline 

corrected and smoothed.  

Transmission electron microscopy (TEM) of GO powders was performed to evaluate lateral 

size, exfoliation and morphology of GO sheets. The images were acquired using a JEOL JEM 
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1400 TEM (Tokyo, Japan) coupled to a digital camera CCD Orious 1100 W (Tokyo, Japan). 

Visualization of GO was performed after ultrasonic dispersion of the GO dried powder in water 

and dropping the suspension on 200 mesh copper TEM grids. 

Scanning electron microscopy (SEM) was performed to visualize GO morphology as well 

as surface and cross-section topographies of pHEMA and pHEMA/GO composites. To 

improve samples conductivity, the materials were dried in vacuum oven at 60 ºC and coated 

with a thin layer of gold/palladium by sputtering. A FEI Quanta 400FEG ESEM / EDAX Genesis 

X4M SEM with accelerating voltage of 15 kV (GO) and 10 kV (pHEMA/GO composites) was 

used to visualize the samples. 

Optical microscopy images of hydrated composites were acquired to visualize GO 

dispersion on composites using an Inverted Fluorescence Microscope (Axiovert 200, Zeiss) in 

brightfield mode.  

Contact angles of hydrated pHEMA and pHEMA/GO composites were measured to 

evaluate surface wettability alterations upon GO incorporation on pHEMA. For this, captive air-

bubble contact angles were measured by the inverted drop method using a goniometer, Data 

Physics, model OCA 15, equipped with a video CCD-camera. Each sample was attached to a 

steel slide and placed into an ultrapure water-filled glass chamber. After that, a 10 μL air bubble 

was released from a J-shaped needle underneath the sample’s surface and the contact angle 

was measured using the software SCA. At least 6 drops of each conditions were considered. 

The swelling profile of neat pHEMA and pHEMA/GO composites was determined by 

gravimetric analysis. A pre-weighed dehydrated disc of each composite was immersed in water 

during 4 h, being removed at different time points, blotted with filter paper and weighed. The 

swelling degree was calculated using the following equation: 

 

 ,                                            Equation 2 

 

where Wd is the weight of the dry polymer and Ws the weight of the swollen polymer. The 

swelling profile of each material was evaluated at least 3 times. 

3.2.3.2 Mechanical characterization 

Tensile properties of hydrated hydrogels were evaluated with a Mecmesin Multitest-1d 

motorized test frame machine, at room temperature, using a loading cell of 10 N or 200 N and 

displacement rate of 10 mm/min. The test parameters were in agreement with Standard Test 

Method for Tensile Properties, ASTM D 882-02 [55]. Measurements were performed using 

samples with 60.0 mm of length, 15.0 mm of width and 0.54 mm of thickness. For each 

condition at least 15 samples of 3 different batches of materials were tested. 
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Compression properties of hydrated hydrogels were evaluated with a texture analyzer (TA-

XT2i, Stable Micro Systems), at room temperature, using a loading cell of 5 kG, a cylindrical 

Delrin probe with a 12.7 mm diameter with 126.7 mm2 of area and a displacement rate of 60 

mm/min. Measurements were performed using samples with 15.6 mm of diameter and 17.0 

mm of height. For each condition at least 2 samples of different batches were tested in 

triplicate. 

3.2.4 Cytocompatibility of pHEMA/GO composites 

The in vitro biocompatibility of pHEMA and pHEMA/GO composites was evaluated by the 

incubation of mouse fibroblasts NIH 3T3 cells with extracts of materials. The extracts were 

prepared as described in ISO 10993-12:2012 [56]. Briefly, neat pHEMA and pHEMA/GO 

composites were cut with Ø = 13 mm and sterilized with ethanol 70% (v/v). After the sterilization 

step, materials were rinsed with PBS and extracted with DMEM+ culture medium (Dulbecco’s 

modified Eagle’s medium (DMEM, Gibco) supplemented with 10% (v/v) Fetal bovine serum 

(FBS, Gibco) and 1% (v/v) penicillin/streptomycin (biowest)) during 24 h at 37 ºC in an orbital 

shaker at 100 rpm. Cells were seeded in 96-well plates at density of 1×105 cells/mL and 

maintained in culture for 24 h in DMEM+. After that, the culture medium was replaced by 

material extracts, according to ISO 10993-5:2009(E) [57]. After 24 h of incubation at 37 ºC, 

mitochondrial metabolic activity of cells was quantified by resazurin assay. Extracts of TCPET 

discs were used as positive control of cells growth while a solution of DMEM with 1 mM H2O2 

was used as negative control. Assays were performed with n=5 and repeated twice. 

3.3 Results and Discussion 

3.3.1 Graphene Oxide (GO)  

Graphene oxide was prepared through graphite oxidation by modified Hummers’ method 

followed by exfoliation using an ultrasonic water bath. XPS analysis was performed to 

characterize the chemical composition of GO, namely its oxidation degree and the functional 

groups present at GO surface. Fig. 1a shows that GO is constituted by 66.8% of carbon atoms 

and 33.2% of oxygen atoms, confirming the successful oxidation of graphite which has a low 

amount of oxygen atoms (around 8%), as previously characterized [58]. C1s high resolution 

spectrum of GO exhibits two peaks that could be deconvoluted in five bands attributed to sp2 

C=C (284.3 eV), sp3 C-C (284.7 eV), C-O-C and C-OH (286.6 eV), C=O (287.8 eV) and O-

C=O (288.7 eV) bonds (Fig. 1a). The 21.1% of sp2 C=C bonds present in GO are associated 

to the 2D honeycomb crystal lattice structure characteristic of GBMs, whereas the 20.6% of 

sp3 C-C bonds are formed during the oxidation process upon breakage of same of the sp2 C=C 

bonds originally present in graphite. Regarding the oxygen containing functional groups on GO 
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structure, the epoxy and alcohol groups (C-O-C and C-OH), which emerge on the basal planes 

of GO sheets, represent 50.2% of carbon bonds being most prevalent than carbonyl (C=O) 

and carboxylic groups (-O-C=O), which appear on GO edges and represent only 4.7% and 

3.3%, respectively.  

FTIR spectrum of GO exhibits a broad absorption band in the 3750-2300 cm−1 characteristic 

of OH stretching which is associated to hydroxyl and carboxyl groups into GO structure and 

also to water molecules [59].  The bands around 1047 cm-1 and 1225 cm-1 are associated to 

C-O-C (epoxide) and C-O bonds (epoxide, hydroxyl and carboxylic acids) respectively [60]. At 

a wavelength of 1715 cm-1, a well-recognized band is assigned by C=O bonds which could be 

associated with carboxylic acids or carbonyl moieties mostly present along GO edges [61, 62]. 

The band at 1611 cm-1 is associated with C=C bonds present in the hexagonal lattice of 

graphene oxide [63]. These results show successful oxidation of graphite being the epoxide 

groups the most prevalent oxygen containing groups in GO structure, which corroborate XPS 

spectrum.  

Fig. 1c shows the Raman spectrum of GO where it is possible to identify the presence of 

the G-band at 1580 cm-1 and the D-band at 1350 cm-1  [64, 65]. The G peak corresponds to 

the bond stretching of sp2 atoms in six-atom carbon rings while D peak is associated to the 

structural defects in these rings mostly introduced during oxidation process due to the 

presence of epoxy, alcohol, carbonyl and carboxylic groups. Raman spectrum does not exhibit 

the peak signed by non-regular rings (1700-1780 cm-1) [66], confirming the preservation of the 

ring-structure characteristic of GO.  

 
Figure 1 – Characterization of GO: a) elemental composition (Atomic %) and C1s high 

resolution spectrum obtained by XPS, b) FTIR and c) RAMAN spectra, and d) SEM and e) 

TEM images of GO powders. 
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Morphology of GO sheets was evaluated by SEM and TEM. Fig. 1d and 1e show that GO 

sheets exhibit a wrinkled structure with folded edges. This is due to the presence of oxygen-

containing functional groups on GO structure, which leads to hydrogen bonding within each 

sheet’s surface [67, 68]. TEM images also allow inferring on exfoliation and lateral size of GO. 

GO sheets exhibit good dispersion in water (Fig. 1e), which could be explained by the 

hydrophilic nature of GO. The evaluation of several TEM images indicates that the lateral size 

of GO is around 1.5 (± 0.5) µm (Fig. 1e). Altogether, the techniques confirm the successful 

oxidation and exfoliation of graphite, obtaining GO. 

3.3.2 Physical-chemical characterization of pHEMA/GO composites 

pHEMA/GO composites were produced by in situ polymerization of HEMA in the presence 

of different amounts of GO (0%, 0.1%, 0.25%, 1%, 2% and 5% (w/v)). Chemical composition 

of GO, neat pHEMA and pHEMA/GO composites was evaluated by FTIR analysis and is 

present in Fig. 2a. FTIR spectra of neat pHEMA and pHEMA/GO composites are similar and 

exhibit pHEMA characteristic bands C=O (1727 cm-1), CH2 (1277 cm-1), C-O-C (1158 cm-1) 

and C-O or CH2 (1079 cm-1) [69, 70]. The characteristic band of HEMA monomers, C=C (1635 

cm-1) [71], is not present in any of the spectra, demonstrating that pHEMA polymerization 

occurs even in the presence of GO. Since GO characteristic bands were not detected in 

pHEMA/GO composites by FTIR (probably due to the low amounts present), RAMAN analysis 

was performed (Fig. 2b). pHEMA/GO composites spectra exhibit the characteristic bands of 

GO, thus confirming its incorporation in the composites, with CH2 (2800 cm-1) and C-CH2 (1700 

cm-1) characteristic RAMAN bands of pHEMA appearing only in pHEMA/GO composites with 

the lower amounts of GO (0.1-0.25%). This is associated with the lower intensity of pHEMA 

Raman signal compared to the GO.  

 
Figure 2 - a) FTIR and b) Raman spectra of GO, pHEMA and pHEMA/GO composites. 
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Optical microscopy images of pHEMA/GO composites also confirm the presence of GO in 

the formulations as grey/black spots, with pHEMA/GO 5% being completely opaque due to the 

high amount of filler (Fig. 3a column 1). For pHEMA/GO 0.1% and 0.25%, GO seems well 

dispersed, while for 1% and 2% it is possible to identify some aggregates, seen as darker 

spots. Dispersion of GO in pHEMA matrix was also evaluated through SEM imaging of 

transversal sections. As clearly shown in Fig. 3a column 2, in the presence of GO, the hydrogel 

composites show a layered-structure in the cross-section. The formation of this layered-

structure could be attributed to the intercalation of GO in the pHEMA matrix. Moreover, it also 

shows that GO is well distributed and interacts with pHEMA matrix since it is not possible to 

identify GO sheets in the fracture surface. 

Surface features of pHEMA/GO composites were assessed by SEM and contact angle 

measurements. Fig. 3a (column 3 and 4) shows that GO does not seem to be exposed at the 

composites surface, but its incorporation increases surface roughness, even at the lowest 

concentration tested. Other studies also report an increase in surface roughness of sterculia 

gum [72], poly(lactic acid) [58] and chitosan [73] after GO incorporation. Despite these changes 

in surface topography, no significant differences were observed in the captive air-bubble 

contact angle of hydrated composites when compared with pHEMA, maintaining a contact 

angle of around 28° (Fig. 3b). These results show that the hydrophilic nature of pHEMA surface 

is not affected by GO incorporation, which is an important feature to preserve in a non-fouling 

material. 

Swelling capacity is an essential condition to define a polymer as a hydrogel. The swelling 

profile of pHEMA/GO composites was assessed through gravimetric analyses of dehydrated 

films immersed in water for 4 h, being removed from water in specific time points. The effect 

of GO incorporation on the swelling of pHEMA is represented in Fig. 3c where it is possible to 

identify a slight decrease in the swelling rate for all pHEMA/GO composites in the first 30 min. 

This may be due to GO’s presence causing pore blockage or altering the viscoelastic 

properties of the hydrogels’ structure, hindering swelling. However, after 4 h, all materials 

reach approximately the same swelling value of about 58% of their dry weight, indicating that 

GO does not affect the equilibrium of water absorption capacity of pHEMA. This is relevant 

since water absorption capacity plays a crucial role in hydrogel applications considering that it 

affects their capacity to adsorb dyes or to deliver drugs and their bio/hemocompatibility [74]. 

 



Chapter 3 

 58 

  
 

Figure 3 – Characterization of neat pHEMA and pHEMA/GO composites: a) optical 

microscopy (column 1) and SEM images (column 2-4), b) captive air-bubble contact angles 

and c) swelling degree in water. 

Overall, GO incorporation in pHEMA increases its surface roughness but does not affect 

its polymerization, surface hydrophilicity, nor swelling capacity. 

3.3.3 Mechanical properties of pHEMA/GO composites 

Mechanical properties of pHEMA/GO composites were assessed through evaluation of their 

resistance under tensile and compressive stress. For evaluation of tensile properties, uniaxial 

tensile tests were proceeded at room temperature using hydrated pHEMA/GO specimens. Fig. 

S.2 shows the representative tensile stress-strain curves of all pHEMA/GO composites, 

revealing that they exhibit a linear behavior, indicating an elastic deformation in the entire range 

of elongation, up to rupture. The obtained curves were analyzed regarding their slope which 

corresponds to Young's Modulus - YM (stiffness), as well as the maximum values of tensile 

strength and strain obtained until rupture, which represents the ultimate tensile strength - UTS 

(tensile resistance) and elongation at break (elasticity), respectively. 

Fig. 4a displays the stiffness values of neat pHEMA and pHEMA/GO composites as a 

function of GO concentration. The YM of pHEMA is around 0.74 MPa. Upon GO incorporation, 

YM of pHEMA/GO composites shows a quadratic trend as a function of GO concentration. 
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However, this trend is discontinuous meaning that incorporation of GO even in low amounts 

(0.1%) has a high impact in stiffness of pHEMA, increasing around 3.1x and allowing YM to 

achieve 2.1 MPa, above this concentration, YM remains almost unchangeable until 2%. 

However, for loadings of 5% an abrupt increase in YM is observed reaching values of 6.5 MPa, 

which are 8.3x higher than neat pHEMA's. 

 

 
Figure 4 - Mechanical performance of neat pHEMA and pHEMA/GO composites as a function 

of GO concentration under tensile stress: a) Young’s modulus, b) ultimate tensile strength and 

c) elongation at break. Statistically significantly different from pHEMA (*), pHEMA/GO 2% (#) 

and pHEMA/GO 5% (∆) (p<0.05 – One Way ANOVA). 

 

Fig. 4b shows the tensile resistance of pHEMA and pHEMA/GO composites. Similar to 

what was observed for YM, low amounts of GO (0.1–1%) lead to a high increase in UTS from 

0.15 MPa to around 0.68 MPa (4.2x). For composites with higher amounts of GO, this effect 

is surpassed, with the UTS of pHEMA/GO 2% and 5% being 5.3x and 7.4x higher than for 

pHEMA, respectively. 

Contrarily to what was expected, trends of pHEMA/GO YM and UTS as a function of GO 

concentration are different, revealing that for loadings of GO between 0.1 and 2% the increase 

in UTS does not reflect an increase in stiffness of composites. This phenomenon can be 

explained by the rise in polymer elasticity observed for these GO concentrations from 

0.2 mm/mm in pHEMA to 0.3 mm/mm in pHEMA/GO (0.1–2%) (Fig. 4c). Such effect was also 

observed when GO was incorporated in epoxy resin [75], poly(vinyl alcohol) [76] and 

poly(acrylic acid) [77] matrices. The good dispersion of GO and its interaction with the polymer 

network have been pointed as the main reasons for this increase in elastic deformation. Thus, 

we propose that when pHEMA/GO composites are stretched, the GO sheets undergo 

realignment in the strain direction while maintaining strong attractive interactions with the 

pHEMA matrix. This allows attaining higher elongations while maintaining the gel’s structural 

integrity. However, for pHEMA/GO 5% the elongation at break is again similar to pHEMA. 

Despite this considerable improvement of pHEMA elasticity, for some applications such as 

wearable devices, even higher elasticity may be required [6]. We have shown that decreasing 
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the concentration of covalent crosslinking agent (TEGDMA) to half in composites with 1% GO 

(pHEMA/GO ½ TEGDMA) resulted in an elasticity increase of 50% (0.5 mm/mm) with 

unchanged UTS (0.75) (Table S.1). This effect was reported for poly(acrylic acid) hydrogels, 

where decreasing the chemical crosslinker in the presence of GO led to an increase in the 

stretching capability of the hydrogels without affecting their UTS [77].  

Several studies have previously reported GBMs as nano-fillers to improve the mechanical 

properties of materials [6, 33, 61, 78, 79], including hydrogels, as can be seen in Fig. 5. 

However, the increase found in YM of around 3x upon incorporation of 0.1-2% GO in pHEMA 

is higher than what was observed for most of GBMs reinforced hydrogels and similar to those 

reported for GBMs incorporation in polyvinyl alcohol and cellulose (Fig. 5a), despite 

pHEMA/GO having higher increase in UTS, which could be associated to its rise in elasticity. 

Moreover, pHEMA/GO (0.1-2%) exhibit the highest relative increase in UTS comparing to all 

others, except alginate/GO hydrogels, which is similar. For pHEMA/GO 5%, the approximately 

8x increase in both YM and UTS are, to our knowledge, unprecedentedly much higher than 

those obtained for other studies which report GBMs physical incorporation in hydrogels (Fig. 

5a). Better compatibility and stronger interaction between oxygen containing functional groups 

of GO (hydroxyl, ether, ketone and carboxylic) and hydroxyl groups of pHEMA network may 

explain the notable improvement in the mechanical resistance observed for pHEMA/GO 

composites. As such, the combined absolute values of YM and UTS of pHEMA/GO 5% 

hydrogels place them at the top of the most stiff and strong GBMs containing hydrogels, right 

after chitosan/GO or G, polyacrylamide/GO and cellulose/G or GO (Fig. 5b).  

 
Figure 5 – Comparison of pHEMA/GO hydrogels with previous studies reporting GBMs 

physical incorporation in hydrogels regarding relative increase towards the neat hydrogel (a) 

or absolute values of stiffness and tensile strength (b). The polymers used in these studies are 

alginate [80, 81], bacterial cellulose [82-84], chitosan [85, 86], hydroxyethyl cellulose [87, 88], 

polyacrylamide [89-93], poly(acrylic acid) [94, 95], polyvinyl alcohol [76, 96-105], tannins [106], 

silk [107, 108], startch/polyacrylamide [109].  
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pHEMA/GO specimens with cylindrical shape were used to evaluate their stiffness under 

compressive stress. Fig. 6 demonstrates that YM of pHEMA/GO composites shows a quadratic 

trend as a function of GO concentration. This similar behavior is similar to the one obtained for 

pHEMA/GO YM under tension. However, in this case, incorporation of 0.1% GO did not 

statistically affect pHEMA’s YM. A statistically significant increase in stiffness is observed upon 

incorporation of at least 2% GO, being the YM 2x higher than in pHEMA, reaching values of 

1.60 MPa. For pHEMA/GO 5% the increase in YM is more prominent from 0.90 to 3.79 MPa 

(4.3x).  

 
Figure 6 - Young’s modulus under compressive stress of neat pHEMA and pHEMA/GO 

composites as a function of GO concentration. Statistically significantly different from pHEMA 

(*), pHEMA/GO 2% (#) and pHEMA/GO 5% (∆) (p<0.05 – One Way ANOVA). 

As general discussion, the reinforced hydrogels prepared in this work (YM between 2.1 – 

6.5 MPa and UTS 0.7-1.2 MPa) are stiffer and stronger than the most commonly used native 

hydrogels, such as alginate [110], polyvinyl alcohol [111] and acrylamide [112], which have 

YM and UTS of only around a few hundred kPa [78, 112-115].  pHEMA/GO composites are 

even stiffer than hydrogels described in literature as having high stiffness, such as most of the 

nanofillers-reinforced hydrogels (containing TiO2, nanoclay, silica and carbon nanotubes) [116-

119], interpenetrating networking hydrogels (including double networking hydrogels) [109, 

120-123], Fe3+ crosslinked hydrogels [124], double hydrogen bonding hydrogel [125] and 

hydrogels with dual physical interactions of dipole–dipole pairings and hydrogen bonding [126], 

which present YM values between 1-5 MPa. Tensile resistance of pHEMA/GO composites is 

similar to some double networking hydrogels such as polyacrylamide/alginate-Ca2+ [127], 

hybrid pectin-Fe3+/polyacrylamide [121], gelatin/polyacrylamide [128] and polyacrylic acid-

quaternized cellulose/poly(vinyl alcohol) [129]. Although a few other hydrogels exhibiting 

higher YM and UTS than pHEMA/GO composites (in the order of 10-200 MPa) [130-137],  the 

processes to obtain these materials are much more time consuming, requiring multiple steps 

and harsher conditions than the simple in-situ incorporation of GO as a filler, which would be 

reflected in production costs. Mechanical properties of pHEMA/GO composites are also 
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comparable to several well-known materials. The composites with lower amounts of GO (0.1 

to 2%) under tensile stress are similar to cork [138], specifically regarding tensile resistance, 

although elongation at break is 2x higher. pHEMA/GO 5% is stiffer (under compressive and 

tensile stress) and more resistant to tensile stress, reaching values of YM similar to 

polydimethylsiloxane (PDMS) [139], cartilage [140], intervertebral disc [141] or arteries walls 

[140] and UTS similar to polyurethane rigid foams [142]. 

3.3.4 Cytocompatibility of pHEMA/GO composites 

Cytocompatibility of the pHEMA/GO composites was evaluated in vitro by measuring the 

effect of materials’ extracts towards a cell line of mouse fibroblasts (NIH 3T3 cells). Fig. 7 

displays metabolic activity of NIH 3T3 cells upon 24 h in contact with materials’ extracts using 

cell medium as extraction vehicle. The metabolic activity of cells in contact with pHEMA/GO 

0.1% - 5% hydrogels extracts rounds the 100 % and there are no statistically significant 

differences between these concentrations, nor comparing with the control (cells with extracts 

without material). As such, these results show that none of the obtained extracts affects the 

metabolic activity of the cells, confirming the lack of cytotoxicity.   

 
Figure 7 - Metabolic activity of NIH 3T3 cells after incubation with materials extracts (using 

DMEM+ as extraction vehicle) during 24 h. Metabolic activity is represented as a percentage 

of the cell metabolic activity of treated cells in relation to cells in DMEM+ only (100%). Extracts 

of TCPET discs were used as positive control while a solution of 1 mM H2O2 in DMEM+ was 

used as negative control of cell growth. According to ISO 10993-5:2009(E), 70% of metabolic 

activity is the lower limit to consider the material extracts cytotoxic (red line). 

 

Even though some biological applications are often suggested for several reinforced 

hydrogels, most of the studies have not performed the necessary biological characterization 

to validate their use.  The herein described in vitro biocompatibility of pHEMA/GO hydrogels 

opens a wide range of possibilities for biomedical applications. 
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Until now, neat pHEMA has been applied and studied in the development of contact lenses 

[143], keratoprosthesis [143], drug delivery systems [143], wearable devices to stimulate 

wound healing [143], soft tissues [143], and coatings for implantable devices (such as 

orthopedic, catheters, etc) [31]. Taking into account the great improvement in stiffness and 

tensile resistance, without affecting the intrinsic characteristics of pHEMA, the new composites 

herein reported will pave the way for new applications of this polymer. Regarding the 

biomedical field, pHEMA/GO composites could be potentially applied in engineering of load-

bearing tissues, such as cartilage, intervertebral disc, blood vessels, cardiac valves and in the 

design of innovative implantable devices such as catheters, vascular grafts, diaphragm 

materials in surgeries and hernia repair devices. Uses in other areas can also be envisaged, 

like in soft robotics, packaging, sealing and even as sensors. 

3.4 Conclusions  

Incorporation of graphene oxide in pHEMA matrix via in situ polymerization produced novel 

stiff and strong hydrogels with the same swelling capacity and surface chemistry as the pristine 

polymer. Mechanical properties of these materials depend on GO concentration in the polymer 

matrix. The most considerable improvements were achieved for 5% GO, with YM and UTS 

values attaining 6.50 MPa and 1.14 MPa, being 8.3x and 7.4x higher than pristine pHEMA, 

respectively. This magnitude of improvement was never before described for hydrogels 

containing GBMs. The elasticity of pHEMA/GO composites can also be tuned through the 

amount of GO and/or crosslinking agent incorporated in hydrogels formulation. All pHEMA/GO 

composites were cytocompatible, which opens a wide range of biological applications. Hence, 

these new materials suppress the mechanical limitations associated to pHEMA, allowing its 

use in several load-bearing applications that otherwise could not be envisaged. 
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3.7 Supporting Information 

 

Figure S.1 – FTIR spectra of GO, pHEMA and pHEMA/GO composites in spectral range 

between 3700-2900 cm-1.  

 

 

 

 
 
 
 
 
Figure S.2 – Representative Stress/Strain curves of neat pHEMA and pHEMA/GO 
composites. 
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Table S.1 - Young’s modulus, Ultimate Tensile Strength and Elongation at break of pHEMA, 

pHEMA/GO 1% and pHEMA/GO 1% with 1/2 TEGDMA. 

 
 
 
 
 
 
 
 
 
 
  

Material 
Young’s 
modulus 

(MPa) 

Ultimate 
Tensile 

Strength 
(MPa) 

Elongation 
at break 

(mm/mm) 

pHEMA 0.80±0.33 0.16±0.04 0.20±0.11 

pHEMA/GO 1% 2.05±0.29 0.68±0.09 0.34±0.05 

pHEMA/GO 1% 
(1/2 TEGDMA) 1.50±0.27 0.75±0.15 0.50±0.10 
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Chapter 4  
Graphene-based materials: the key to a successful application of 

pHEMA as a blood contacting device 

 
Limited performance of blood-contacting devices (BCDs) has high impact on the quality of life 

and survival of patients, thus having repercussion on the economy. Poly(2-hydroxyethyl 

methacrylate) (pHEMA), a hydrogel approved by US Food & Drug Administration (FDA), has 

excellent hemocompatibility, but its poor mechanical properties impair its usage as BCDs. This 

work evaluates the effect of graphene-based materials (GBMs) thickness, oxidation degree 

and lateral size in the mechanical reinforcement of pHEMA considering its application as 

BCDs. Incorporation of five different GBMs in pHEMA, namely graphene oxide (GO), graphene 

nanoplatelets (GNP-with 5 and 15 µm lateral size) and respective oxidized forms, leads to an 

increased surface roughness while swelling and surface wettability are not affected for most 

tested formulations. GBMs oxidation degree and thickness unvail to be crucial factors to 

improve the tensile properties, being GO the most efficient filler. Biological features are not 

compromised, as oxidized GBMs do not affect the hemo/cytocompatibility of pHEMA, 

maintaining the anti-adhesive properties towards endothelial cells, blood platelets and 

bacteria. Furthermore, 3D pHEMA/GO prototype conduits exhibit low adhesion of blood 

components in vivo upon contact with non-heparinized circulating blood in a porcine 

arteriovenous (AV)-shunt model. Our findings reveal that GO is the key to a successful 

application of pHEMA in several blood contacting medical devices. 

 
Keywords: Biomaterials, Blood contacting devices, Hemocompatibility, Arteriovenous-shunt, 

Graphene Based Materials, Tensile tests 
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4.1 Introduction 

The design of materials suitable for contact with blood is still a challenge in the biomedical 

field [1, 2]. Inherent thrombogenicity of the materials has a significant effect on the performance 

of blood-contacting devices (BCDs) such as catheters, vascular grafts, heart valves, stents, 

artificial kidneys, artificial lungs, ventricular assist devices [3] and also in intravenous drug 

delivery systems [4, 5]. Inferior performance of the devices ultimately impacts  the quality and 

life expectancy of patients and has a pronounced negative effect on the worldwide economy 

[6]. Thrombosis is the major cause for short-term failure of several BCDs. Besides thrombus 

formation, hemolysis [7, 8] and biomaterials-related infections are complications that make 

even more demanding the design of efficient materials [9, 10]. Despite several efforts and 

strategies, such as designing non-fouling, anti-thrombogenic and/or antibacterial surfaces [2, 

11-20], the development of new biomaterials for blood contacting applications is still a request 

in the field of biomaterials [1, 17, 20]. 

Poly(2-hydroxyethyl methacrylate) (pHEMA) is a synthetic hydrogel produced through in 

situ polymerization of 2-hydroxyethyl methacrylate (HEMA) monomers [21]. Due to its 

biocompatibility, this material is approved by Food & Drug Administration (FDA) for the 

production of contact lenses and keratoprosthesis [22, 23]. Described as a non-fouling 

material, pHEMA has a limited adsorption of blood components (proteins, platelets, red/white 

blood cells), eukaryotic cells and bacteria on its surface [22, 24]. These non-fouling properties 

of pHEMA are related with the electrostatically induced hydration that aid in the development 

of highly protein resistant surfaces [25]. However, the use of neat pHEMA as well as other 

hydrogels in load-bearing applications, such as BCDs, is limited due to their weak tensile 

strength, which is in the order of few hundred kPa [26, 27]. As such, for the development of 

BCDs, pHEMA has been strictly proposed as a surface coating of other mechanically resistant 

materials (e.g. polyurethane, silicon, steel) [22, 28-30] or  as  a co-polymer [31]. The 

requirement of specific chemical or physical properties of substrates and coating stability limit 

the broad application of this technology [32]. Aiming to surpass these problems and to 

empower a wide use of pHEMA in load-bearing applications, we previously showed that 

graphene oxide (GO) incorporation in pHEMA leads to an increase in mechanical properties 

of around 8.3x in stiffness and 7.4x in tensile resistance, reaching values of around 6.5 MPa 

and 1.1 MPa, respectively, without affecting most of the physical-chemical features and 

biocompatibility of neat pHEMA [33]. The stiffness and ultimate tensile strength of these new 

pHEMA/GO hydrogels are in the range of the mechanical requirements for most BCDs. GO is 

the oxidized form of graphene, a single-layer sheet of sp2-bonded carbon atoms in a two-

dimensional (2D) honeycomb lattice. Graphene-based materials (GBMs) family comprises a 

wide range of 2D materials that include multilayered materials (up to 10 layers), several 
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chemically modified forms (oxidized, covalently or non-covalently modified with small 

molecules, polymers, biomacromolecules, and inorganic nanoparticles) and materials 

produced using graphene as precursor [34]. The performance of GBMs in polymers 

reinforcement strongly depends on their physical-chemical features and/or fabrication 

techniques [35]. The present study aims to evaluate the effect of GBMs features, such as 

lateral size, thickness and oxidation degree, on the mechanical reinforcement of pHEMA and 

also to prospect, for the first time, the application of pHEMA as bulk material in the design of 

BCDs. To address this, five GBMs differing in oxidation degree or/and lateral size or/and 

thickness were incorporated in pHEMA. pHEMA/GBMs composites were evaluated regarding 

physical-chemical and mechanical properties. Furthermore, biocompatibility, hemolysis, 

platelet adhesion/activation and antimicrobial properties were assessed in vitro, and 

hemocompatibility was evaluated in an (AV-shunt) model in pigs. 

4.2 Materials and methods  

4.2.1 Materials Synthesis 

4.2.1.1 Preparation of Graphene Based-Materials (GBMs) 

Graphene Nanoplatelets (GNP) of grade M were purchased from XG Sciences (Lansing, 

MI, USA) with surface area among 120 - 150 m2/g, average thickness of 6 nm and an average 

lateral size of 5 µm (GNP M5) or 15 µm (GNP M15). GO, GNP M5ox and GNP M15ox were 

prepared by oxidation of carbon graphite (purity: ≥99%, lateral size: 7-11 µm; purchased from 

American Elements) (Table 1) and GNP M5 or GNP M15, respectively, by modified Hummers’ 

method (MHM) [36]. For this, 3 g of carbon graphite, GNP M5 or GNP M15 were mixed with a 

H2SO4(18.4 M)/H3PO4(14.8 M) (4:1) mixture (150 mL), being cooled to 0˚C using an ice bath. 

After that, 18 g of KMnO4 were gradually added; the mixture was kept for 2 h at 35 ˚C under 

stirring and afterwards refrigerated to 0˚C and 450 mL of dH2O added slowly. To eliminate the 

excess of KMnO4, H2O2 was added until oxygen release stopped. After overnight resting, 

GBMs were washed by consecutively centrifuging at 4000 rpm during 20 min, until pH of 

supernatant reached the pH of distilled water (pH=5). 

The suspension obtained from graphite oxidation was sonicated during 6 h in ultrasonic 

water bath resulting in GO. GNP M5ox, GNP M15ox and GO suspensions were freeze-dried 

for 3 days at -80 °C and 0.008 mBar to obtain dry powders. 
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Table 1 – GBMs used in this work. 

 

4.2.1.2 Production of pHEMA/GBMs composites 

Poly(2-hydroxyethyl methacrylate) (pHEMA) was produced by in situ polymerization of 2-

hydroxyethyl methacrylate (HEMA) monomers, in the absence or presence of GBMs, as 

described in previous works [37, 38]. Briefly, 7.5 mL of HEMA (>99.5 %, Polysciences, no. 

04675) were added to a water/ethylene glycol (Sigma Aldrich, no. 9300) mixture (1.5 mL/2.25 

mL) with or without 1% (w/v) GO, GNP M5, GNPox M5, GNP M15 or GNPox M15. The 

reactional mixture was vortexed for 30 sec and sonicated 5 min in an ultrasound water bath. 

After that, 0.345 mL of crosslinking agent, tetraethylene glycol dimethacrylate (TEGDMA; 

Polysciences, no. 02654), and 1.5 mL of mixture containing 1:1 mixture of 40% ammonium 

persulfate (APS; 98%, Aldrich, no. 24,861-4) and 15% sodium metabisulfite (SMB; 97 %, 

Aldrich, no. 25.555-6) were added to mixture to initiate the radical polymerization. 2D films or 

3D tubes were produced using as a mold two clean glass plates with a 0.54 mm thick teflon or 

a glass tube and inner glass rod with 6 mm and 4 mm of diameter, respectively. After overnight 

resting, the hydrogels were released from the molds and rinsed in distilled water for 4 h (water 

renewed every hour) to leach out initiators, unreacted monomers and oligomer residues. 

4.2.2 Materials physical-chemical and mechanical characterization 

GBMs were analyzed regarding surface chemical composition by X-ray Photoelectron 

Spectroscopy (XPS), exfoliation degree by Transmission Electron Microscopy (TEM) and X-

Ray Diffraction (XRD) and platelets morphology by Scanning Electron Microscopy (SEM).  

pHEMA/GBMs composites were evaluated regarding polymerization by Fourier Transform 

Infrared Spectroscopy with Attenuated Total Reflectance (FTIR-ATR), GBMs dispersion in the 

polymer by SEM and TEM, surface topography by SEM, wettability by captive bubble contact 

angle measurements, swelling capacity by gravimetric analysis and mechanical properties by 

tensile tests. 
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4.2.2.1 GBMs 

a. XPS 

XPS of GO, GNP M5, GNP M5ox, GNP M15 and GNP M15ox powders tablets (prepared 

in a manual hydraulic press) was obtained using a Kratos Axis Ultra HAS (Kratos Analytical, 

UK) equipment at “Centro de Materiais da Universidade do Porto” (CEMUP, Porto, Portugal). 

An Al monochromator with 15 kW was used as X-ray source. The survey spectrum of GBMs 

was obtained at 80 eV and the C 1s high resolution spectra at 40 eV. All spectra were 

deconvoluted with CasaXPS processing software version 2.3.16, using Shirley background 

type. C1s spectral component was set at a binding energy of 284.6 eV to correct the 

contribution of charge effect. C1s high resolution spectra were fitted into seven peaks being 

constrained for the following binding energies sp2 C=C (284.2–284.5 eV), sp3 C–C (284.8–

284.9 eV), C–OH (285.3–286.0 eV), C–O–C (286.1–286.6 eV), C=O (287.5–287.9), O–C=O 

(288.8–288.9 eV) and p–p (290–292 eV) based on literature data [39-41]. Gaussian–

Lorentzian (70:30) function was used to fit all peaks with exception of sp2 carbon peak, which 

due to its asymmetric nature was fitted using an asymmetric Lorentzian function (LF) with 

asymmetry parameter of 0.14 [39]. 

b. XRD  

XRD of GBMs powders was performed in a SmartLab Rigaku® diffractometer that operates 

with 45 kV and 200 mA and has a Cu-Kα radiation source with a wavelength of λ = 1.540593 

Å in a Bragg-Brentano θ/2θ configuration, at room temperature. All the samples were 

measured in a 2θ range of 5 to 30 with a step of 0.01º in a rotative system (30 Deg/min) that 

increases the crystallite size statistics. Thickness and crystallites interlayer d-spacing were 

calculated through Bragg’s law equation: 

 

"# = 2&'(")     Equation 1 

 

where n is a positive integer, λ is the wavelength, d is the interplanar spacing (d-spacing) and 

θ is the incident angle of the X-ray beam, and Debye-Scherrer equation: 

 

t= K λ

!Bm
2 -Bs

2 cosθ
      Equation 2 

 

where t corresponds to GBMs crystalline size in the direction perpendicular to the lattice 

planes, K is the Debye–Scherrer constant (∼0.89 for graphitic materials), λ is the incident X-

ray wavelength, +Bm
2 -Bs

2  is the full width at half-maximum (FWHM) of the XRD peak and θ is 
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the incident angle. The number of layers was determined dividing the thickness by the d-

spacing. 

4.2.2.2 pHEMA/GBMs composites 

a. SEM 

SEM of GBMs powders and pHEMA/GBMs composites were analyzed by FEI QUANTA 

400 ESEM (ThermoFischer, USA). Materials were mounted on carbon tape and coated with a 

thin layer of gold/palladium by sputtering to improve visualization by SEM.  

b. TEM 

TEM images of GBMs powders and pHEMA/GBMs composites were obtained by JEOL 

JEM 1400 TEM (Tokyo, Japan) coupled to a digital camera CCD Orious 1100 W (Tokyo, 

Japan) at Histology and Electron Microscopy Service (HEMS, i3S, Porto, Portugal). 

Visualization of GBMs was performed after dispersion of a small amount of dry powder in water 

and dropping the suspension on 200 mesh copper TEM grids. pHEMA/GBMs composites were 

visualized after preparation of ultrathin sections (40-60 nm thickness) using diamond knives in 

a Leica Reichert SuperNOVA Ultramicrotome and mounted 200 mesh copper TEM grids.  

c. FTIR/ATR 

FTIR spectra of dehydrated samples were assessed using a Perkin Elmer Frontier 

spectrophotometer coupled to a universal Attenuated Total Reflection (ATR) sampling 

accessory. Spectra were obtained in duplicate using 100 scans and resolution of 2 cm-1. A 

baseline correction and smooth reduction was performed. 

d. Surface Wettability 

Inverted drop method was performed with a Data Physics goniometer, model OCA 15 

equipped with a video CCD-camera to evaluate the captive-bubble contact angles of hydrated 

pHEMA and pHEMA/GBMs composites. For this, samples were attached individually to a steel 

slide and placed into a glass chamber with ultrapure water. To measure the contact angle, a 

10 μL air bubble was released from a J-shaped needle on the sample’s surface, being the 

angle measured using the software SCA. 

e. Swelling profile 

pHEMA and pHEMA/GBMs swelling profile was assessed by gravimetric analysis of 

dehydrated disc when immersed in water during 4 h. At different time points, 3 replicates of 

each sample were removed from water, blotted with a kimwipe and weighed. The following 

equation was used to determinate the swelling degree: 
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!"#$$%&'	)#'*##	(%) = 	!""!#
!#

× 100    Equation 3 

 

, where Ws represents the weight swelled and Wd the weight dried.  

f. Mechanical Properties 

Tensile resistance of hydrated pHEMA and pHEMA/GBMs was evaluated in a Mecmesin 

Multitest-1d motorized test frame following ASTM D 882-02. Materials were cut (60 mm of 

length and 15 mm of width) and the loadings recorded at a strain rate of 10 mm.min-1 using a 

digital dynamometer (10N - Mecmesin BF). For each condition at least 6 samples of 2 different 

batches of materials were tested.  

Flexibility of hydrated pHEMA and pHEMA/GBMs was measured according to ASTM F147-

87. Briefly, specimens of materials (n=3) were bent 360° around a mandrel with diameter of 3 

mm. 

4.2.3 Cytocompatibility and cell adhesion capacity of pHEMA/GBMs 
composites 

In vitro biocompatibility of pHEMA and pHEMA/GBMs composites was evaluated using 

Human Umbilical Vein Endothelial Cells (HUVECs, Sciencell) regarding cytotoxicity of 

materials extracts (indirect contact assay) by resazurin assay and cell adhesion (direct contact 

assay) by immunofluorescence. HUVECs were grown at 37 °C under a 5% CO2 humidified 

atmosphere, in complete medium (M199+), which consists of M199 medium (Sigma) 

supplemented with 10% (v/v) inactivated Fetal bovine serum (FBS), 1% (v/v) 

Penicillin/Streptomicin (Biowest), 90 µg/mL of heparin (Sigma, H3149) and 15 µg/mL of 

endothelial cell growth supplement (ECGS, Corning, 354480) in 1% (w/v) gelatin coated flasks 

(Sigma). Cells were used until passage 4. 

4.2.3.1 Cytotoxicity assay 

For evaluation of cytotoxicity, cells were seeded at a density of 1 × 105 cells/mL in a 96-well 

plate previously coated with 1% (w/v) gelatin and incubated during 24 h in M199+ medium. 

Materials extracts prepared as described in ISO 0993−12:2004 were added and incubated 

during 24 h. Briefly, films were cut with Ø = 9 or 13 mm, sterilized with 70% (v/v)  ethanol, 

rinsed with phosphate buffered saline (PBS) and incubated with M199 supplemented with FBS 

(24 h; 37 ºC; 100 rpm); before incubating with cells, the medium was supplemented with ECGS 

(15 µg/mL) and heparin (90 µg/mL). Extracts of tissue culture polyethylene terephthalate 

(TCPET) discs were used as positive control of cell growth, while a solution 1 mM H2O2 (in 

complete medium) was used as negative control. Mitochondrial metabolic activity of cells was 

quantified by resazurin assay, where the relative fluorescence units of supernatant containing 
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20% (v/v) resazurin incubated for 3 h were measured using a fluorimeter. Assays were 

performed with n=5 and repeated twice. 

4.2.3.2 Cell adhesion assay 

To assess pHEMA and pHEMA/GBMs composites capacity to induce HUVECs adhesion 

and proliferation, 1.6 × 104 cells (in 50 µL in M199+) were seeded on each material (in 48-well 

polystyrene plates) and incubated for 4 h. After that, M199+ was added to each material 

reaching a final volume of 300 µL, and culture was maintaining during 48 h. Metabolic activity 

was measured at timepoints 24 h and 48 h by the resazurin assay as previously explained. 

After 48 h, materials were rinsed with PBS and cells fixed using paraformaldehyde 4% (v/v), 

stained with DAPI (nuclei) and Phalloidin (F-actin in cytoskeleton) and observed in an inverted 

fluorescence microscope. 

4.2.4 Bacterial adhesion to pHEMA/GBMs composites 

Multi-resistant Staphylococcus aureus (ATCC® MRSA 33591TM) was used to evaluate 

bacterial adhesion at pHEMA and pHEMA/GBMs surface. Bacteria was grown at 37°C in a 

Tryptic Soy Agar (TSA, Merck Germany) plate overnight and subsequently two colonies were 

collected and inoculated in 5 mL of liquid Trypticase Soy Broth (TSB, Merck, Germany) at 37 

°C and 150 rpm, overnight. After that, S. aureus inoculum was rinsed and harvested by 

centrifugation (2700 rpm for 10 min) being the optical density at 600 nm measured to adjust 

the concentration of the initial inoculum to 1× 105 CFU/mL in TSB medium supplemented with 

1% (v/v) human plasma. 500 µL of bacteria initial inoculum was added to the surfaces of 

hydrogels or TCPET control discs and incubated during 24 h at 37 °C in 24-well suspension 

plates. After rinsing with 0.0859% NaCl adherent bacteria were visualized using syto9 and 

propidium iodide (PI) live/dead fluorescent staining. 300 μL of a mixture containing syto9 and 

PI dyes were added to samples and incubated at room temperature for 15 min. After rinsing, 

materials were transferred to a glass bottom black 24-well μ-Plate (IBIDI, Germany). Images 

of 9 random fields of view per sample with z-section of around 19 µm (z step = 1 µ) covering 

area of 1.44 mm2 were acquired using high-content screening microscope IN Cell Analyzer 

2000 (GE Healthcare Life Sciences, UK) with Nikon 40x/0.95 NA Plan Fluor objective. Original 

images z-sections were projected on one plane using the IN Cell Investigator Developer 

Toolbox v. 1.9.2 (GE Healthcare, Chicago, IL, USA). For bacteria identification, a software 

package for image segmentation running a machine-learning algorithm — Ilastik was used 

[42]. Customized algorithms were generated for each wavelength and individual signal 

probability images were generated for each projected image. Probabilities images were fed 

into CellProfiler version 3.1.5 [43] and the number of adhered bacteria was quantified. 
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4.2.5 Hemocompatibility of pHEMA/GBMs composites 

To evaluate the in vitro blood compatibility of pHEMA/GBMs composites, materials were 

incubated with human Red Blood Cells (RBCs) to verify their hemolytic potential or with human 

platelets to evaluate their capacity to induce platelet adhesion and activation. Before the 

assays, all materials were cut into discs with 8 mm diameter and sterilized in 70% (v/v) ethanol 

solution followed by rising with PBS (0.01 M, pH 7.4). The in vivo blood compatibility of a 3D 

tubular prototype of the most promising material (pHEMA/GO) was evaluated through an 

arteriovenous-shunt (AV-shunt) in non-heparinized pigs. 

4.2.5.1 Hemolysis assay 

RBCs were isolated from human buffy coats by differential centrifugation at 400 g during 30 

min in the presence of Histopaque-1077 (Sigma Aldrich) [36]. After centrifugation, the upper 

layer (containing plasma components and mononuclear cells) was removed from the lower 

layer (containing the RBCs). After that, the lower layer was washed three times with PBS and 

the purified RBCs diluted to a concentration of 2 x 108 cells/mL. 300 µL of RBCs were incubated 

during 3 h at 37 ºC in 48-well polypropylene plates containing pHEMA/GBMs films. Plates were 

afterwards centrifuged at 4000 rpm for 15 min and 100 mL of supernatant collected from each 

well to black 96-well polystyrene plates. The absorbance was read at 380, 415, and 450 nm 

using a micro-plate reader spectrophotometer. The amount of released hemoglobin (Hb) was 

calculated using the following equation: 

 

23	(4'. )6"#) = 	 (%×'(#)"('*+,-'(),))×#,,,/                      Equation 4 

 

, where A415, A380, A450 represent the absorbance values at of samples at 415 nm, 380 nm, 

450 nm, respectively, and E the molar absorptivity of oxyhemoglobin at 415 nm. 

The hemolytic potential of pHEMA/GBMs composites was determined according to the 

following equation: 

 

%2#47$89%9 = 	01	3456789:947	01                                       Equation 5 

 

, where total Hb is the correspondent value for 100% hemolysis with Triton 1%. The assay was 

performed with 5 replicates. 
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4.2.5.2 Platelets adhesion and activation  

Platelets adhesion and activation by pHEMA and pHEMA/GBMs composites were 

assessed using human platelets concentrate (PC). Briefly, 48-well polystyrene plates were 

blocked to avoid platelet activation by the wells by incubation in a solution of 1% (w/v) bovine 

serum albumin (BSA) in PBS (1 h; 37 °C) followed by rinsing with PBS. pHEMA/GBMs films 

were pre-immersed in pure human plasma (1 h; 37 °C) and then transferred to the BSA-coated 

plates, incubated with platelets concentrate at 3 × 108 platelet/mL (1 h; 37 °C; 100 rpm). 

Afterwards, materials were rinsed with PBS and the adhered platelets fixed with 1.5% (v/v) 

glutaraldehyde in 0.14 M sodium cacodylate buffer (30 min; room temperature). For samples 

dehydration, materials were incubated with a growing ethanol/water gradient, 50, 60, 70, 80, 

90 and 99% (v/v), for 10 min each. Samples were finally dried by critical point (variation of 

temperature 4°C to 33-38°C maximum pressure of 1000-1400 Psi, 5 cycles of 25 min). 

Adhered platelets were visualized by SEM, as described in section 4.2.2.2, and evaluated 

regarding the number of adherent platelets and degree of activation. 

4.2.5.3 Arteriovenous shunt (AV-shunt) in vivo assay 

In vivo blood compatibility of pHEMA/GO was evaluated through arteriovenous-shunt (AV)-

shunt assay in non-heparinized pigs. Animal studies were performed in compliance with the 

protocols approved by the Austrian Federal Ministry of Science and Research, and with the 

Good Scientific Practice Guidelines of the Medical University of Vienna. Pigs were pre-

medicated with ketamine (10 mg/kg, Animedica), midazolam (0.3 mg/kg, Accord) and 

medetomidin (0.1 mg/kg, Bayer). Anesthesia was introduced using propofol (2.5 mg/kg, 

Fresenius Kabi), 0.1 mg fentanyl (Hameln Pharma Plus) and 20 mg rocuroniumbromide 

(Fresenius). After endotracheal intubation, animals were ventilated volume-controlled with 8% 

desflurane (Baxter). Additionally, 0.01 mg/kg/h fentanyl and 2 mg/kg/h rocuroniumbromide 

were administered. Animals received continuously ringer lactate (10 ml/kg/h) during the 

experiment.  A blood circuit was established between the right common carotid artery and the 

left jugular vein using tubes and connectors of a commercially available blood transfusion set 

(Senso Hem Crystal, Meditrade Medicare). Two different pigs were used to test the conduits. 

Tubular conduits of pHEMA/GO hydrogels (n=6) with 4 mm inner diameter and 6 mm outer 

diameter and of ePTFE (Zeus Inc., Orangeburg, SC) with 4 mm inner diameter were attached 

to the connectors of the circuit, being perfused with circulating blood for 30 min. After blood 

exposure, each conduit was removed, and the tubes of the blood circuit were flushed with a 

heparinized saline solution before connection and exposure of a new conduit. After retrieval, 

the conduits were gently flushed with physiological saline solution, longitudinally opened and 

fixed in 2.5% (v/v) glutaraldehyde. Thereafter specimens were dehydrated in an ethanol/water 
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gradient of 50, 60, 70, 80, 90 and 99% (v/v), for 10 min each, and evaluated by SEM as 

described above. 

4.3 Results  

4.3.1 Physical and chemical characterization of GBMs 

To explore the effect of GBMs features – particles lateral size, thickness and oxidation 

degree – on the mechanical reinforcement of pHEMA, five different GBMs were tested. Two 

non-oxidized few layer GBMs – GNP M5 and GNP M15, commercially acquired, differing only 

in lateral size, 5 µm and 15 µm, respectively – their oxidized forms – GNP M5ox and GNP M15 

ox – obtained by oxidation through Modified Hummers’ Method (MHM) and GO (used as a 

reference of a GBMs with thinner and smaller particles (lateral size = 1.5 µm ([38])) synthesized 

through graphite oxidation by MHM and exfoliation. Surface chemical composition of GBMs 

powders was evaluated by XPS (Fig. 1A). Non-oxidized GBMs, namely GNP M5 and GNP 

M15, present a low oxygen content in their composition (<4%). The atomic percentage of 

oxygen is similar in all oxidized GBMs, ranging from 31% to 34%, which confirms the 

successful oxidation of the materials by MHM. GBMs C1s high resolution spectra were 

deconvoluted to determine the contribution of different functional groups in their composition, 

namely hydroxyl (C–OH), epoxide (C–O–C), carbonyl (C=O) or carboxyl (O–C=O) (Fig. S.1). 

XPS spectra of non-oxidized GBMs exhibit predominantly one peak corresponding to C=C 

stretching at 284.5 eV, which is characteristic of sp2-hybridized carbon atoms present in 

hexagonal structure of graphene, and a peak that corresponds to p–p interactions. Upon 

oxidation, the intensity of C=C and p–p peak decreases, and new peaks, characteristic of 

oxygen-containing functional groups, appear. The most prevalent group was epoxide (C–O–

C), while hydroxyl (C–OH), carbonyl (C=O) or carboxyl groups (O–C=O) were in much lower 

amounts (Fig. S.2).  

Crystallinity of dry GBMs was evaluated through XRD (Fig. 1A e 1B). The spectra of non-

oxidized GBMs exhibit an intense and narrow peak at 2q = 26.5°, which corresponds to the 

reflection plane of (002) associated with the graphene layers planes present in these materials 

and also in graphite [44]. For oxidized GBMs, the diffraction peak became broader and shifted 

to a lower position, 2q around 11.0º for GO and GNP M5ox, and 10.8º for GNP M15ox, which 

corresponds to the reflection plane of (001) [45]. The thickness (t) and d-spacing (d) of GBMs 

were determined by Bragg’s and Scherrer equation (1,2) (Fig. 1A).  Non-oxidized GBMs have 

thicker and compact crystalline structure (t =33.4-35.5 nm and d = 3.4 Å) than oxidized GBMs 

(t = 8.3-11.3 nm and d = 8.0-8.2 Å). Oxidized GBMs exhibit a higher d-spacing which is caused 

by the incorporation of oxygen functional groups between graphene layers during the oxidation 

process. Among all GBMs, GO is the thinnest material, exhibiting 8.3 nm of thickness. In 
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agreement with the results obtained by XRD, SEM images reveal that dry GBMs are 

compacted and agglomerated structures (Fig. 1C). These agglomerates can be redispersed in 

dH2O upon sonication, as shown in TEM images (Fig. 1D). As in dry powders, in water 

suspension GO is the thinnest GBM, being present as a single layer material, while oxidized 

and non-oxidized GNP exhibit a multilayered structure. 

Regarding GBMs sheets morphology, non-oxidized GBMs have planar conformation with 

sharp edges, while oxidized GBMs platelets show a wrinkled morphology with folded edges 

(Fig. 1C). The presence of oxygen-containing functional groups in oxidized GBMs promotes 

these wrinkles through the establishment of intra-sheet hydrogen bonds. 

 
Figure 1 - Characterization of GBMs: a) atomic percentage taken from XPS survey spectra 

and thickness and d-spacing obtained from b) XRD spectra and c) SEM images of GBMs 

powders and d) TEM images of GBMs suspension 

4.3.2 Physical, chemical and mechanical Properties of pHEMA/GBMs 
composites 

To confirm pHEMA polymerization in the presence of GBMs, FTIR spectra of neat-pHEMA 

and composites were acquired (Fig. S.3). All the pHEMA/GBMs spectra show the 

characteristic stretching bands of the neat polymer, namely C=O (1727 cm-1), CH2 (1277 cm-

1), COC (1158 cm-1) and CO or CH2 (1079 cm-1). None of the spectra exhibit the characteristic 

band of HEMA monomers, C=C (1635 cm-1) [46], demonstrating that pHEMA polymerization 
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occurs even in the presence of GBMs, as shown before for GO [38].  Moreover, incorporation 

of GBMs did not induce the appearance of new absorbance peaks suggesting that no new 

functional groups were formed during the preparation of these composites. 

SEM and TEM images of materials cross-section were acquired to visualize GBMs platelets 

distribution in pHEMA (Fig. 2A). Cross-sectional surface topographies depend on the type of 

GBM used. Individualized platelets can be identified for non-oxidized GBMs, surrounded by a 

smooth surface similar to neat-pHEMA. A homogeneously rough surface is visible in the cross-

sections containing oxidized GNPs. This suggests better distribution and interaction of oxidized 

platelets within the polymeric network of pHEMA. TEM images concur these observations, 

showing that oxidized GBMs appear well dispersed in the pHEMA network, without being 

possible to visualize platelets edges, while non-oxidized GBMs particles tend to agglomerate, 

and platelet edges are identifiable.  

 
Figure 2 - Characterization of pHEMA and pHEMA/GBMs: a) GBMs dispersion in pHEMA 

evaluated by TEM and SEM images of ultrathin sections and fracture cross-sections, 
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respectively, b) surface topography assessed by SEM, c) captive air-bubble contact angles 

and d) swelling degree in water. 

Surface topography of pHEMA/GBMs composites was evaluated by SEM, revealing that 

incorporation of GBMs increased surface roughness of pHEMA (Fig. 2A). This effect is 

emphasized when oxidized forms of GBMs are incorporated. In the case of pHEMA/GNP M5 

and pHEMA/GNP M15 composites, some GBMs platelets seem to be exposed at the surface, 

while in pHEMA/GO, pHEMA/GNP M5ox and pHEMA/GNP M15ox composites, GBMs seem 

to be completely embedded within the polymer.  

Surface wettability of pHEMA/GBMs composites was assessed by evaluation of the captive 

air-bubble contact angle. Fig. 2C shows that the incorporation of GBMs with smaller lateral 

size (GO, GNP M5 and GNP M5ox) did not induce a significant alteration in surface wettability 

of pHEMA, which is approximately 25º. Larger GNPs (GNP M15 and GNP M15ox) decrease 

surface hydrophilicity by around 10º, presenting a contact angle of approximately 35º. 

Swelling profile of pHEMA/GBMs composites was assessed through gravimetric analysis 

of dehydrated films in water for 4 h (Fig. 2D). As shown before for GO [38], incorporation of 

GBMs decreases slightly the swelling rate of pHEMA in the first 1 h. However, after 4 h none 

of the incorporated GBMs affected significantly the swelling profile and total water absorption 

capacity of pHEMA, which is around 55%. 

Mechanical properties of hydrated pHEMA/GBMs composites were assessed through 

uniaxial tensile testing. The obtained stress–strain curves of neat pHEMA and composites are 

linear (Fig. 3A), which is a characteristic behavior of elastic materials. The stress–strain curves 

were used to determine the Young’s Modulus - YM (stiffness), which corresponds to the slope 

of curves and evaluates stiffness, the ultimate tensile strength – UTS (tensile), which is the 

maximum tensile stress that the material can withstand until rupture, and the elongation at 

break, which is the maximum strain and a measurement of the material’s elasticity when 

rupture occurs before yield, as in this case. Fig. 3 shows these properties for neat pHEMA and 

pHEMA/GBMs composites. Incorporation of each oxidized GBMs leads to an increase of 2.5x 

in pHEMA YM, changing from 0.744 to 1.80 ×103 kPa, while non-oxidized GBMs do not show 

any effect (Fig. 3B). As observed for stiffness, incorporation of non-oxidized GBMs does not 

affect the tensile resistance of pHEMA, maintaining its UTS at around 150 kPa (Fig. 3C). 

Oxidized GBMs, on the other hand, have a strong influence in UTS, the most effective being 

GO, which shows an increase in UTS of 4.4×, reaching 678 kPa. GNP M5ox and GNP M15ox 

show an increase of 3.4× and 2.8× in UTS, respectively.  

As shown in our previous work for pHEMA/GO (for concentrations ranging 0.1-2%) [38], the 

increase in UTS of pHEMA/oxidized GBMs is higher than the increase in YM. This is due to 
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the simultaneous increase in elasticity observed when these oxidized GBMs are used. pHEMA 

elasticity is higher when the filler is GO, reaching 0.37 (mm/mm) (Fig. 3D). As observed for the 

other properties, pHEMA/non-oxidized GBMs composites exhibit the same elasticity of neat 

pHEMA.  

 
Figure 3 – Tensile Properties of pHEMA and pHEMA/GBMs composites: a) Representative 

stress/strain curves b) Young’s Modulus, c) Ultimate Tensile Strength, d) Elongation at break. 

Statistically significantly different from pHEMA (*) and different between each sample (#) 

(P<0.05; One Way ANOVA).  

 

pHEMA and pHEMA/GBMs composites flexibility (hydrated) was measured according to 

ASTM F147-87. Specimens of materials (n=3) were bent 360° around a mandrel with diameter 

of 3 mm without break.  

 

4.3.3 Biocompatibility of pHEMA/GBMs composites 

The cytocompatibility of pHEMA/GBMs hydrogels was evaluated by the contacting of 

materials extracts with endothelial cell line (Human Umbilical Vein Endothelial Cells-HUVECs) 

during 24 h. Results showed that none of the obtained extracts affects the metabolic activity 

of the endothelial cells (Fig. 4), confirming lack of cytotoxicity. 

 

b)

c)

a)
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Figure 4 – Metabolic activity of HUVECs after 24 h incubation with materials extracts (M199+ 

as extraction vehicle). The metabolic activity of cells is represented in percentage in 

comparison to cells growing in M199+ (100 %). Extracts of TCPS discs were used as positive 

control and 1 mM H2O2 (in M199+) was used as negative control. According to ISO 10993-

5:2009(E), 70% of metabolic activity is the lower limit to consider the material extracts cytotoxic 

(red line). 

 

Fig. 5 shows inverted fluorescence microscopy images of pHEMA and pHEMA/GBMs 

hydrogels surfaces after 24h incubation with HUVECs. pHEMA, as non-fouling material, does 

not exhibit any cells at its surface. Incorporation of GBMs did not promote the adhesion of cells 

on the surface of pHEMA.  

 

 
Figure 5 - Visualization of adhered HUVECs to pHEMA and pHEMA/GBMs surfaces upon 48 

h incubation. Cells were stained with DAPI (nuclei) in blue and with phalloidin (F-actin in 

cytoskeleton) in green. 

 

4.3.4 Bacterial adhesion at pHEMA/GBMs composites 

Non-fouling properties of pHEMA and pHEMA/GBMs were also evaluated regarding 

bacterial adhesion at their surface. Fig. 6 shows that pHEMA has low S. aureus adhesion when 

comparing with TCPET, a positive control surface of bacterial adhesion. Incorporation of 

oxidized GBMs does not affect significantly this feature while non-oxidized GBMs promote 

pHEMA GO GNP M5 GNP M5ox GNP M15oxGNP M15
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bacterial adhesion at pHEMA surface being this effect more prevailing when larger particles 

are used (GNP M15). 

 
Figure 6 – Quantification and visualization of adhered bacteria to pHEMA and pHEMA/GBMs 

surfaces: a) Number of bacteria adhered to pHEMA and pHEMA/GBMs surface per mm2 upon 

24 h of incubation with S. aureus ATCC® MRSA 33591TM Statistically significantly different 

from pHEMA, pHEMA/GO, pHEMA/GNP M5ox and pHEMA/GNP M15ox (*) (P<0.05; One Way 

ANOVA) and b) representative images of adhered bacteria. 

 

4.3.5 Blood compatibility of pHEMA/GBMs composites 

Fig. 7A shows the hemolysis potential of pHEMA and pHEMA/GBMs composites. Hemolytic 

ratio of all tested materials was lower than 1% which is below the permissible limit set by ISO 

10993-4 standard for hemocompatible materials (≤ 5%) [47].  

Platelets adhesion and activation to pHEMA/GBMs surface was evaluated in vitro through 

the incubation of materials with human platelets (Fig. 7B). pHEMA revealed to be a non-fouling 

material, with no platelets adhered. Furthermore, none of the incorporated GBMs influenced 

platelets adhesion and activation on pHEMA, even when surfaces are pre-incubated with 

plasma proteins that could promote platelet adhesion and activation to the surface.  
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Figure 7 - In vitro hemocompatibility of pHEMA and pHEMA/GBMs composites: a) Hemolytic 

potential. PBS and 1% Triton were used as negative and positive control of lysis, respectively, 

b) SEM images of pHEMA and pHEMA/GBMs composites surface after 1 h incubation with 

human platelets at 37° C. 

 

The promising mechanical and biological properties (in vitro) of pHEMA/GO, (highest 

resistant to tensile stress and its non-fouling properties) driven us to test its blood compatibility 

in vivo. A tubular prototype of pHEMA/GO was produced by molding and evaluated through 

the exposure of their luminal surface to arterial blood flow for 30 min by AV-shunt in non-

heparinized pigs (Fig. S.1). As control, ePTFE grafts were also exposed to the same 

conditions, as they are the commercially available and currently used material for vascular 

access and the replacement of vessels. The established blood circuit between the right 

common carotid artery and the left jugular vein allowed to test several conduits using the same 

set up without thrombus formation in connectors. All conduits resist to blood flow and does not 

clot during incubation time. Fig. 8 shows SEM images of the luminal surface of both graft types 

after 30 min blood flow exposure. pHEMA/GO grafts do not exhibit adhered platelets while 

ePTFE grafts show several adhered/activated platelets on its surface. Regarding the systemic 

blood parameters, all the animals exhibit normal number of white blood cells, platelets, red 

blood cells before and after exposure to ePTFE or pHEMA/GO (Table S.1.). 

pHEMA GO GNP M5 GNP M5ox GNP M15ox GNP M15 
pHEMA 
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Figure 8 – In vivo hemocompatibility of pHEMA/GO composites: SEM images of the luminal 

surface of pHEMA/GO 1% and ePTFE grafts before and after 30 min blood exposure in an 

AV-shunt model in pigs. 

4.4 Discussion 

Five different GBMs which varying in oxidation degree, lateral size and thickness were 

incorporated in pHEMA to improve its mechanical properties aiming to enable its application 

in design for blood contacting devices. pHEMA/GBMs composites were produced by in situ 

polymerization, an effective method to achieve a good dispersion and strong interactions 

between the polymer matrix and GBMs [48-52].  Pre-mixing of monomers or pre-polymers with 

GBMs allows the polymer grafting (covalent or non-covalent) [35]. In pHEMA/GBMs 

composites, GBMs seems to interact non-covalently with HEMA monomers since FTIR spectra 
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of composites and neat pHEMA are similar as observed for GO interaction with other acrylate 

monomers after radical polymerization [53].  

From all tested GBMs, only the oxidized GBMs were efficient in the mechanical 

reinforcement of pHEMA despite being conceptual that non-oxidized GBMs have a higher 

mechanical resistance than the oxidized GBMs (YM = 1 TPa and 40 GPa and UTS = 130 GPa 

and 120 MPa for graphene [54] and graphene oxide [55], respectively). This may be due to the 

high stability of sp2 bonds that form the honey-comb structure which exhibit several defects as 

consequence of oxidation process. The better interaction and dispersion of oxidized GBMs 

allows their uniform distribution within pHEMA, exhibiting less rupture points than non-oxidized 

GBMs, which tend to agglomerate in spots leaving a lot of area in pHEMA without 

reinforcement. This stronger interaction of oxidized GBMs with polymer hydrogel networks has 

also been reported for polyacrylamide and polyvinyl alcohol [56], as reviewed by Papageorgiou 

et al. [35]. Besides the oxidation degree, the lateral size of GBMs platelets is also known to 

play a critical role in the mechanical reinforcement of polymers [35].  It has been suggested 

that graphene with lateral size higher than 8 µm induces a better reinforcement in composites 

[35, 57]. However, we saw no significant differences between GNP with 5 and 15 µm in terms 

of the tested mechanical features (neither between pHEMA/GNP M5 and pHEMA/GNP M15 

nor between pHEMA/GNP M5ox and pHEMA/GNP M15ox). Gong et al. showed that GBMs 

thickness impacts on effective modulus of the flakes, single and bilayer graphene, which 

decreases by 15% for tri-layer graphene and by 50% when the number of layers is higher than 

seven [58]. Our results show that the UTS of pHEMA/oxidized-GBMs composites seems to 

depend on GBMs layers, being the thinner GBM (GO) the most efficient filler. However, this is 

still contradictory, since Li et al. showed that polymers reinforcement using GO is independent 

of its number of layers and stacking configurations [59].  

Due to its hydrophilicity, pHEMA is a non-fouling material that prevents the adhesion of 

cells, bacteria and blood-components on its surface [22, 24]. Most of the times, mechanical 

reinforcement of hydrogels, by using fillers or increasing crosslinking agent [52, 60, 61], 

changes their surface chemistry and swelling capacity, which may compromise the interactions 

with biological systems. In the present case, incorporation of GBMs does not change its 

pHEMA’s hydrophilic surface but increased surface roughness, especially for the oxidized 

forms.  

 Rougher surfaces have been associated with higher adhesion of bacteria, cells and 

platelets [16, 17, 62, 63]. Despite presenting higher roughness, pHEMA/oxidized-GBMs 

composites kept the non-fouling properties against bacteria, endothelial cells and platelets of 

pHEMA, indicating that surface chemistry prevails over topography for pHEMA. According to 

ISO 10993-5:2009 pHEMA/GBMs are non-cytotoxic towards HUVECs.  
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Besides cytocompatibility, the design of BCDs requires a further step of complexity that is 

stills an open question in the field, which is to provide an appropriate interface for contact with 

blood. In this study, we show that GBMs incorporation in pHEMA does not affect its intrinsic 

hemocompatibility. Previous studies also reported that incorporation of GBMs in other 

polymers did not promote hemolysis [64-66] or platelets adhesion/activation, being observed 

a decrease in platelets adhesion and activation when they are incorporated in some polymers 

such as PLA (associated to an increase in surface hydrophobicity) [65] or polyetherimide 

(associated to an increase in surface hydrophilicity) [67]. Blood compatibility and non-fouling 

features were even confirmed in vivo when the 3D conduits of pHEMA/GO composites (the 

formulation with best mechanical performance among all pHEMA/GBMs) were exposed to 

blood flow. pHEMA/GO surfaces show good hemocompatibility in vivo exhibiting lower 

adhesion of platelets than ePTFE, a material commercially available for vascular access and 

replacement. Nojiri et al. also showed that inner membrane coating of Dacron/polyurethane 

vascular graft with HEMA and styrene block copolymer exhibits good hemocompatibility in vivo  

[68]. Moreover, the in vivo AV-shunt model here established to promote arteriovenous 

circulation showed high potential to be applied in the evaluation of other materials.  

Considering the mechanical features and bio/hemocompatible properties of the pHEMA/GO 

composites developed in this work, these new materials have a high potential for use in the 

design of many well-known blood contacting biomaterials [69-73] (Table 1).  

 

Table 1 - Comparison between mechanical features of pHEMA/GO 1% and blood contacting 
devices 

Material Young’s  
Modulus 

(kPa) 
Ultimate 
Tensile 

Strength 
(kPa) 

Elongation at 
Break (mm/mm) References 

pHEMA/GO 1% 2100 689 0.30 This study 
Porcine aortic valve  - 1000 0.23 [71] 

Human aortic valve  - [750 – 2500]  [0.10 – 0.17] [71] 

Tissue engineered heart 
valves  3000 700 0.33 [71, 73] 

Native saphenous vein - 1000 0.50 [69] 

Internal thoracic artery - 1000 1.5 [69] 

Silicon Catheter 1000-2000 2000-3000 4.0 [74] 

 

A human aortic valve has UTS (circumferential) of 750 – 2500 kPa and elongation at break 

of 0.10 – 0.17 mm/mm [71]. The mechanical properties obtained for pHEMA/GO composites 

(YM @ 2100 kPa, UTS @ 680 kPa and elongation at break @ 0.30 mm/mm) are very similar to 

these, to currently used porcine aortic valves (UTS (circumferential) @ 1000 kPa and elongation 
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at break @ 0.23 mm/mm) [71] and to other materials under research like tissue engineered 

fabricated porous polyhydroxyalkanoate heart valves (YM @ 3 000 kPa, UTS (circumferential) 

@ 700 kPa and elongation at break @ 0.33 mm/mm) [71, 73]. The design of vascular grafts 

could be another future application for these pHEMA/GBMs hydrogels. Tensile resistance of 

native veins and arteries is about 1000 kPa while elongation at break rounds the 0.50 mm/mm 

for saphenous vein. However, blood vessels display a J-shaped stress–strain curve that is 

essential for their compliance. This should be taken into consideration in further optimizations 

of pHEMA/GBMs composites for this application, as well as the achievement of sufficient 

suture retention strength. Catheters are another potential application of pHEMA/GO hydrogels. 

The YM of silicon catheters is 1000-2000 kPa, very similar to the obtained for our composites, 

despite silicon catheters having higher resistance to tensile stress (2000-3000 kPa) and 

elasticity (4 mm/mm) [74]. Nevertheless, the lower elasticity of our composites may not be an 

issue for this application, since catheters made from other polymers such as polyurethane 

have elasticity in the elastic part of tensile resistance similar to obtained values for pHEMA/GO 

[74].  

In this study, it was demonstrated that oxidized GBMs can effectively increase the 

mechanical properties of pHEMA without affecting its bio/hemocompatibility (in vitro and in 

vivo), showing great potential for use in several blood contacting devices, with better 

performance than the materials available nowadays. Its usage could avoid numerous problems 

associated with BCDs, such as thrombosis and infection occurrence, as recently review by 

Jaffer et al. [20]. A future application of these composites in clinics demands further studies 

that are beyond the scope of this paper, namely the production and optimization of a specific 

BCDs, and in vivo implantation in order to evaluate long-term performance.  

4.5 Conclusion 

Five different types of GBMs, varying in oxidation degree, thickness and lateral size, were 

successfully incorporated in pHEMA by in situ polymerization. In spite of the increase in surface 

roughness of pHEMA, more predominant when the oxidized GBMs were incorporated, 

wettability of pHEMA is only affected when GNP M15 and GNP M15ox were used, while 

swelling capacity of pHEMA/GBMs is maintained for all composites. Regarding the mechanical 

reinforcement of pHEMA, oxidation degree and lower thickness of GBMs revealed to be crucial 

factors in order to achieve higher improvements (2.5× in YM and 4.4× in UTS, reaching 1800 

kPa and 680 kPa, respectively) in the mechanical properties of pHEMA, while particles lateral 

size had a minor effect. As such, GO was the most efficient filler concerning pHEMA’s increase 

in stiffness and tensile resistance. Incorporation of oxidized GBMs did not affect bacterial 

adhesion to pHEMA, keeping its non-fouling properties. All the pHEMA/GBMs composites 
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exhibited negligible levels of blood platelets adhesion and activation, and had non-hemolytic 

potential and were non-cytotoxic. The hemocompatibility of pHEMA/GO was confirmed in vivo 

when a 3D tubular prototype was evaluated in an AV-shunt acute model in pigs. Thus, 

materials developed in this study revealed to be promising for application in the design of 

BCDs.  
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4.8 Supporting Information 

 
 
Figure. S.1 – C1s high resolution spectra of GO, GNP M5, GNP M5ox, GNP M15 and GNP 

M15ox. 

 

 
Figure S.2 - Infrared spectra of pHEMA and pHEMA/GBMs composites. 
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Table S.1 – Pig information, blood profiles evaluated by a hematology analyzer (Advia 2120, 

Siemens Healthineers) 

 Pig 1 Pig 2 
Weight 57 kg 55 kg 

 Before After Before After 

Body temperature 38.9 39.8 39 39.5 

White Blood Cells 
(cells/µL) 11.91 x 103 12.58 x 103 20.02 x 103 18.87 x 103 

Red Blood Cells 
(cells/µL) 5.40 x 106 6.15 x 106 5.96 x 106 5.86 x 106 

Platelets 
(cells/µL) 221 x 103 242 x 103 386 x 103 368 x 103 

Platelets clumps No No No No 

Blood pressure 
(mmHg) 100/70  99/78 99/78 97/70 

Blood flow  
Carotid Artery 

(mL/min) 
201  - 200 

(mL/min) - 
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Chapter 5  
GO-coated decellularized arteries with improved 

mechanical and biological performance 
The lack of an effective alternative to autologous graft in the replacement of small diameter 

vessels (inner diameter < 5 mm) has a huge impact in the prognostic and progression of 

cardiovascular diseases, the major cause of death globally. Decellularized arteries have been 

proposed as alternative but their performance is still not enough for a successful application in 

the market. In this study, GO was proposed as coating of decellularized umbilical cord and 

placenta chorion arteries, aiming to suppress their poor mechanical properties and to promote 

their hemocompatibility. In decellularized umbilical cord arteries an increase of 27%, 29% and 

25% was observed for maximum force, burst pressure and strain, respectively, reaching values 

similar to human saphenous vein, that is used nowadays for vessels replacement. Besides the 

increase in mechanical properties, GO coatings reduced platelets adhesion in decellularized 

artery without compromising endothelial cells adhesion. In vivo pig arteriovenous-shunt 

revealed that successful implantation can be achieved after a heparinization step. Overall, our 

results show that GO-coating has an effective role in the improvement of decellularized 

umbilical cord arteries performance which is a step forward on the transition from lab bench to 

market of these grafts. 

 

 
Keywords: Arteriovenous-shunt, coating, Decellularized Arteries, Graphene oxide, 

Hemocompatibility, Mechanical properties 

This chapter is based on the following paper in preparation:  

A.T. Pereira, K. H. Schneider, P.C. Henriques, S. Melo, C. Grasl, A. L. Pires, A. M Pereira, 
M.C.L. Martins, H. Bergmeister, I.C. Gonçalves, GO-coated decellularized arteries with 
improved mechanical and biological performance 
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5.1 Introduction 

Every year approximately 400 000 arterial bypass surgeries are performed only in the US. 

For the reconstruction of large caliber vessels (inner diameter - i.d. > 5 mm), there are 

commercially available synthetic grafts that show excellent outcomes. However, for the 

replacement of small-diameter vessels (< 5 mm), such as coronary arteries and below-knee 

vessels, these materials exhibit low patency rates due to the occurrence of thrombosis, intimal 

hyperplasia and/or chronic inflammation. Despite the several efforts for the development of 

new strategies [1-4], the use of autologous grafts (e.g. saphenous vein) is still the gold standard 

for the reconstruction of small-diameter vessels [5, 6]. This approach is associated to several 

limitations such as high failure rate (40-50%) after ten years for coronary arteries replacement, 

the requirement of multiple surgical interventions and, in 30% of the cases, this vein is not 

available due to previous harvest, anatomical limitations or disease progression [6, 7]. All these 

facts highlight an urgent need for new prosthesis to substitute small-diameter vascular vessels.  

The use of decellularized arteries derived from several sources has been extensively 

explored for the replacement of small diameter vessels [8-47] since they are naturally derived 

and preserve the architecture and molecular cues to support cell recruitment and adhesion 

[48, 49]. However, the collagen exposure, which promotes thrombosis and infection 

occurrence, the mismatch in mechanical properties and the late endothelialization of the 

luminal surface are some problems associated with the use of decellularized matrices as an 

acellular scaffold for the reconstruction of small caliber vessels  [1, 10, 50]. Some strategies 

have been adopted to improve their performance such as promoting reendothelialization 

before implantation [38, 39, 45, 51-56], using chemical crosslinkers [20, 57, 58], combination 

with other polymers [59], modifying their surface lumen with endothelial growth factors [60, 61], 

peptides (that stimulate cell adhesion) [62], heparin [40-42, 63-68] or others sulfated 

polysaccharides [19]. Despite the observed better outcomes, most of these grafts are complex 

to produce involving several steps and/or are not off-the shelf available, which demands better 

solutions. 

Graphene is a 2D material that consists in a single layer of sp2-bonded carbon atoms 

organized in a crystalline honeycomb lattice. This structure confers unique properties to 

graphene and also graphene-based materials (GBMs), such as graphene oxide, making them 

attractive for several applications, including in the biomedical field. From all GBMs features is 

important to highlight their exceptional mechanical properties, being described as the strongest 

material in the world [69, 70], antimicrobial features [71, 72], namely when exposed at the 

surface. Despite several studies focus on the mechanical properties of GBMs nanocomposites, 

as reviewed by Papageorgiou et al. [70], only some studies point out the effect of GBMs 

coating, which showed to improve the filler performance of glasses [73, 74] and carbon fibers 
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[75, 76] and acellular dermal matrix [77]. At our knowledge, coatings of decellularized matrices 

with GBMs are poorly explored in literature being reported for acellular dermal matrix exhibiting 

a better mechanical performance [77], decellularized sciatic nerve matrices showing a benefic 

effect in its regeneration [78], for decellularized pulmonary valve not exhibiting a specific 

advantage for hemocompatibility [79] and as a support platform for a dual enzymatic system 

that promotes anti-coagulation [80]. 

The ideal vascular graft should be available off-the shelf, exhibit a good performance upon 

long-time implantation, show low inflammatory, thrombogenic and infectious potential and 

match the mechanical properties of recipient’s vessel. We herein propose the coating of 

decellularized arteries with GO materials aiming to improve the mechanical performance, 

hemocompatibility and also to confer them an anti-infective potential.  For this, arteries from 

two different human sources with distinct vascular anatomy were used. Umbilical cord exhibits 

in all its extension (20-80 cm) two long arteries (inner diameter (i.d.) 1.5 mm under collapsed 

conditions and 4.5-5.5 mm under physiological pressure) which form a cylindrical helix around 

the umbilical vein (i.d. 4 mm) [81, 82] while vessels of chorion placenta are highly ramified with 

a shorter length 1-2 cm and a variable i.d. (0.55-3.2 mm) [83]. This heterogeneity in the 

placenta chorion arteries could enable the obtention of grafts that perfectly match the host 

vessel, but their short length, the presence of some microvasculature and isolation procedure 

(which sometimes induces some leaks) could unfeasible their usage. Upon arteries isolation 

and decellularization, a coating with graphene oxide was performed. 

 After this, a deep characterization was carried out being the grafts analyzed regarding 

coating homogeneity, mechanical properties, cytocompatibility, bacterial adhesion and 

hemocompatibility. The in vivo hemocompatibility of the most promising graft was evaluated 

through arteriovenous shunt in the pig model. 

5.2 Methods 

5.2.1 Decellularized arteries 

5.2.1.1 Isolation and decellularization  

Human placenta and umbilical cord tissues of caesarian births were either obtained from 

the Vienna General Hospital, Austria or Centro Hospitalar de S. João, Porto, Portugal with the 

approval of the ethical committee and informed consent of the donors. Umbilical cord and 

placenta vasculature were rinsed with PBS to remove the remaining blood in the vessels being 

isolated and connected to a surgical thread to a 14GA BD VenflonTM.  After the isolation, 

arteries were decellularized as previously described [10, 68]. Briefly, the arteries were frozen 

at -80 °C during at least 18 h and thawed in PBS at room temperature. The arteries were 

connected through the Venflon to a recirculating perfusion system being perfused with 
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hypertonic solution (1.4% NaCl, 1 h), followed by dH2O (20 min), PBS (10 min), 1% Triton X-

100 and 0.02% w/w ethylene-diamine-tetra acetic acid (EDTA) in phosphate buffered saline 

(PBS) (20 h) at room temperature. To eliminate the detergent, arteries were afterwards 

perfused with PBS for 24 h, being PBS exchanged several times. DNase enzymatic treatment 

(200 IU/ml, Roche) was performed overnight at 4 °C under static conditions followed by PBS 

rinsing during 3h. For chemical sterilization, decellularized arteries (dArteries) were incubated 

with an aqueous solution of 0.18% (w/v) peracetic acid containing 4.8% ethanol (v/v) for 90 

minutes, followed by rinsing with sterile PBS (3 x 10 min). 

5.2.1.2 Characterization 

a) Histology   

Native and decellularized arteries were cut with 5 mm length and fixed in formaldehyde 

solution 4%, buffered, pH 6.9 (Sigma-Aldrich) for 24 h, at 4 ºC. The samples were washed with 

water and transferred to 70% ethanol and dehydrated in an ethanol ascending series. The 

specimens were embedded in paraffin and cut into 5-µm sections. After slides 

deparaffinization, they were stained with H&E and scanned in light microscope to visualize 

nuclear material. 

b) DNA identification and quantification 

DNA remnants in tissue were evaluated through propidium iodide (PI) staining of arteries 

lumen. The tissue was incubated with 3 nM PI solution for 15 min at 37 °C being evaluated in 

a fluorescence microscope. 

DNA content of native and decellularized arteries was determined using the AccuBlue® 

High Sensitivity dsDNA Quantitation Kit. Arteries segments were freeze-dried, weighed and 

digested in papain buffer (papain 250 µg/mL, 1.57 mg/L cysteine, 5 mM NaCl, 22.5 mM Na 

citrate, 15 mM EDTA, 0.1 M NaH2PO4, pH 6.0) at 60 °C overnight [17]. The papain sample 

solution was incubated with a solution kit being the DNA amount quantified measuring the 

fluorescence at an excitation wavelength of 485 nm and an emission wavelength of 530 nm. 

DNA from calf thymus (Invitrogen) was used as standard. 

c) SEM 

Scanning Electron Microscopy images were acquired after arteries fixation in 2.5% 

glutaraldehyde (Sigma-Aldrich) in PBS overnight at 4 °C, being the samples dried in graded 

ethanol series (50%, 60%, 70%, 80%, 90%, 99%; 10 min each), with hexamethyldisilazane 

(HMDS) used as drying agent evaporating overnight. All samples were coated with a thin layer 

of gold/palladium by sputtering. A FEI Quanta 400FEG ESEM / EDAX Genesis X4M SEM and 
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Zeiss EVO 10 with an accelerating voltage of 5, 10 or 15 kV, were used to visualize the 

samples. 

 

5.2.2 Graphene Oxide (GO) synthesis and characterization  

5.2.2.1 Graphene Oxide (GO) synthesis 

GO used for incorporation in decellularized matrices were obtained by graphite oxidation 

and exfoliation through modified Hummers method, as previously described – GO [84] or 

commercially available (795534, Aldrich) - nGO. Briefly, carbon graphite micropowder (purity: 

≥99% and laterla size: 7-11 µm, American Elements) was added to a mixture containing 

H2SO4/H3PO4 (4:1) followed by cooling to 0 °C and addition of KMnO4. After that, the reaction 

was kept at 35 °C and stirred for 2 h followed by cooling to 0 °C and addition of 450 mL of 

distilled water. To eliminate the excess of KMnO4, H2O2 was added until oxygen release 

stopped. After overnight resting, the material was consecutively centrifuged at 4000 rpm for 20 

min, until pH of supernatant reached the pH of distilled water. The suspension was sonicated 

during 6 h in an ultrasonic bath to obtain GO. Both GO materials were sterilized with 70% 

ethanol. 

5.2.2.2 GO characterization 

a) XPS 

X-ray photoelectron spectroscopy (XPS) was performed to evaluate the oxidation degree 

of GO and nGO using a Kratos Axis Ultra HAS (Kratos Analytical, UK) equipment. An Al 

monochromator with 15 kW was used as X-ray source. The survey spectrum of GBMs was 

obtained at 80 eV and the C 1s high resolution spectra at 40 eV. CasaXPS processing software 

version 2.3.16 was used to deconvolute the C 1s high resolution spectra. After a Shirley 

background type subtraction, the C1s spectral component was set at a binding energy of 284.6 

eV to correct the contribution of charge effect. C1s high resolution spectra were fitted into 

seven peaks being constrained for the following binding energies sp2 C=C (284.2–284.5 eV), 

sp3 C–C (284.8–284.9 eV), C–OH (285.3–286.0 eV), C–O–C (286.1–286.6 eV), C=O (287.5–

287.9), O–C=O (288.8–288.9 eV) and p–p (290–292 eV) based on literature data [85-87]. sp2 

carbon peak due to its asymmetric nature was fitted using an asymmetric Lorentzian function 

(LF) with an asymmetry parameter of 0.14 [85] while a Gaussian–Lorentzian (70:30) function 

was used to fit the remaining peaks. 
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b) XRD 

X-ray powder diffraction were performed to determine the thickness and interlayer spacing 

of GO and nGO particles crystallinity. GO and nGO were dried in a vacuum oven 60º overnight 

being XRD performed, at room temperature, in a SmartLab Rigaku® diffractometer that 

operates with 45 kV and 200 mA and have a Cu-Kα radiation source with a wavelength of λ = 

1.540593 Å in a Bragg-Brentano θ/2θ configuration. All the samples were measured with step 

size of 0.01º in a range of 5 to 30 theta (2θ) using a rotative system (30 Deg/min) which 

increases. Thickness and crystallites interlayer d-spacing were calculated through Bragg’s law 

equation: 

 

"# = 2&'(")     Equation 1 

 

where n is a positive integer, λ is the wavelength, d is the interplanar spacing and θ is the 

incident angle of the X-ray beam 

and Debye-Scherrer equation: 

 

t= K λ

!Bm
2 -Bs

2 cosθ
      Equation 2 

 

where t corresponds to GBMs crystalline size in the direction perpendicular to the lattice 

planes, K is the Debye–Scherrer constant (∼0.89 for graphitic materials), λ is the incident X-

ray wavelength, +Bm
2 -Bs

2  is the full width at half-maximum (FWHM) of the XRD peak and θ is 

the diffraction angle. The number of layers was determined by dividing the thickness by the d-

SEM images of GO and nGO were acquired to evaluate their surface morphology.  

 

c) TEM 

Transmission electron microscopy (TEM) images of GO and nGO water dispersions were 

acquired to evaluate the lateral size, thickness and morphology of GO and nGO sheets. The 

images were obtained on JEOL JEM 1400 TEM (Tokyo, Japan) coupled to a digital camera 

CCD Orious 1100 W (Tokyo, Japan).  

d) DLS 

Dynamic light scattering (DLS) particle size analysis measurements were performed to 

evaluate the lateral size of GO and nGO water colloids in a Zetasizer Nano ZS instrument 
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(Malvern Instruments Ltd., Worcestershire, UK). Previously, the colloids was homogenized 

using an ultrasonication bath for 10 min.  

5.2.3 Coating of decellularized arteries with GO and nGO 

5.2.3.1 Preparation 

The inner lumen of the decellularized arteries were perfused using a recirculating perfusion 

system being perfused overnight with GO or nGO suspensions (0.5 mg/mL in H2O) at 10 rpm, 

followed by a PBS washing step (1h), to remove poorly adhered particles. The coated grafts 

were preserved at 4ºC until further use. Coating stability was evaluated by SEM images of 

coated decellularized arteries surface after 3h of PBS perfusion in the maximum flow of the 

peristaltic pump (60 rpm). 

5.2.3.2 Characterization  

a) SEM 

Scanning electron microscopy (SEM) was performed to visualize GO and nGO coatings of 

the lumen of decellularized arteries, as described in section 5.2.1.2 c.  

b) Mechanical Properties 

Mechanical properties of the grafts, namely maximal loaded radial force (Fmax), elongation 

(strain) and pressure (burst pressure) at rupture, ability to distend and contract with pressure 

variations (compliance) and suture retention were evaluated as previously described [9, 88]. 

The mechanical properties of uncoated and GO-coated decellularized arteries were evaluated 

within the same artery to minimize differences associated with artery variability. For this, 3.0 

mm long ring segments were cut for each condition (n = 4-10 per condition per vessel) and 

loaded into the uniaxial BOSE electroforce LM1 test bench system (Bose corp, MN, USA), 

being the Fmax and strain evaluated. Theorical burst pressure was calculated using Laplace’s 

Law: 

 

, = "
#×%×&      Equation 1 

 

F is the load (for burst pressure is Fmax), l is length and r is the luminal radius. Compliance 

(% diameter change/100mmHg) was determined through the equation: 

 
!"#$%!&$

!&$
∆( × 10)	     Equation 2 
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where D120 is the systolic diameter at 120 mmHg, D80 is the diastolic diameter at 80 mmHg 

and Dp is the pressure difference [88]. 

For the suture retention measurements, a loop of a 7.0 polypropylene suture (Prolene, BV 

176-8, Ethicon, USA) was placed 2 mm from the edge of the free end of the decellularized 

arteries and clamped to the other arm which was moving at a constant speed of 120 mm/min 

until failure. The test was repeated on the same sample at the opposite end of the graft (n = 5 

for each graft type). 

 

5.2.4 Biological features 

5.2.4.1 In vitro biocompatibility 

Human umbilical vein endothelial cells (HUVECs) were grown at 37 °C under a 5% CO2 

humidified atmosphere, in complete medium (M199+) which consists in M199 medium (Sigma) 

supplemented with 10% v/v inactivated FBS, 1% v/v Penicillin/Streptomycin (Biowest), 90 

µg.mL-1 of heparin (Sigma, H3149) and 15 µg.mL-1 of endothelial cell growth supplement 

(ECGS, Corning, 354480) in 1% w/v gelatin coated flasks (Sigma). 1 x105 cells (in a volume of 

10 µL in complete medium) were seeded on the lumen of uncoated and coated decellularized 

arteries lumen (in 48-well suspension plate) and incubated for 1 h. After that, M199+ was 

added to each material reaching a final volume of 300 µL and culture was maintaining for 1 

day and 7 days. The grafts were rinsed in PBS and the cells stained with Live/Dead 

Viability/Cytotoxicity kit (L-3224, Thermo Fisher Scientific), which is composed of Calcein-AM 

(1 μM) and Ethidium-1 (4 μM) and Hoechst 33342 stain (5 μL/10 000 μL PBS, Thermo Fisher 

365 Scientific) for visualization by confocal microscopy. 

5.2.4.2 Antimicrobial activity 

Multi-resistant Staphylococcus aureus (ATCC® MRSA 33591TM) was used to evaluate 

bacterial adhesion to uncoated and GO/nGO-coated surface. Bacteria was grown at 37°C in a 

Tryptic Soy Agar (TSA, Merck Germany) plate overnight and subsequently two colonies were 

collected and inoculated in 5 mL of liquid Trypticase Soy Broth (TSB, Merck, Germany) at 37 

°C and 150 rpm, overnight. After that, S. aureus inoculum was rinsed and harvested by 

centrifugation (2700 rpm for 10 min) being the optical density at 600 nm measured to adjust 

the concentration of the initial inoculum to 1x106 CFU/mL in TSB medium supplemented with 

1% (v/v) human plasma. 300 µL of bacteria initial inoculum was added to the lumen of uncoated 

and coated dArteries and incubated during 24 h at 37 °C. Samples were rinsed 2 times with 

PBS and fixed for visualization by SEM. The samples were prepared as described in section 

5.2.1.2 c).  
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5.2.4.3 Hemocompatibility 

a) Platelets adhesion 

Platelets adhesion and activation by uncoated and coated decellularized arteries was 

assessed in vitro using human platelets concentrate (PC). Briefly, 24-well polystyrene plates 

were blocked to avoid platelet activation by the wells by incubation in a solution of 1% (w/v) 

bovine serum albumin (BSA) in PBS (1 h; 37 °C) followed by rising with PBS. The samples 

were incubated with PC at 3 × 108 platelet/mL (1 h; 37 °C; 100 rpm). Afterwards, materials 

were rinsed with PBS and the adhered platelets fixed with 1.5% (v/v) glutaraldehyde in 0.14 M 

sodium cacodylate buffer for 30 min at RT. Dehydration and visualization of adhered platelets 

by SEM was performed as described in section 1.2.1.2 c). 

 

b) Thrombogenic potential 
 

Thrombogenic potential of uncoated and coated decellularized arteries was evaluated in 

vitro through coagulation test and in vivo through a pig AV-shunt model. Since the use of 

decellularized vessels requires their heparinization before in vivo implantation [8, 68], several 

procedures were evaluated to incorporate heparin in GO-coated dArteries, as summarized in 

Table 1. Heparin was covalently bound to uncoated decellularized arteries, (dArteries)covHep, 

and in the case of GO-coated dArteries, it was either performed before or after the GO coating: 

(dArteries)covHep+GO and (dArteries+GO)covHep, respectively. Briefly, the uncoated and 

GO-coated decellularized arteries were manually perfused, incubated with 1 M hydroxylamine 

sulfate (Sigma) solution (18h; RT),  rinsed in water and incubated with heparin (25 IU/mL)/1-

ethoxy-3(3-dimethylaminopropyl)carbodiimide (EDC, 84 mg/mL) solution at pH 1.5 (48 h) in an 

orbital shaker [89]. The grafts were then washed with water renewing during 5 h and preserved 

in PBS at 4ºC until use. Physical incorporation of heparin through GO was also attempted, and 

in the condition dArteries+(GO)adsHep, decellularized arteries were coated with GO 

containing previously adsorbed heparin, (GO)adsHep. For that, GO was incubated overnight 

with a heparin solution of 3600 U and afterwards rinsed twice with PBS by ultracentrifugation 

(14 000 rpm, 15 min) to obtain (GO)adsHep [90].  
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Table 1 – Heparin modification of uncoated and GO coated decellularized arteries. 

 

i) In vitro coagulation time  

Human whole blood without anticoagulants was incubated with uncoated, GO-coated, nGO-

coated and heparin modified dArteries to evaluate their thrombogenicity. Briefly, the grafts 

were placed in 5 mL cryovials and incubated with 750 µL of blood at 200 rpm (24 h; RT). Clot 

formation was evaluated through blood gelation, detected by loss of movement of the blood in 

response to rotation and shaking. 

ii) In vivo arteriovenous shunt (AV-shunt) 

Animal studies were performed in compliance with protocols approved by the Austrian 

Federal Ministry of Science and Research and the Good Scientific Practice Guidelines of the 

Medical University of Vienna. Blood compatibility of, uncoated, GO-coated and heparinized 

arteries was evaluated through arteriovenous-shunt (AV)-shunt acute assay in non-

heparinized pigs. Pigs were pre-medicated with ketamine (10mg/kg, Animedica), midazolam 

(0.3 mg/kg, Accord) and medetomidin (0.1mg/kg, Bayer). Anesthesia was introduced using 

propofol (2.5 mg/kg, Fresenius Kabi), fentanyl 0.1 mg (Hameln Pharma Plus) and 20 mg 

rocuroniumbromide (Fresenius). After endotracheal intubation, animals were ventilated 

volume-controlled with 8% desflurane (Baxter). Additionally, 0.01 mg/kg/h and fentanyl 2 
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mg/kg/h rocuroniumbromide were administered. Animals received ringer lactate (10 ml.kg-1.h-

1) continuously during the experiment.  A blood circuit was established between the right 

common carotid artery and the left jugular vein using tubes and connectors of a commercially 

available blood transfusion set (Senso Hem Crystal, Meditrade Medicare). The grafts were 

attached to the circuit using 14GA BD VenflonTM being perfused with circulating blood for 30 

min. Upon blood exposure, each graft was removed being opened and fixed in 2.5% 

glutaraldehyde for evaluation by SEM, as described in section 5.2.1.2. a). 

5.3 Results 

5.3.1 Characterization of native and decellularized arteries 

Arteries from human placenta chorion and umbilical cord were isolated and decellularized. 

Hematoxylin/Eosin (H&E) and propidium Iodide (PI) staining reveal that after the 

decellularization process there are no detectable cell nucleus or DNA residues in the arteries 

(Fig. 1A and 1B).  

H&E staining also shows that the umbilical cord artery exhibits a thicker wall than the 

placenta artery. SEM images show that both decellularized arteries exhibit an intact 

hierarchical collagen fiber structure characteristic of extracellular matrices. Cells or cell debris 

were not identified in SEM images, which corroborates with results from H&E and PI staining 

(Fig 1C). DNA content of native and decellularized arteries were evaluated to confirm the DNA 

removal after decellularization process. DNA amounts of the native placenta chorion artery 

(1.6 ± 0.04 µg/mg of dry weight) and umbilical cord artery (2.0 ± 0.03 µg/mg of dry weight) 

were reduced after decellularization (0.23 ± 0.13 µg/mg dry weight and 0.6 ± 0.06 µg/mg, 

respectively) (Fig. 1D).  
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Figure 1 - Characterization of native and decellularized placenta chorion and umbilical cord 

arteries. A) Hematoxylin/Eosin staining of arteries cross-sections, insets show areas with lower 

(10x) and higher (40x) magnification, b) Propidium Iodide (PI) staining, c) SEM images of the 

luminal surfaces of the arteries and d) Amount of DNA in dried tissue  
 

5.3.2 Characterization of graphene oxide materials 

Two different graphene oxides, one obtained by graphite oxidation through modified 

Hummers’ method (MHM), (GO), and the other purchased, graphene oxide nanocolloids 

(nGO), were explored to coat the decellularized arteries. XPS analysis of GO and nGO shows 

that both materials exhibit a similar sp2 and sp3 carbon ratio and atomic percentage of oxygen 
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around 33%, being the epoxides (45.5%) the most prevalent groups while carbonyl (6.4-7.4%) 

and carboxyl groups (1.7-1.9%) were in much lower amounts (Fig. 2A). XRD spectra show that 

composition of nGO is heterogeneous while GO is homogenous. Both materials exhibit a broad 

peak at 2q=11.0º in the reflection plane of 001, which is characteristic of oxidized forms of 

graphene-based materials [91]. nGO also exhibits 2 other peaks at 2q =20.0º in the reflection 

plane of 111, which is characteristic of T-carbon, a carbon allotrope [92], and at 2q =24.0º in 

the  reflection plane of 002, which is characteristic of reduced forms of graphene based 

materials [93]. This means that nGO is constituted by oxidized and reduced graphene particles 

and another carbon material. The thickness, d-spacing and the number of layers of GO and 

nGO were determined through the Scherrer and Bragg’s equations (Fig 2B) using the peaks 

of 2q=11.0º and 2q=24.0º. GO exhibits a crystallite size of 8.3 nm (thickness) and d-spacing 

of 8.0 Å, which corresponds to 11 graphene layers in a stacked nanostructure. nGO comprises 

particles crystallite size of 7.0 and 5.9 nm and d-spacing of 7.9 and 3.6 Å, which correspond 

to 10 and 17 layers.  

TEM images show the exfoliation degree and lateral size of GO and nGO. Both materials 

exhibit good dispersion in water (Fig. 2C), always presenting as a single layer in TEM images. 

This could be associated with the presence of oxygen functional groups in their structure, which 

confers them a hydrophilic character. The evaluation of several TEM images indicates that the 

lateral size of GO is around 1.5 (± 0.5) µm while nGO exhibit smaller sheets 1.2 (± 0.6) µm 

(Fig. 2D). GO and nGO materials were also evaluated by dynamic light scattering (DLS) to 

infer their lateral size. Despite this method considers all materials as spherical particles, which 

is not valid for GBMs, GO and nGO exhibit the same thickness that allows the direct 

comparison between them. Fig. 2D exhibits the PDS intensity in the function of particle lateral 

size. nGO material exhibits a broader peak than GO, which shows a more heterogeneous 

distribution of particle lateral size.  Although DLS software computes the averaged particles 

size “average lateral size”, the average lateral size of GO and nGO particles were determined 

using the position of the primary peak from the intensity PDS, aDLS using a previously described 

approximation: Lateral size = (0.07 ± 0.03)aDLS (1.5±0.15) for GBMs [94]. nGO lateral size (1.3 

µm) is lower than GO (1.9 µm), but not in the nanometric dimensions as described by the 

supplier. 
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Figure 2 – Characterization of GO and nGO: a) elemental composition (Atomic %) and C1s 

high resolution spectrum obtained by XPS, b) XRD spectra, c) TEM images and d) particle 

size distribution obtained by DLS. 
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5.3.3 Coating of decellularized arteries with GO and nGO 

5.3.3.1 Surface characterization 

Decellularized arteries were automatically perfused with GO and nGO colloids (Fig. 3). SEM 

images show that GO and nGO-coated decellularized placenta and umbilical cord arteries 

exhibit a homogeneous coating that covers all the collagen fibers. These coatings showed to 

be stable after strong perfusion with PBS (Fig. S.1). 

 
Figure 3 – SEM images of GO and nGO coated decellularized placenta and umbilical cord 

arteries. 

5.3.3.2 Mechanical properties of decellularized arteries coating 

Mechanical properties of uncoated and GO/nGO-coated decellularized placenta and 

umbilical cord arteries were assessed through evaluation of Fmax, strain, compliance, burst 

pressure and suture retention. Fmax of decellularized placenta and umbilical cord arteries 

exhibits a high variety ranging between 0.4-4.9 N and 1.3-5.9 N, respectively (Fig. S.2.). 

However, Fmax variability is lower within the same arteries (Fig. S.2.), being all the 

comparisons between GO/nGO-coatings and uncoated performed into the same 

decellularized artery. For decellularized placenta chorion arteries, GO and nGO-coatings do 

not have a significant effect on the mechanical features (Fig. 4 and S. 3 with exception of 

compliance, which GO coating improves 10%. However, for umbilical cord arteries, GO coating 

leads to an increase in Fmax of around 27% (Fig. 4 and S.4). Since theoretical burst pressure 

depends on Fmax, the observed pattern for burst pressure is similar to Fmax (Fig. 4, Fig. S.3 

and S. 5). Thus, GO-coating increases 29% of burst pressure of umbilical cord decellularized 

arteries.  
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Figure 4 – Mechanical properties of uncoated and GO/nGO-coated decellularized placenta 

and umbilical cord arteries. Box plot graphs containing average, min and max values of % 

increase in Fmax a) burst pressure b), %maximum strain d), compliance e) comparing to 

uncoated. Statistically significantly different from uncoated decellularized artery (*) (p < 0.05 – 

One Way ANOVA). 

 

Despite these increases in Fmax and burst pressure, GO coating promotes an increase in 

arteries strain of around 25%, without compromising the compliance. As observed for 

decellularized placenta chorion arteries, nGO coating does not have a significant effect in the 

mechanical properties of umbilical cord arteries.  

Regarding suture retention, all the grafts exhibit good suture retention capacity ranging 

between 80-100 g (Fig. S. 5).  

 

5.3.4 Biological Features 

5.3.4.1 In vitro biocompatibility 

Human umbilical vein endothelial cells (HUVECs) were incubated during 1 day with 

uncoated and coated decellularized arteries being their lumen visualized by confocal 

microscopy upon Ethidium-1/Hoechst/Calcein AM staining (Fig. 5). HUVECs have the capacity 

to adhere in all decellularized arteries being most of cells viable. Preliminary results showed 

that uncoated and coated chorion placenta arteries exhibit capacity to sustain viability and 

growth of HUVECs up to 7 days (Fig. S.6).  
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Figure 5 - Immunofluorescence images of HUVECs adherent to uncoated, GO- and nGO-

coated decellularized placenta chorion and umbilical cord artery surface after 1 day of 

incubation. Cells stained with Hoechst (DNA) in blue, calcein-AM (live cells) in green and 

ethidium-1 (dead cells) in red. 
 

5.3.4.2 Antimicrobial activity 

The lumen of uncoated and coated decellularized arteries was challenged regarding 

antimicrobial features against S. aureus. SEM images of materials surface reveal that bacteria 

adhere in higher amounts to decellularized placenta arteries than to decellularized umbilical 

cord arteries (Fig. 6).  

For placenta decellularized arteries, bacteria are homogenously distributed through all the 

surface. Upon coating with GO and nGO, bacterial adhesion is reduced, only appearing in 

some areas mainly associated with valleys characteristic of decellularized arteries topography 

(Fig. 6). 

As decellularized umbilical cord arteries exhibit a lower adhesion of bacteria at their surface, 

GO and nGO coating effect is not as noticeable as observed for decellularized placenta 

arteries, being more evident only in the nGO coating. 
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Figure 6 - SEM images of S. aureus adhered to uncoated, GO- and nGO-coated decellularized 

placenta artery surface after 24 h of incubation.  

 

5.3.4.3 Hemocompatibility 

a) Platelets adhesion 

Uncoated and coated decellularized arteries were evaluated regarding human platelets 

adhesion to their surface lumen. Both placenta and umbilical cord uncoated decellularized 

arteries exhibit high adhesion of platelets. Upon GO and nGO coating, there is a decrease in 

adhered platelets (Fig. 7). 
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Figure 7 - SEM images of human platelets adhered to uncoated, GO- and nGO-coated 

decellularized placenta chorion and umbilical cord arteries surface after 1 h of incubation. 

 

b) In vitro coagulation 

Thrombogenic potential of uncoated and GO/nGO coated decellularized arteries was 

evaluated in vitro through their exposure to human blood without anticoagulants. When in 

contact with uncoated decellularized arteries, blood coagulates in approximately 5 min (Table 

2). GO and nGO coating do not affect the blood coagulation time being similar to uncoated 

decellularized arteries (< 5 min). 

To achieve better performance, heparin was conjugated with uncoated and coated 

decellularized arteries. As the mechanical improvements were only observed in GO-coated 

decellularized umbilical cord arteries, heparin incorporation was only performed in these grafts. 

Heparin was conjugated in three different ways, namely previously adsorbed to GO and only 

afterwards used to coat decellularized arteries (dArteries+GO(adsHep)), covalently linked to 

decellularized arteries which are then coated with GO (d(dArteries)covHep+GO) and 

covalently linked to decellularized arteries already coated with GO (dArteries+GO)covHep 

(Table 2). Decellularized umbilical cord arteries coated with GO containing adsorbed heparin 

(dArteries+(GO)adsHep) or covalently linked to heparin and afterwards coated with GO 

((dArteries)covHep+GO) behave similarly to uncoated decellularized arteries, clotting after 5 

min. The two grafts that were covalently heparinized as the last step, (dArteries)covHep and 

(dArteries+GO)covHep, do not induce blood coagulation during at least during 24h.  

Uncoated GO-coated nGO-coated
Um

bi
lic

al
 C

or
d

Pl
ac

en
ta

10 µm   



Chapter 5 

 130 

 
Table 2 – Clotting time of human whole blood without anticoagulants upon exposure to 

uncoated and GO and nGO-coated placenta and umbilical cord arteries. Furthermore, 

specimens with additional heparin modification were investigated. 

 

 

c) In vivo arteriovenous shunt in vivo assay 

AV-shunt set-up was performed to evaluate the grafts acute hemocompatibility in vivo 

(Table 3). As observed for in vitro human whole blood exposure, decellularized arteries coated 

with GO with adsorbed heparin (dArteries)covHep or heparinized decellularized arteries with 

GO coating (dArteries)covHep+GO induce graft occlusion in the first 15 min, while 

(dArteries)covHep and (dArteries+GO)covHep stayed patent during whole the exposure time 

(30 min). SEM images of grafts inner lumen reveal that dArteries+(GO)adsHep and 

(dArteries)covHep+GO exhibit huge clots but covHepdArteries and covHep(dArteries+GO) 

have few platelets adhered, suggesting that anticoagulant properties can only be achieved 

when heparinization is performed as last step, and when heparin is covalently immobilized.  
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Table 3 – Occlusion time and SEM images of surface lumen of (dArteries)covHep, 

dArteries+(GO)adsHep, (dArteries)covHep+GO, and (dArteries+GO)covHep after 30 min of 

contact with blood from pig AV-shunt. 

 

 

5.4 Discussion 

In this study, a novel coating comprising GO materials was developed to improve the 

outcomes of decellularized arteries’ performance as small diameter vascular graft. Arteries 

from two different sources with completely distinct vascular anatomy were adopted, namely 

from human placenta chorion and umbilical cord. Besides the source of the raw material, the 

features of the decellularized matrices highly depend on the adopted decellularization protocol, 

namely the use of a static treatment vs a perfusion system, the adopted enzymatic treatments 

and detergent, etc. [95]. To decrease the variables of this study, arteries from placenta chorion 

and umbilical cord were decellularized using the same protocol, which was previously 

established [68], consisting in an automatic perfusion of the arteries with a 

hypertonic/hypotonic solution followed by treatment with 1% Triton X-100 during more than 

18h and an overnight DNase digestion. Comparing to the use of SDS the use of Triton X-100 

as detergent is less harsh for extracellular matrix (ECM) constituents showing higher 

preservation of its components, namely glycosaminoglycans (GAGs), proteins, proteoglycans 
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[68, 96]. For both grafts, this decellularization protocol was efficient in removing cells and cell 

remnants as shown by H&E, PI staining, as well as DNA quantification and SEM images. Still, 

umbilical cord arteries exhibit a higher amount of residual DNA than placenta arteries, which 

could be explained by the thicker wall that these arteries display. In spite of this, the amount 

of DNA present in umbilical cord decellularized arteries is similar to the reported for 

decellularization protocols previously established by others [15].  

GO and nGO exhibit a similar oxidation degree, around 34% of oxygen atoms containing a 

similar amount of oxygen-containing functional groups. nGO exhibits a heterogenous 

composition having oxidized and non-oxidized graphene sheets and T-carbon allotrope while 

GO is only constituted by oxidized graphene sheets. Despite being smaller than GO, nGO did 

not exhibit the nanometric dimensions described by the supplier. 

In this work, a homogeneous coating that covers the collagen fibers was obtained through 

the automatic perfusion of GO or nGO inside of the decellularized lumen. Mechanical 

properties of grafts play a critical role in their patency rates since they have to be sufficiently 

strong to resist and retain the integrity within the blood pressure and at the same time, should 

have the same compliance and strain of native recipient vessel [97]. Mismatch of the 

compliance and/or strain perturbs the hemodynamic flow inducing turbulence which promotes 

thrombus formation, injures the endothelial cells and stimulates vascular smooth muscle cells 

to differentiate and migrate resulting in intimal hyperplasia development [98, 99], one of the 

common cause for vascular graft failure [100]. Thus, mechanical properties of graft must mimic 

as much as possible the vessel to be replaced. Moreover, the graft should be capable to retain 

sutures to enable its implantation. Mechanical properties of the saphenous vein (SV) and 

internal thoracic artery (ITA) have often been used as standard since, when available, these 

materials are currently the gold standard for small diameter vascular replacement. For these 

arteries, the burst pressure, suture retention strength, and compliance are 2134 mmHg and 

25.6%/100 mmHg for the SV and 3073 mmHg and 11.5%/100 mmHg for the ITA [1, 101, 102]. 

Most of the uncoated arteries did not reach values of this order of magnitude but GO-coated 

decellularized umbilical cord arteries exhibit a mean burst pressure and compliance of around 

1960 mmHg and 13.9%/100 mmHg, respectively, which are values similar to SV burst pressure 

and ITA compliance. Comparing the compliance and burst pressure of these GO-coated 

decellularized grafts with the literature [1] it is possible to place them in the top of the most 

compliant and strong grafts. The observed effect of mechanical reinforcement of decellularized 

umbilical cord arteries was not visible in decellularized placenta chorion arteries, possibly due 

to the high variability of Fmax values within the same artery that cloak the GO-coating effect 

(Fig. S.1). These differences could be associated with the natural heterogeneity of placenta 

arteries, or to the isolation process, which could damage the arteries in some parts of their 
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extension. nGO coating does not show a clear impact on the mechanical properties of 

decellularized arteries, suggesting that larger GO particles have a higher efficacy. 

Upon GO/nGO-coating, the luminal surface of decellularized arteries keeps its capacity to 

promote adhesion of endothelial cells. Seeded endothelial cells also exhibit high viability for all 

the tested condition, confirming the lack of toxicity of all potential grafts. Longer incubation time 

points should be assessed to evaluate the potential of graft to sustain cells proliferation. The 

lack of cytotoxicity of GO integrating surfaces towards endothelial cells had also been 

described for collagen/GO composites [103],  electrospun polyurethane/GO fibers [104], 

polycaprolactone/GO [105], and for GO coatings on titanium [90] or nitinol [106] surfaces; with 

GO being responsible for promoting cell proliferation in these last three studies. In a chicken 

embryo angiogenesis model, GO powders also showed to induce an increase in endothelial 

cells proliferation through the intracellular formation of reactive oxygen and nitrogen species 

and also by the activation of phospho-eNOS and phospho-Akt [107]. Besides these 

intracellular effects, GBMs have been reported to influence cell attachment, growth, 

proliferation and phenotypes due to their high capacity to recruit and adsorb nutrients and cell 

growth and differentiation factors on their surface [108].  

Infection is a common failure cause to all implantable devices and vascular grafts are not 

an exception [109-112].  In this study, we show that decellularized matrices adhere high 

amount of S. aureus, one of the most prevalent infection agents for vascular grafts [112], on 

their surface. This effect could be explained by the high capacity of S. aureus to adhere to 

several extracellular matrix proteins, including collagen [113], fibronectin [114], elastin [115], 

laminin [116],  vitronectin [117] and fibrinogen [118]. Moreover, rough surfaces, such as the 

luminal surface of the decellularized matrix graft, could also potentiate the adherence, viability 

and proliferation of small bacteria such as S. aureus since they can fit in the lumen wrinkles. 

Despite being more noticeable in decellularized placenta arteries than in decellularized 

umbilical cord arteries, GO or nGO coatings decreased bacterial adhesion at their surface. The 

limited exposure of ECM factors as well as the smoother surface obtained after GO or nGO 

coatings could explain this decrease in bacterial adhesion. This preventive effect of GO was 

also shown before for GO coatings 96-well microtiter [119] or silicon surfaces (when in low 

amounts) [72], polycaprolactone/GO fibrous scaffolds [105] and electrospun fibroporous 

polycarbonate urethane [120]. 

A similar effect was also observed for human platelets adhesion, where GO/nGO coated 

decellularized arteries exhibit lower adhesion of platelets at their surface. This could be also 

explained by the decreased exposition of RGD motifs, highly expressed in ECM components, 

as well as from a decrease in surface roughness.  In previous studies, GO coatings also 

showed a successful effect in decreasing  platelets adhesion to titanium [90], electrospun 

fibroporous polycarbonate urethane [120], nitinol [106], polyether-sulfone hollow fiber 
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membranes [121] and poly(lactic acid) [122]. Wilczek et al. did not find a significant difference 

in platelet activation and adhesion upon reduced  graphene oxide (rGO) coating of 

decellularized heart valves [79]. The higher hydrophilicity of GO comparing to rGO could 

explain these differences, since low-fouling features are associated with hydrophilic surfaces. 

In vivo results show that despite the improvement in surface blood compatibility in vitro, this is 

not enough for the graft implantation without any further treatment. Following the strategy of 

heparinization described for in vivo implantation of decellularized vessels [8, 68], three different 

approaches were adopted to improve their in vivo outcome. The only materials that did not clot 

upon acute exposure to non-heparinized pig blood through an AV-shunt were the 

decellularized arteries covalently immobilized with heparin, either uncoated or GO-coated 

before heparinization. Overall, heparinized GO-coated decellularized umbilical cord arteries 

exhibit a high potential to be applied in development of small diameter vascular grafts. 

5.5 Conclusion 

GO materials were used to coat decellularized matrices aiming to improve their mechanical 

and biological performance. Automatic perfusion of GO and nGO colloids allowed to obtain a 

smooth surface in the lumen of decellularized placenta chorion and umbilical cord arteries, 

covering the exposed fibers of the decellularized matrices. Although no mechanical 

reinforcement is observed in decellularized placenta chorion arteries, GO-coating improves 

the maximum force, burst pressure and compliance of decellularized umbilical cord arteries. 

These GO-coated grafts reach similar mechanical features of human saphenous vein, the 

current gold standard for vascular replacement. All GO or nGO coated decellularized arteries 

show endothelial cells adhesion, with reduced human platelets adhesion.  In vitro and in vivo 

acute thrombogenicity studies reveal that the covalent binding of heparin to both uncoated and 

GO coated decellularized umbilical cord arteries prevents clotting of the arteries when exposed 

to non-heparinized blood. In summary, GO-coated decellularized umbilical cord arteries 

emerge as a promising possibility for a novel ‘‘off-the-shelf” small diameter vascular grafts. 
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5.8 Supporting Information 

 

Figure S.1 – Coating stability upon 3h perfusion with PBS at 60 rpm 

 

 
Figure S.2 - Force Max dispersion of decellularized placenta chorion and umbilical cord 

artery (each color represents a different decellularized artery). 
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Figure S.3 – Fmax a), burst pressure b), maximum strain c) and compliance of uncoated 

(white), GO- (Brown) and nGO (Black) -coated decellularized placenta chorion arteries. 

 

 

 

 
Figure S.4 – Fmax a), burst pressure b), maximum strain c) and compliance of uncoated 

(white), GO- (Brown) and nGO (Black) -coated decellularized umbilical cord arteries. * (p < 

0.05 – Two Way ANOVA). 
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Figure S.5 – Suture retention uncoated (white), GO- (Brown) and nGO (Black)-coated a) 

decellularized placenta chorion and b) umbilical cord arteries. 
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Figure S.6 – Immunofluorescence images of HUVECs adherent to uncoated, GO- and nGO-

coated decellularized placenta chorion artery surface after 1 and 7 days of incubation. Cells 

stained with Hoechst (DNA) in blue, calcein-AM (live cells) in green and Propidium Iodide (dead 

cells) in red. 
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Chapter 6  

General Discussion, Conclusions and 

Future Perspectives 

 

In this chapter, the principal results and achievements will be discussed regarding the 

central problem approached in this study, the design of blood-contacting devices. The main 

conclusions of the last 3 years’ work will be sum up and several cues for way forward on this 

subject will be provided namely regarding the future usage of graphene-based materials in the 

design of blood-contacting devices.  
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6.1  General discussion 

The evident lack of hemocompatible materials for the development of blood contact devices 

(BCDs) awake a clear need for the design of new biomaterials, which were the main focus of 

this work. Using two different approaches, a set of novel biomaterials with the potential to be 

applied in the design of BCDs were generated, being their cytocompatibility demonstrated in 

vitro and hemocompatibility in vitro and in vivo (acute study).  

pHEMA, a non-fouling material, which exhibits low adhesion of blood components, bacteria 

and cells (passive approach), was modified using different graphene-based materials (GBMs) 

as filler to improve the mechanical properties, aspiring its application as BCDs. In this study, 

the polymerization of pHEMA was observed in the presence of all GBMs. A relation between 

filler concentration and the reached pHEMA mechanical features was established, showing, 

for the highest tested concentration (5% (w/v)), an impressive increase in stiffness (8.3x) and 

tensile resistance (7.4x) reaching values of 6.5 MPa and 1.14 MPa, respectively. These order 

of improvements in stiffness and tensile resistance have only been surpassed when GO is 

incorporated in polyacrylic acid, as very recently reported by Wang et al. [1] Besides the 

concentration effect, the features of the used GBMs also play a critical role in the mechanical 

properties of pHEMA, being an improvement achieved only when oxidized GBMs are included. 

The developed composites maintain the cytocompatibility and hemocompatibility of pHEMA, 

even in vivo for pHEMA/GO 1% (acute study).  

Beyond pHEMA/oxidized-GBMs application as BCDs, other applications could be 

envisaged. Their swelling, hydrophilic surface, cytocompatibility and YM similar to 

polydimethylsiloxane (PDMS) [2], cartilage [2], intervertebral disc [3] or arteries walls [2] and 

UTS similar to polyurethane rigid foams [4], could be an asset in the development of soft 

robots’, packaging, sealing, cartilage, intervertebral disc and hernia repair devices. 

Specifically, in food packaging, the swelling capacity and non-fouling properties of 

pHEMA/oxidized-GBMs may provide an efficient water-removal system and prevent the 

adhesion of bacteria to surface, preventing food contamination. A further step in 

pHEMA/oxidized-GBMs hydrogels formulation could be needed, since in the last decade there 

has been a constant search for biodegradable materials for packaging [5]. Based on the 

promising results obtained in this work, a further step in pHEMA/oxidized-GBMs hydrogels 

formulation to make it biodegradable is currently being attempted in our group, in order to 

widen even more the range of applications of these new composite materials. The biomaterials 

used nowadays in the design of hernia repair meshes can also be either non-biodegradable, 

such as polypropylene, polyester, and expanded polytetrafluoroethylene, or biodegradable, 

such as decellularized matrices [6]. They exhibit poor outcomes, being associated with several 

problems such as infection, peritoneal adhesions, hernia relapse, obstruction, mesh migration 
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and mesh shrinkage (contraction) [6]. pHEMA/oxidized-GBMs non-fouling properties could be 

an asset in the development of hernia meshes, at least preventing infection-related problems. 

Taking into account the values of abdominal pressure achieved during coughing and jumping 

(14-33 kPa), pHEMA/oxidized-GBMs composites exhibit the required mechanical properties, 

but the available meshes are more elastic (150-340% strain) [6, 7], which would require further 

optimization. Moreover, these devices are attached to the peritoneum by gluing or stapling. 

However, as non-fouling material that has anti-adhesive properties, gluing pHEMA/oxidized-

GBMs to peritoneum would be difficult, and stapling could be restrictive due to the reduced 

suture retention capacity of pHEMA/oxidized-GBMs. 

Regarding the application of pHEMA/oxidized-GBMs in the design of BCDs, they could be 

potentially used without further modification for storage bags, tubing for blood accessing 

(catheters), and components of hemodialysis machines. When compared with commercially 

available materials, such as ePTFE, PU or silicone, pHEMA/oxidized-GBMs could provide 

better performance for these applications, since they exhibit a low platelet adhesion and 

infection potential. Heparinization of these commercially available biomaterials is the main 

strategy currently applied in the clinics to reach improved outcomes. Still under research are 

several strategies to modify the surface of materials, namely using non-fouling polymers or 

bioactive molecules [8-11]. The lack of stability, as well as the long protocols associated to 

these approaches are the main concerns reflecting poor performance, but the high production 

costs are also a critical factor in the design of BCDs [12]. Since the herein developed 

pHEMA/oxidized-GBMs composites exhibit inadequate suture retention capacity, applications 

as vascular grafts and heart valves, that require this step, are most likely unfeasible. This 

suture retention capacity would need to be improved, possibly by optimizing the 3D conduits 

production technique, since in this study the composites were produced, as proof of concept, 

by molding to create either 2D films or 3D tubular structures. Moreover, depending on BCDs, 

different strategies could also be envisaged. In particular for the design of small-diameter 

vascular grafts (<5 mm), a bioactive strategy could be pursued, aiming to support adhesion of 

blood-derived endothelial cells, progenitor cells, and stem cells [13-17]. For this, besides the 

improvement of suture retention, pHEMA/oxidized-GBMs would need to be capable of 

supporting endothelial cells adhesion, growth and proliferation, without compromising their 

non-fouling properties for blood components and bacteria. Finally, for pHEMA/GO to be used 

in the design of small-diameter vascular grafts, degradability and elasticity should also be 

improved. 

This bioactive strategy was also explored in this study, namely through the use of 

decellularized arteries for the development of small diameter vascular grafts (<5 mm). Human 

placenta chorion and umbilical cord decellularized arteries, which exhibit the natural 

architecture and biological cues to promote cell adhesion and proliferation, were coated 
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through automatic reperfusion of GO solutions to improve their mechanical properties and 

decrease collagen exposure, which are associated with high thrombogenic and infection 

potential [18]. An increase of 29% for maximum force and 27% for burst pressure was 

observed for decellularized umbilical cord arteries reaching values of mechanical properties 

similar to the saphenous vein, which is the gold standard for vascular replacement. This 

increase in the mechanical properties is higher than the reported in the literature for GO 

adsorption to an acellular dermal matrix, where an increase of 10% in tensile resistance was 

reported [19]. Better resistance platelet adhesion was reached without affecting the adhesion 

of endothelial cells. In vivo acute hemocompatibility studies revealed that GO-coated 

decellularized umbilical cord arteries do not clot upon a further step of heparin 

functionalization, unraveling the possibility to implant it in vivo for further studies. Vascular 

grafts based in decellularized matrices are already available in the market, namely Artegraft® 

(Bovine carotid artery), Solcograft (Bovine carotid artery), ProCol® (Bovine mesenteric vein), 

and SynerGraft® (Bovine ureter) being used for vascular access during hemodialysis or 

peripheral arterial bypass [13, 20]. However, even when systemic or local anticoagulation is 

performed, clinical outcomes are not satisfactory due to graft-related thrombosis, infection, and 

aneurysm, which are associated with a poor endothelialization upon implantation [13]. These 

poor outcomes, in combination with their high production costs (comparing to available 

synthetic materials), prevent their extensive use in clinics [20]. Recent studies show good 

support of endothelial cells, depending on source and decellularization protocol [18, 21-25]. 

Functionalization of decellularized matrices with bioactive molecules (VEGF and heparin) were 

also proposed, despite none has reached the market yet [13]. GO coating of decellularized 

umbilical cord arteries emerges as an alternative approach to achieve better performance. 

Further mechanical and biological improvements of decellularized matrices could be idealized, 

namely promoting higher tensile resistance, blood compatibility, and a faster reendothelization.  

Comparing passive vs bioactive strategies, it is possible to point out advantages and 

disadvantages to each. Approaches that promote surface endothelialization exhibit more 

effective outcomes regarding hemocompatibility than non-fouling materials [9] because the 

establishment of a physiologically functional endothelial layer leads to the constant release of 

anticoagulant stimulus in situ, therefore preventing thrombus formation at the surface. 

However, the achievement of physiological fully functional endothelium after implantation of 

BDCs in a suitable time frame is still the main challenge of this strategy. This happens, 

because, besides the difficulty of achieving a functional endothelial layer, bioactive strategies 

are susceptible to in vivo degradation, which requires a good orchestration between vessel 

remodeling and scaffold degradation. For decellularized arteries, some studies point out a 

successful reendothelialization before their degradation [18, 23, 26]. As such, the passive 

strategy seems to be preferable for short term applications, such as blood bags, catheters, 
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and tubing systems, although the bioactive strategy exhibit better hemocompatibility outcomes 

in the long-term, which is a requirement for example in the design of small-diameter vascular 

grafts. In this thesis, GO exhibits a multitasking role, starting with the improvement of the 

mechanical properties of two biomaterials with different features, pHEMA and decellularized 

umbilical cord arteries, using two different incorporation techniques (entrapment in the 

polymeric network and surface coating) and in the case of decellularized arteries, a decreased 

platelets adhesion was also achieved. GBMs incorporation did not induce cytotoxicity 

comparing to neat materials in any of the strategies. However, envisioning a future application 

of these materials in clinics, it is important to discuss some aspects regarding GBMs safety. 

Despite GBMs showing potential to be biodegraded in vivo [27], the used of any nanomaterial 

in clinical approaches is stills an under-debate issue. In the passive strategy, GBMs are 

integrated into the pHEMA matrix, a non-degradable polymer, and therefore GBMs will not be 

in direct contact with biological systems, which could be an advantage for a quicker transition 

from bed to bench side. In the bioactive strategy, however, GO is used as a coating of 

decellularized arteries and therefore is exposed to blood and surrounding tissues, which could 

compromise their application in clinics. 

Intravenous administration of GO dispersion has shown their potential to be accumulated 

in different organs, particularly liver, spleen and lungs, as shown for intravenous administration 

of GO solutions.  However, herein developed GO-coated grafts contain low amount of GO  

(maximum 4 µg/mL or 282 µg/kg considering a complete adhesion of all GO incubated with 

decellularized artery and normalizing with the total volume of blood in the human body (~5L) 

or to 70.8 kg, average weight of european population), which has been described as a safe 

concentration in several in vitro (10 µg/mL for HUVECs cells) and in vivo studies (1 mg/kg). 

6.2 Conclusions 

Graphene based materials (GBMs) exhibit capacity to tune the mechanical properties of 

two different biomaterials described in literature as having good hemocompibility and/or 

biocompatibility, namely a non-fouling hydrogel and decellularized arteries.  

In the case of pHEMA reinforced with GBMs, the oxidation degree and thickness showed 

to be important features to improve its mechanical properties being GO the most efficient filler. 

Incorporation of 5% GO leads to impressive increase in stiffness (730%) and tensile resistance 

(640%), reaching values of 6.5 MPa and 1.14 MPa, respectively, which pave the way for 

potential application of pHEMA in several fields which were not possible until now. For the 

development of BCDs, 1% GO seems to be the optimal concentration. The pHEMA/GO 

composites keep the non-fouling properties of pHEMA, which could be an asset for the BCDs, 
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preventing endothelial cells, bacteria and human platelets adhesion and resisting clot 

formation under blood flow in a pig AV-shunt. 

In the case of decellularized arteries, GO coatings of the inner lumen were effective to 

improve the maximum force and burst pressure in 29% and 27% of umbilical cord arteries, 

respectively, reaching values similar to the saphenous vein, the gold standard for vascular 

replacement. Moreover, GO/nGO exhibit a protective effect against bacteria and platelet 

adhesion. These new features of decellularized matrices achieved by GO coatings are a 

steppingstone on the development of vascular grafts.  

As such, the biomaterials developed in this study, pHEMA/oxidized-GBMs and GO-coated 

decellularized umbilical cord arteries, reveal high potential to be applied in the development of 

BCDs. 

6.3 Future perspectives 

Within the development of this work, several questions were proposed, which unveiled a 

need for further studies regarding this research topic. The effect of GBMs incorporation in 

mechanical reinforcement of other hemocompatible materials should be addressed to verify 

the possible universal role of these materials. Due to reduced suture retention capacity, which 

impairs pHEMA/GO applications in some BCDs, a new 3D production technique or different 

formulation should be performed. Since the 3D production technique should have a lower 

impact on biological outcomes than a different formulation, this should be the first approach to 

improve pHEMA/GO suture retention capacity. Production of pHEMA/GO fibers by 

electrospinning or 3D printing could help in inhibiting the rupture propagation upon suturing. 

Regarding the pHEMA/GO formulation, it could be possible to graft HEMA monomers in GO 

to promote an even better interaction between pHEMA and GO or conjugate pHEMA/GO 

composites with other polymers to promote an improved reinforcement, such as the 

development of interpenetrated networks. For a possible application in the design of small-

diameter vascular graft, a further optimization step of pHEMA/GO should be performed to 

induce its endothelialization and biodegradability upon implantation. Some peptides sequence, 

such as REDV, show potential to induce endothelial cells adhesion without promoting platelet 

activation. Changing of pHEMA crosslinking agent (TEGDMA) to a biodegradable one, such 

as N,O-dimethacryloyl hydroxylamine (DMHA) [28], could be an strategy to became pHEMA 

biodegradable. Depending on BCDs applications, such in the case of implantable BCDs, 

vascular grafts and heart valves, long-term in vivo study with implanted pHEMA/GO should be 

performed. 

Under the scope of GO-coated decellularized umbilical cord arteries, the next step is to 

evaluate the effect of heparin crosslinking in the mechanical properties of GO-coated 
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decellularized umbilical cord arteries. Moreover, the long-term implantation of these grafts in 

rabbit infrarenal aorta, an in vivo model for small diameter vascular grafts (i.d. 1-4 mm) should 

be addressed [13]. This will allow to understand the effect of GO effect in artery remodeling 

and inflammatory response, and to address GO distribution and its toxicity to other organs. 

Given the promising antibacterial results obtained in vitro, grafts could be tested in challenging 

in vivo conditions, such as the vascular graft infection model [29]. Further mechanical 

improvements on GO and decellularized arteries could be envisaged using smaller GBMs, 

which could penetrate between collagen fibers, or promoting a covalent interaction between 

GO and matrix. Modifications of GO with bioactive molecules might also be performed, such 

as REDV peptide, VEGF to promote faster remodeling, antimicrobial peptide, antibiotics to 

improve antimicrobial properties and/or, PEG, PAM, and pHEMA to modulate the inflammatory 

response. 

This work opened a new research area in our team, namely in the reinforcement of different 

hydrogels such as alginate with GBMs as well as in pHEMA/GO modifications for the design 

of small-diameter vascular grafts. 
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